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Abstract

One of the open problems of the Standard Model (SM) is the dominance of matter over anti-matter.
Among the proposed explanations, Leptogenesis stands out as one of the most compelling mechanisms.
This framework is particularly interesting since it can naturally take place in seesaw models, namely
extensions of the SM which can explain both the generation of neutrino masses and their smallness.

The simplest realization, thermal leptogenesis, extends the SM with three right-handed neutrinos
(RHNs) and the lepton asymmetry arises from their out-of-equilibrium decay. Although extensively
studied, this scenario requires very large Majorana masses for the RHNs (ą 109 GeV), which are
challenging to test experimentally. For this reason, models involving RHNs at the GeV-scale have
emerged as promising alternatives. Among them, the Akhmedov-Rubakov-Smirnov (ARS) mechanism
generates the lepton asymmetry via RHNs oscilations in a freeze-in scenario. However, this model does
not address the origin of RHNs masses, leaving open the question about the generation of these masses
and if it could be tied to early universe dynamics.

In this thesis, we investigate the possibility of dynamically generating the RHN masses in the context
of ARS leptogenesis. Specifically, we extend the type-I seesaw model with two RHNs by introducing
a complex scalar singlet Φ and a global Up1qB´L symmetry under which Φ carries charge `2 and
the RHNs charge ´1. After the spontaneous symmetry breaking (SSB) of Up1qB´L, the real part of
Φ acquires a non-vanishing vacuum expectation value, and its coupling to N generates a Majorana
massive term for the RHNs. This construction naturally explain the origin of the heavy neutral leptons
masses. However, after SSB, two real scalar degrees of freedom remain, φ and θ (the Majoron), which
interact with the RHNs via the Yukawa coupling yN . These additional interactions may modify the
RHNs number density, potentially bringing them into thermal equilibrium before the electroweak phase
transition. To take into account this new interaction we first identify the leading contributions, then
we modify the Quantum Kinetic Equations to study their effects on the final baryon asymmetry of the
universe (BAU). Finally, we perform a parameter scan to explore how the parameter space of viable
leptogenesis is modified in this new theoretical framework.
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Introduction

The Standard Model (SM) of particle physics is the current theoretical framework describing nature at
the smallest scales. Over the past decades, it has proven to be extremely successful, both in explaining
a wide range of phenomena and in predicting experimental observations with remarkable precision. The
biggest success of the SM is the prediction of the Higgs boson, which has been detected in 2012 [1, 2].
Other SM successes include the prediction of the anomalous magnetic dipole moment of the electron,
that matches the experimentally measured value to twelve digit precision [3], the prediction of the W
and Z bosons and their masses, which agree with experimental data [4]. Despite its history of successes
the SM is not a complete theory, as there are still some loose ends which the SM is unable to connect.
For instance the nature of Dark Matter (DM), the generation of neutrino masses (see Chapt. 2), and the
observed asymmetry between matter and anti-matter (see Chapt. 3) are the most relevant phenomeno-
logical evidence that cannot be explained within the SM framework.

In this thesis, we will focus on two of these open problems, namely the generation of neutrino masses
and the generation of the Baryon Asymmetry of the Universe (BAU), which are strictly correlated.

The discovery of neutrino masses is related to the experimental evidence of neutrino flavour oscilla-
tions [5]. Neutrinos come in three generations as all the other SM particles. In 1962, L. M. Lederman,
M. Schwartz and J. Steinberger discovered the existence of two different neutrinos, νe and νµ [6]. The
third type of neutrinos, the one associated with the τ lepton, was discovered in 2000 by the DONUT
experiment [7]. The discovery of neutrino families opened the question whether there could be neutrino
mixing.

Neutrino oscillations were observed both in atmospheric neutrino, i.e. the ones produced when
cosmic rays interact with nuclei in the atmosphere, and solar neutrinos, i.e. the ones originating form
nuclear fusion in the Sun’s core. Oscillations in atmospheric neutrinos were first discovered in 1998 by
the Super-Kamiokande experiment [8], showing that the muon neutrino depletion is L{E dependent in
agreement with an oscillatory behaviour. In 2001, the SNO experiment was able to demonstrate that
νe constitutes only roughly a third of the overall solar neutrino flux and that the observed total flux is
in good agreement with the theoretical predictions [5].

Another important feature of neutrinos is that they are neutral, implying that they could be indis-
tinguishable from their antiparticles. This idea was due to Majorana in 1937 [9]. This question turns
out to be intrinsically linked to the conservation or not of lepton number and to the nature of neutrino
masses (see Sec. 2.3).

Observations also indicates that in the Universe there is more matter than anti-matter. The exis-
tence of antimatter was first predicted by Paul Dirac [10] and then discovered by Carl Anderson [11].
In principle, there is nothing that prevents antimatter to form the same complex structures that we
observe in the Universe, such as stars, galaxies and clusters. However, there is evidence that there is an
overabundance of matter over antimatter. First of all, our Earth and the other planets of the Solar Sys-
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tem are made of matter, as we were able to reach them with spacecraft without annihilating. Moreover,
the particles composing the solar wind do not annihilate with the objects in the Solar System, otherwise
we will detect the γ-rays generated by this annihilation. The amount of antiprotons and positrons in
cosmic rays can be explained by their secondary origin in cosmic particle collisions or high energetic
astrophysical processes (see Sec. 3.1). Another evidence of the absence antimatter domination in other
galaxies can be seen to be the absence of annihilation radiation pp̄ Ñ π0 Ñ γγ that should be gener-
ated in the interface between matter dominated and antimatter dominated region. Another possibility
is that the Universe consists of a patchwork of regions that are strongly dominated by either matter
or antimatter. This scenario has been investigated [12], but it can be excluded due to the absence of
distortions in the cosmic microwave background (CMB), which would otherwise arise from annihilations
at the boundaries of these regions at CMB times.

A theory framework that addresses these two open questions simultaneously is the extension of the
SM with at least two right-handed (or sterile) neutrinos (RHNs). The introduction of these neutrinos
(which are Majorana fermions) can explain the masses of active neutrinos through the so-called seesaw
mechanism [13–16]. Moreover, in seesaw models a mechanism which could account for the BAU is
naturally embedded. This mechanism is called Leptogenesis [17–20]. In fact, a baryon asymmetry can
be generated if the Sakharov conditions (see Sec. 3.1.1) are satisfied. This conditions are: the violation
of baryon number, C and CP violation and departure from thermal equilibrium [21]. The basic idea of
Leptogenesis is that a lepton asymmetry is created in the Early Universe (EU) and this is then converted
into a baryon asymmetry via sphaleron effects [22] (see Sec. 3.3). A seesaw type I model can satisfy
these conditions. However, the seesaw mechanism on its own does not give any explanation on the origin
of the RHNs as they are put by hand. Also, another problem of the seesaw mechanism by itself is that
it does not imply any specific scale for the RHNs masses. One may wonder if the answer can come from
leptogenesis. And indeed, the specific patterns of Majorana masses of RHNs single out different scales.
For example, if the spectrum of RHNs is hierarchical, i.e. MI ! MJ , a lower bound of 109 GeV was
found for the mass of the lightest RHN [23], well beyond the reach of current or planned experiments
(see Sec. 4.3.3). The mechanism leading to BAU in this case is called thermal leptogenesis [18]. If instead
the spectrum is nearly degenerate, i.e. there is a pair of RHNs such that ∆M ! M , the leptogenesis
may take place for M as small as Op100q GeV [24]. The corresponding leptogenesis mechanism is called
resonant leptogenesis [25, 26] (see Sec. 4.5). Another interesting model is baryogenesis via oscillations,
or ARS leptogenesis [27–29] (see Chapt. 5) , which can be successful for heavy Majorana neutrino mass
scales as low as 100 MeV, thus being accessible to low-energy searches of heavy neutral leptons [30, 31].

In thermal leptogenesis the deviation from thermal equilibrium takes place during the decay of the
RHNs, when the decay rate becomes smaller than the Hubble parameter, i.e. it happens during freeze-
out of RHNs. The lepton asymmetry comes from the interference between tree and one loop processes
like N Ñ LH, see Chapt. 4 for details. This decay asymmetry is further enhanced if the two RHNs are
degenerate in masses, as in the case of resonant leptogenesis.

In baryogenesis via neutrino oscillations, the deviation from thermal equilibrium happens during
freeze-in. In this model RHNs masses are at the 100 MeV ´ 1 GeV scale and, as a result of the
seesaw mechanism, the Yukawa couplings of light RHNs must be tiny. Consequently, the interaction
rate is much smaller than the Hubble parameter and the RHNs never reach thermal equilibrium. The
asymmetry generated in the processes of the RHNs is further enhanced by their oscillations.

Therefore, there are two opportunities to generate the observed BAU. The first is during a period
of freeze-in, while the first RHNs are being produced and they approach equilibrium. The second
opportunity is when the Universe cools down to temperatures below the RHNs masses and the RHNs
decay out-of-equilibrium simultaneously with a freeze-out of the SM lepton number, see Fig. 1.

In this thesis we will focus on the ARS mechanism, i.e. in the freeze-in scenario. In particular,
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Figure 1: A sketch of the evolution of RHNs abundance in the Early Universe. Figure taken from Ref. [32].

we extend this model to take into account the origin of neutrino masses. In order to do that, we add
to the SM particle content and symmetries not only two RHNs, but also a singlet complex scalar Φ,
and a Up1qB´L global symmetry, under which the RHNs have charge B ´ L “ ´1 and the complex
scalar has charge `2. Then we study the possibility of dynamically generating the masses for the
RHNs through the spontaneous breaking of the Up1qB´L symmetry at some energy scale vφ, above the
electroweak scale. The generation of RHNs masses then automatically gives rise to the usual type I
seesaw mechanism with consequent ARS leptogenesis.

The introduction of an additional scalar singlet has some consequences on the phenomenology of this
model. In fact, new interactions between the scalar Φ and the RHNs change the dynamics of the RHNs
in the EU. This would affect the efficiency of the ARS mechanism to produce the observed BAU, since
in the freeze-in scenario it is assumed that RHNs remain out of equilibrium until the electroweak phase
transition. This provides a very long time for RHNs production, scattering and oscillations needed to
generate the lepton asymmetry. However, due to new interactions, the RHNs could enter in thermal
equilibrium earlier, inhibiting the lepton asymmetry generation. The aim of this thesis is to explore how
the introduction of new interactions modifies the parameter space of this leptogenesis model.

Extensions of the minimal sterile-neutrino framework and their effect on ARS leptogenesis have been
discussed in earlier works. In particular, Ref. [33] considered a gauged Up1qB´L model and derived con-
servative bounds on the hidden sector parameters by requiring sufficient baryon asymmetry assuming
that the evolution starts from a state of thermal equilibrium, i.e. in the freeze-out scenario. Similarly,
Ref. [34] examined the effects of RHNs equilibration due to interactions with gauge bosons and scalars
in a gauged Up1qB´L model with three singlet neutrinos, finding that it was possible to obtain freeze-in
sterile neutrino DM without spoiling ARS leptogenesis. Finally, Ref. [35] investigated ARS leptogenesis
in the context of a singlet Majoron model.

This thesis is organized as follows. In Chapt. 1, we present a brief review of the SM of Particle Physics
by introducing its particle content and its fundamental symmetries, then we explain the Spontaneous
Symmetry Breaking mechanism (Sec. 1.2) and we conclude by giving a brief review of dark sectors as
a possible source of physics beyond the SM. Chapt. 2 focuses on neutrino oscillations (Sec. 2.2.1) and
the problem of neutrino masses from a theoretical point of view (Sec. 2.3) and its possible solution via
seesaw mechanism with a focus on the type I seesaw (Sec. 2.4). In Chapt. 3 we introduce the problem
of baryon asymmetry, describing its experimental evidence and why we need physics beyond the SM to
explain it. In Chapt. 4 we start by reviewing the thermal leptogenesis model and its basic ingredients
such as the CP asymmetry factor and Boltzmann Equations. First we consider the single flavour regime,
then we also take into account flavour effects (Sec. 4.4); finally we move to give a brief description of
resonant leptogenesis (Sec. 4.5). In Chapt. 5 we describe the ARS leptogenesis mechanism, by deriving
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the Quantum Kinetic Equations. In Sec. 5.2 we introduce the additional scalar singlet to this mech-
anism. First we study the symmetry breaking pattern of the theory in order to generate the RHNs
masses. Then we study the new interactions generated by the introduction of an additional particle to
the standard ARS model (Sec. 5.2.1) and we compute the analytical contributions to the Boltzmann
Equations due to the scalar decay in Sec. 5.2.2. Finally, we perform a numerical analysis to study how
the presence of the new scalar degree of freedom in the theory can influence the parameter space of ARS
leptogenesis.



Chapter 1

The Standard Model

In this Chapter, which is mainly based on Refs. [36–38], we will provide an overview on the Standard
Model of Particle Physics. We start by introducing the SM particle content and the SM symmetry group.
Then we will focus on the Spontaneous Symmetry Breaking in Sec. 1.2 and the Higgs mechanism, see
Subsec. 1.2.2. Finally, we will introduce the open questions of the SM (Sec. 1.3) with a brief description
of Dark Sectors as a possible solution (Sec. 1.4).

1.1 The particle content
The Standard Model (SM) of Particle Physics is the theory describing elementary particles that consti-
tute matter and three of the four known fundamental forces (electromagnetic, weak and strong inter-
actions), i.e. how the elementary particles interact among themselves. It is a renormalizable quantum
field theory whose gauge symmetry groups are:

GSM “ SUp3qc ˆ SUp2qL ˆ Up1qY . (1.1)

In gauge theories interactions are identified with gauge groups: the strong interaction is described by the
SUp3qC gauge group, the weak interaction by SUp2qL and the hypercharge interaction is described by
Up1qY . The theoretical formulation of the the standard model relies on the principle of gauge invariance.
Requiring that the Lagrangian is gauge invariant leads to the introduction of covariant derivatives,
therefore it implies the existence of gauge bosons which are the mediators of the interactions. In order
to have a complete description of the Standard Model we need two other ingredients: the particle content
and the scalar sector. The particles involved are characterized by their spin, their mass, and the quantum
numbers determining their interactions. These quantum numbers (charges) can be assigned to particles
according to their transformation under the gauge group actions: the charge related to SUp3qC is called
color, the one related to SUp2qL is the weak isospin and to Up1qY is the hypercharge. Weak isospin and
hypercharge can be related to the known electric charge Q through the so-called Gell-Mann-Nishijima
relation: Q “ T 3 ` Y {2 “ pσ3 ` Y q{2, where T 3 and Y are respectively, the generators of SUp2qL and
Up1qY groups.
Fermions (spin=1{2) in the standard model are divided into three generations with identical quantum
numbers and different masses. Each fermion is associated to two so-called chiralities. Chirality, by
definition, distinguishes the two irreducible representations of the Lorentz group that can be used to
describe spin 1{2 particles. The four fermions in each family are distinguished by their charges under
strong and electromagnetic interactions:

5



6 CHAPTER 1. THE STANDARD MODEL

• Quarks. Quarks carry color and have both a weak and an electromagnetic charge. Quarks can
be divided into SUp2qL doublets:

„

u
d



L

„

c
s



L

„

t
b



L

(1.2)

and singlets: uR, dR, cR, sR, tR, bR. All the quarks, both left and right-handed are in the
fundamental representation of SUp3qC , namely they are SUp3qC triplets.

• Leptons. The main difference between leptons and quarks is that leptons are not charged under
the strong interaction. Leptons can be distinguished between left-handed and right-handed. Left
chirality leptons, L “ pνi, iq

T with i “ e, µ, τ are in the fundamental representation of SUp2qL,
i.e. they are SUp2qL doublets; while right-handed leptons: eR, µR, τR are singlet under SUp2qL

group. All leptons are SUp3qC singlets an the hypercharge of lepton doublets is YL “ ´1, while
for right-handed leptons YR “ ´2. Notice that particles in the same doublet have the same
hypercharge. It is worth to notice that there are no right-handed neutrinos νR in the lepton
sector.

The SM Lagrangian is constructed as follows:

LSM “ Lkin ` Lgauge ` LHiggs ` LY ukawa. (1.3)

The gauge invariant kinetic terms for the gauge bosons are:

Lgauge “ ´
1

4
GaµνG

µν
a ´

1

4
W a
µνW

µν
a ´

1

4
BµνB

µν , (1.4)

where F aµν “ BµF
a
ν ´BνF

a
µ ´gF f

abcFµ,bFν,c. gF is the gauge coupling constant and fabc are the structure
constant of the gauge group defined by the commutator rT a, T bs “ ifabcT c, where T i are the generators
of the group. The kinetic Lagrangian is responsible for the interactions between gauge bosons and
fermions:

Lkin,fer “ ψ̄iγµDµψ. (1.5)

The covariant derivative, needed for gauge invariance, is Dµ “ Bµ´ igSG
a
µλa´ igW a

µσa´ ig1Y Bµ, where
λa and σa are, respectively, the generators of SUp3qC and SUp2qL and gS , g, g1 are the SUp3qC , SUp2qL,
Up1qY gauge couplings.

1.2 Spontaneous Symmetry Breaking
Spontaneous symmetry breaking (SSB) is one of the most important concepts in quantum field theory.
The distinction between spontaneous and explicit symmetry breaking is that with spontaneous symme-
try breaking the Lagrangian is invariant under the symmetry, but the ground state of the theory is not.
Spontaneous symmetry breaking has different implications depending on the nature of the symmetry.
The simplest symmetries are discrete and in this case SSB looks like explicit symmetry breaking. On the
other hand, if the symmetry is a continuous global symmetry, the breaking of the symmetry implies the
existence of long-range correlations and associated massless particles, thanks to the Goldstone theorem
[37]:

The Goldstone Theorem: Spontaneous breaking of continuous global symmetries implies the ex-
istence of massless particles, that are called Goldstone bosons.
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If the symmetry is gauged with an associated massless gauge field, then in the broken phase the gauge
boson will acquire a mass. This is known as the Higgs mechanism. In this section, which is mainly
based on Ref. [36] we will first focus on the SSB of a global Up1q symmetry, since in our model we
will consider the spontaneous breaking of a Up1qB´L; then we will give a brief review on electroweak
symmetry breaking and masses in the SM.

1.2.1 Spontaneous breaking of a continuous global symmetry
The simplest Lagrangian with a global Up1q global symmetry can be written as:

L “ pBµφq:pBµφq ´ µ2φ:φ´ λpφ:φq2, (1.6)

where φ is a complex scalar field. This Lagrangian is invariant under a global Up1q symmetry φpxq Ñ

e´iαφpxq for constant α. To find the ground state of the theory we need to minimize the potential:
V pφq “ µ2|φ|2 ` λ|φ|4, namely we need to consider the first derivative, i.e. BV pφq

Bφ “ 0. The shape of the
potential and the structure of the ground state depends on the sign of the parameter µ2.
For µ2 ą 0, the potential has an unique minimum at φ “ 0, and the exact symmetry of the Lagrangian
is preserved. The situation when µ2 “ ´|µ|2 ă 0 is that of a spontaneously broken symmetry. In
this case, the theory is unstable around φ “ 0 and the potential has a continuum of absolute minima,
corresponding to a continuum of degenerate vacua, at |φ|2 “

´µ2

2λ ” v2

2 . So now there are an infinite
number of equivalent vacua |Ωθy with xΩθ|φ|Ωθy “ veiθ and θ parametrized the position of φ in the
circle with radius v of degenerate minima.
All the vacua are equivalent (by symmetry) so one can pick any convenient parametrization. It is
conventional to pick |Ωy such that xΩ|φ|Ωy is real and equal to v, i.e. we can assume θ “ 0. Then, the
physical degrees of freedom are represented by the oscillations around the true vacuum |Ωy. To find
them we shift the fields in order to rewrite the Lagrangian in terms of displacements from the physical
vacuum, which has been chosen such that xφy0 “ v{

?
2. We then shift the field φ1 “ φ ´ v, which is

conveniently parametrized in polar coordinates as φpxq “ ρpxqeiθpxq{v, where ρpxq “ xρy0 `
ρ̃pxq
?
2

and
θpxq “ θ0 ` θ̃pxq. Since we have chosen xφy0 “ v?

2
, this implies that xρy0 “ v{

?
2 and θ0 “ 0, and we

finally obtain

φpxq “
v ` ρ̃pxq

?
2

eiθ̃pxq{v »
v ` ρ̃` iθ̃

?
2

, (1.7)

where θpxq parametrized the "flat directions" along which the potential is constant. As V pφq does not
depend on θpxq, the corresponding real degree of freedom is massless and only has derivative interactions.
They are the Golstone bosons. In fact, by substituting Eq. 1.7 in the potential we obtain

V pφq “
λv2

2
ρ̃pxq2 `

λ

4
ρ̃pxq4 `

λ

2
ρ̃pxq2v2 ` λρ̃pxq3v ` const. . (1.8)

Therefore, the physical degree of freedom ρ̃pxq acquires a mass proportional to the symmetry breaking
scale v and to its self-coupling, m2

ρ “ 2λv2, while Goldstone bosons θ̃pxq have no massive term as ex-
pected. Goldstone bosons are also associated to shift symmetry, which forbid them to acquire a mass
and it’s related to the invariance of the Lagrangian under θ̃ Ñ θ̃ ` vα.
The discussion above can be generalized to the case of a generic continuous global symmetry group G
and a generic scalar field content. Let us call H the subgroup of G that leaves the vacuum invariant.
We can correspondingly divide the generators of G into two sets: the unbroken ones, which annihilate
the vacuum, and the broken ones, the orthogonal set. According to the Goldstone theorem each broken
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generator in G{H is associated to an independent massless scalar, carrying the same quantum number
as the generators.

1.2.2 Higgs mechanism
So far we have considered only global symmetries. We now briefly discuss the spontaneous symmetry
breaking of gauge invariance, i.e. we consider what happens if there is a gauge boson associated with
the broken symmetry. The main feature of such phenomenon is that the gauge vector associated to
each broken generators gets a longitudinal component and a mass. The additional longitudinal degree
of freedom is provided by the Goldstone boson associated to the broken generator, which gets "eaten
up" by the vector.
Let us now consider the complex scalar field again and promote the global Up1q symmetry to a gauge
symmetry, i.e. φpxq Ñ eiαpxqφpxq. To have a Lagrangian invariant under this symmetry we need to
introduce a covariant derivative Dµ “ Bµ ` igAµ and the Lagrangian becomes:

Lgauge “ ´
1

4
FµνF

µν ` pDµφq:pDµφq ´ V pφ:φq ` gauge fixing. (1.9)

Let us spontaneously break Up1q by taking µ2 ă 0. The complex field develops a vev xφy0 “ v{
?
2

as before. Correspondingly a mass term M29g2v2 is generated for the vector boson, as we can see by
substituting the parametrization in Eq. 1.7 in the kinetic term of the Lagrangian in Eq. 1.9. In this way
we obtain

pDµφq:pDµφq “ pBµφq:pBµφq `
g2v2

2

ˆ

Aµ ´
1

gv
Bµθ

˙ˆ

Aµ ´
1

gv
Bµθ

˙

. (1.10)

By noting that
#

φpxq “ ρpxqeiθpxq{v

Aµpxq
is equivalent to

#

φpxq “ ρpxq

Aµpxq ´ 1
gvBµθpxq

, (1.11)

as the two configurations are related by a gauge transformation, we can see that the Goldstone boson
becomes the longitudinal component of the gauge boson. In fact, we can choose a unitary gauge in which
the field φpxq is real, as on the right side of Eq. 1.11, and does not contain θpxq, which can be recognized
as the longitudinal component of Aµpxq. In the general case the gauge vector associated to each broken
generator gets a mass by absorbing the corresponding Goldstone boson. It is worth noticing that in the
context of gauge theories, unlike the global symmetry case, the Goldstone boson do not correspond to
physical scalar degrees of freedom. The scalar fields breaking spontaneously the gauge symmetry are
called Higgs fields [38].

1.2.3 Scalar terms
At this point we can conclude the SM picture by taking in consideration the scalar terms. The Higgs
field is a complex scalar field and a doublet under SUp2qL, which can be represented as

H “
1

?
2

„

G`
1 ` iG`

2

h0 ` iG0
3



“
eiGaτ

a

?
2

„

0
h



. (1.12)

The Higgs Lagrangian reads

LHiggs “ pDµHq:pDµHq ´ µ2H:H ` λpH:Hq2. (1.13)
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When µ2 ă 0 the Higgs field acquires a vacuum expectation value and breaks the electroweak group
SUp2qL ˆ Up1qY Ñ Up1qEM . At this point, by expanding the Lagrangian around the true vacuum
xHy “

`

0 v{
?
2

˘T we observe, in accordance with the Goldstone Theorem, that G1, G2 and G3 are
massless, whereas h is massive, with mH “ 2λv2. Then, we can fix the gauge by choosing the unitary
gauge, realized through a rotation such that H “ p0 h{

?
2q. In this way Goldstone bosons become the

longitudinal component of the gauge bosons, that become massive. In conclusion, we get three massive
and one massless vector bosons, defined as [38]:

W˘
µ “

1
?
2

pW 1
µ ¯ iW 2

µq, Zµ “ cWW
3
µ ´ sWBµ, Aµ “ cWBµ ` sWW

3
µ , (1.14)

where cW “ g{
a

g2 ` g12, g “ e{sW , g1 “ e{cW , and the masses of the gauge bosons are:

MW “
gv

2
, MZ “

a

g2 ` g12
v

2
, MA “ 0. (1.15)

1.2.4 Yukawa terms
To conclude the particle content of the Standard Model, we must notice that the introduction of the
scalar field H allows us to write additional terms invariant under the GSM: the Yukawa Terms.
All left-handed fermions are doublet under SUp2qL, therefore we can write [37]:

LY ukawa “ ´Y eijpL̄
iHqejR ´ Y uij pQ̄iLH̃qujR ´ Y dijpQ̄

i
LHqdjR ` h.c., (1.16)

where H̃ ” iσ2H
˚ and we have included all three generations, indexed by i and j. Yij are the 3 ˆ 3

Yukawa matrices. After SSB, these interaction terms give the charged leptons and quarks a Dirac mass
term of the form mψ̄ψ “ mpψ̄LψR ` ψ̄RψLq with m “ yv{

?
2 and ψL,R “ PL.Rψ “

1˘γ5

2 .
In the quark sector, the Yukawa matrix is not diagonal and the different generations mix. Therefore,
to work with mass eigenstates one has to switch to a flavor basis in which the mass terms are real and
diagonal. These physical states are obtained by diagonalizing Y u,d by four unitary matrices Uu,dL,R as
Y fdiag “ UfLY

fUf:

R pv{
?
2q, with f “ u, d. As a result, the charged current W˘ interactions couple to the

physical uLj and dLk quarks with coupling given by [39]:

LSM Ą ´
g

?
2
ūLiγ

µW`
µ VCKMdLi ` h.c. VCKM “ UuLU

d:

L . (1.17)

VCKM is the so-called Cabibbo-Kobayashi-Maskawa (CKM) matrix and is a 3 ˆ 3 matrix. It can be
parametrized by three mixing angles and a complex phase that allows for CP -violation in the quark
sector.

VCKM “

»

–

1 0 0
0 c23 s23
0 ´s23 c23

fi

fl

»

–

c13 0 s13e
´iδ

0 1 0
´s13 0 c13

fi

fl

»

–

c12 s12 0
´s12 c12 0
0 0 1

fi

fl , (1.18)

where sij “ sin θij , cij “ cos θij and δ is the CP -violating phase, the so-called Dirac phase. It is worth
noting that in the SM there is no mixing in the lepton sector. In fact, there is no right-handed neutrino
particle νR and the Lagrangian for the lepton sector contains only the term LY ukawa Ą ´Y eijpL̄

iHqejR and
for this reason it is always possible to diagonalize the Yukawa matrices without flavor mixing. However,
neutrino oscillations have been experimentally observed, implying that flavor mixing is present also in
the lepton sector and neutrino are massive. Therefore, it is evident that the Standard Model is not a
complete theory, but there are some open questions, as we shall see in the next section.
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1.3 Open questions in the Standard Model

The Standard Model is phenomenally successful in describing the physics of familiar matter to high
precision, it is also known to be incomplete in a wide variety of environments and over a large energy
range. In this section we will outline the main limitations of the Standard Model and examine the
questions it’s not able to answer.

• Neutrino masses: The discovery of neutrino oscillations has revealed the incompleteness of the
SM. In fact, neutrino oscillations imply that neutrinos are massive, in contradiction with the SM
in which there are not right-handed neutrinos and a mass term involving only νL particles would
violate gauge invariance.

• Matter-Antimatter asymmetry: The Standard Model is not able to explain the amount of asym-
metry between the relic density of baryons and of antibaryons. This asymmetry has no clear origin
in the Early Universe, where matter and antimatter were created in equal amounts.

• Dark Matter : Evidence for the existence of Dark Matter comes from the observation of individual
spiral galaxies, of cluster of galaxies and of the Cosmic Microwave Background. From these
observation we know that Dark Matter constitutes approximately the 25% of our universe [40].

It is worth noting that there are also other open problems in the Standard Model, such as the Hierarchy
Problem, the strong CP problem and the flavour puzzle, which are not discussed here as they lie beyond
the scope of this thesis.

1.4 Dark sectors

In the previous section we have seen that physics beyond the standard model is needed to solve the
SM problems. One of the main direction in the search of new physics is the search for a dark sector
[41–43], defined to be a collection of particles that are not charged directly under the SM strong, weak,
or electromagnetic forces. Such particles may interact through several ’portal’ interactions that are
constrained by the SM symmetries. Dark sectors are particularly interesting for their power to explain
the known gaps in the SM. For example, dark matter, whose only well established features are the lack
of strong or electromagnetic interaction and its abundance, can be easily embedded in a dark sector
model, producing the observed abundance through thermal freeze-in or freeze-out mechanisms. Likewise,
a very simple dark sector such as sterile neutrinos could explain the origin of neutrino masses, as we
will see in the next chapter. Also, the interactions of either sterile neutrinos or a more complex dark
sector can readily introduce the ingredients (Sakharov conditions, see Sec. 3.1.1) needed to produce a
matter-antimatter asymmetry and transmit it to the baryon sector.
Dark sectors typically include one or more mediator particles coupled to the SM via a portal. The
portal relevant for dark sector-SM interactions depends on the mediator spin and parity. The gauge
and Lorentz symmetries of the SM restrict the ways in which the mediator can couple to the SM. The
dominant interactions between the SM and these mediators are the SM gauge singlet operators: The
vector portal, mediated by a dark gauge boson usually referred to as dark photon; the scalar portal,
mediated by a new scalar that mixes to the SM Higgs boson; the fermion portal, mediated by a heavy
neutral lepton (HNL) interacting with one of the left-handed SM doublets and the Higgs boson; the
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pseudoscalar portal, mediated by an axion (or axion-like particle)[42].

L Ą

$

’

’

’

&

’

’

’

%

´ ε
2 cos θW

BµνF
1µν , vector portal

λpH:Hq|Φ|2, scalar portal

yαν pL̄α ¨ H̃qN c neutrino portal
a
fa
Fµν F̃

µν axion portal

(1.19)

In this thesis we will mainly focus on the neutrino and scalar portal. Indeed, the introduction of a right-
handed heavy neutrino (RHN) is necessary to explain the origin of neutrino masses and can produce the
Sakharov condition necessary to produce a baryon asymmetry. These RHNs must be massive in order
to produce the light neutrino masses. To explain the origin of RHNs masses we will add a scalar singlet
to the SM along with an additional Up1qB´L symmetry and the spontaneous breaking of this symmetry
will generate the massive terms for the sterile neutrinos.



Chapter 2

Neutrino masses and oscillations

In this Chapter, which is mainly based on Refs. [44, 45], we will review the concept of leptonic mixing,
which leads to neutrino oscillations. Then we will focus on the neutrino masses problem and its possible
solutions.
Neutrinos are singlets of SUp3q, but belong to SUp2qL doublets together with the corresponding charged
leptons. They have hypercharge ´1{2 and do not carry electric charge, as from the Gell-MannNishijima
formula: Q “ T3`Y . In the SM , neutrinos are Weyl fermions with left chirality ναL ” PLνα, α “ e, µ, τ .
For massless neutrinos, chirality and helicity match as the chiral projectors and the projectors on helicity
components are the same up to corrections of order m{E. Left-handed neutrinos are accompanied by
right-handed antineutrinos as required by invariance under CPT theorem. Parity, which transforms
left particles into right particles and, viceversa, is maximally violated in the SM as there are no right-
handed neutrinos. Left-handed neutrinos interact via the weak force according to the charged current
and neutral current terms in the SM Lagrangian:

LSM “ ´
g

?
2

ÿ

α

ν̄αLγ
µlαLWµ ´

g

2 cos θW

ÿ

α

ν̄αLγ
µναLZµ ` h.c. (2.1)

where g is the SUp2qL coupling, θW is the Weinberg angle.

2.1 Leptonic mixing
The discovery of neutrinos oscillations shows that neutrinos have a mass. Hence, there are two basis
that can be used to describe them:

• The flavour basis, να, α “ e, µ, τ , in which each neutrino is associated to the corresponding charged
lepton;

• The mass basis, νi, i “ 1, 2, 3, in which each neutrino has a definite mass.

The two basis are related by a unitary matrix U , the so-called Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [46, 47]:

ναL “

3
ÿ

i“1

UαiνiL. (2.2)

12
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The PMNS matrix enters the CC Lagrangian when we express it in terms of mass fields, i.e. when we
switch to a basis in which the mass terms are real and diagonal (mass eigenstates basis):

LSM “ ´
g

?
2

ÿ

α,i

ν̄iU
˚
αiγ

µPLlαWµ ` h.c., (2.3)

with α “ e, µ, τ and i “ 1, 2, 3. The flavor states are related to mass states as |ναy “
ř

i U
˚
αi|νiy. In

general a 3 ˆ 3 unitary matrix can be parametrized in terms of 3 angles and 6 phases. Actually, several
of phases are unphysical since we can eliminate three phases from the PMNS by performing a phase-
rotation of the fields as ψ Ñ eiφψ. In this way the PMNS phases disappear from the Lagrangian as they
do not affect kinetic terms, the NC one and the mass term for the leptons as far as both left and right-
handed component undergo the same rephasing. If neutrinos are Dirac particles the same rephasing can
be applied to them as well, eliminating two further phases. Therefore remains only a physical phase, δ,
the so-called Dirac phase. If, instead, neutrinos are Majorana particles, there are three physical phases,
two of which enter only in lepton number violating processes. Since for antineutrinos we need to use
the conjugate of U , any physical phase represents a violation of the CP symmetry and will be called CP
violating (CPV) phase. The PMNS matrix can be parametrized as [48]:

Uαi “

»

–

c12c13 s12c13 s13e
´iδ

´s12c23 ´ c12s23s13e
iδ c12c23 ´ s12s23s13e

iδ s23c13
s12s23 ´ c12c23s13e

iδ ´c12s23 ´ s12c23s13e
iδ c23c13

fi

fl ¨ P, (2.4)

where we define cij ” cos θij and sij ” sin θij , with θij P r0, 90s. δ is the Dirac CPV phase and P is
a diagonal phase matrix P ” diagp1, eiα21{2, eiα31{2q which embeds the two Majorana CPV phases α21,
α31. The unitarity of U , which can be expressed as a combination of the normalization and orthogonality
conditions

ÿ

i

UαiU
˚
βj “ δαβ ,

ÿ

α

UαiU
˚
αj “ δij , (2.5)

is the only constraint imposed by the SM itself. In particular, this constraint leads us to a unique
rephasing-invariant measure of CP violation, the so-called Jarlskog invariant, defined through [49, 50]

=rUαiUβjU
˚
αjU

˚
βis “ J

ÿ

γ

εαβγ
ÿ

k

εijk (2.6)

where εαβγ and εijk denote the three dimensional Levi-Civita symbols, where greek indices denote flavor
and latin ones mass eigenstates. With the parametrization in Eq. 2.4 the Jarlskog invariant is given by

J “ c12s12c23s23c
2
13s13 sin δ “

1

8
sin 2θ12 sin 2θ23 sin 2θ13 cos θ13 sin δ. (2.7)

Therefore it is clear that Dirac CP violation is a 3-neutrino mixing effect whose physical impact depends
on all of the three mixing angles.

2.2 Neutrino oscillations
In presence of leptonic mixing and non-degenerate neutrino masses, the phenomenon of neutrino oscil-
lations take place. This is a beautiful manifestation of quantum mechanics on macroscopic distances.
The oscillations are generated by the interference of different massive neutrinos, which are produced and
detected coherently because of their very small mass differences. The coherence is a key condition which
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needs to be satisfied to have neutrino oscillations and it is satisfied thanks to the uncertainty in the
neutrino momentum at production. Indeed, we have a superposition of massive neutrinos if the energies
and momenta of the particles which participate in neutrino production process are not measured with a
degree of accuracy which would not allow the determination of the massive neutrino that is emitted. It
is worth noting that if the momentum uncertainty is small compared to the mass differences, for instance
if there exist a very heavy nearly-sterile neutrino, such coherence is lost and oscillations do not develop.
At production in a specific event either the light states will be produced coherently or the heavy one.
If coherence is satisfied the massive components of the initial state propagate over long distances with
slightly different phases. This amounts to a change in the state over distance. It is then possible that at
detection, when projecting the flavor components out, a different flavor is found compared to the initial
one. In order for the oscillatory behaviour to hold, coherence is needed also during propagation, and
this is possible because of the very weakly interacting nature of neutrinos.

2.2.1 Oscillation probability in vacuum
Here we limit the discussion to the commonly used plane-wave approximation. This approximation does
not capture the momentum uncertainty necessary for coherence, hence we will assume by hand that the
initial state is a coherent superposition of massive states with a definite spatial momentum p ” |p|.
Let’s consider a να produced at t “ 0 in a charged current interaction. We describe the initial state as
a superposition of mass eigenstates, which we take as plane waves with momentum p,

|ν, t “ 0y “ |ναy “
ÿ

i

U˚
αi|νiy. (2.8)

The mass states |νiy are eigenstates of the free Hamiltonian Ĥ with eigenvalues Ei “
a

p2 `m2
i . The

evolution of the neutrino state can be obtained by solving the evolution equation and is expressed (in
natural units) as

|ν, ty “ exp p´iĤtq|ναy “
ÿ

i

U˚
αi exp p´iEitq|νiy. (2.9)

The probability of transition from να to νβ at time t is obtained projecting the state |ν, ty in the νβ
direction as

P pνα Ñ νβ , tq “ |xνβ |ν, ty|2 “

ˇ

ˇ

ˇ

ˇ

ÿ

i

UβiU
˚
αi expp´iEitq

ˇ

ˇ

ˇ

ˇ

2

, (2.10)

where we have used the fact that we have a massive orthonormal states xνj |νiy “ δji. In all exper-
imentally relevant situations, neutrinos are highly relativistic and one can approximate, for common
momentum p,

Ei ´ Ej »
m2
i ´m2

j

2p
, (2.11)

and moreover one can take L “ t. Finally, one obtains the general formula for neutrino oscillations in
vacuum

P pνα Ñ νβ , tq “ |xνβ |ν, ty|2 “

ˇ

ˇ

ˇ

ˇ

ÿ

i

UβiU
˚
αi exp

ˆ

´
∆m2

i1t

2E

˙
ˇ

ˇ

ˇ

ˇ

2

, (2.12)

where ∆m2
i1 ” m2

i ´m2
1 and we have approximated E » p. From this formula it is clear that oscillations

between one flavor and another are possible only if there is leptonic mixing, i.e. U ­“ 1 and neutrinos have
masses. We notice that neutrino oscillations conserve lepton number L, since if a neutrino is produced,
the state will be continue being a neutrino, but does not respect leptonic flavor (Lα, α “ e, µ, τ) as the
neutrino can change from one to the other over distances. We furthermore notice that Majorana phases
do not enter in the oscillation formula as expected, and the overall mass scale does not play a role in it.
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Experimental knowledge on neutrino oscillations

Neutrino oscillations have been observed in atmospheric, accelerator, solar, reactor neutrino experiments.
And thanks to these experiments we have now a quite precise picture of neutrino properties, although
some key questions remain unanswered. The information on the mass squared differences from neutrino
oscillation experiments indicates that there are three massive neutrinos and that we can order them in
two ways:

• normal ordering pNOq: m1 ă m2 ă m3, i.e. ∆m2
31 ą 0,

• inverted ordering pIOq: m3 ă m1 ă m2, i.e. ∆m2
32 ă 0.

For each ordering the three neutrino masses can be expressed in term of just one unknown parameter,
the lightest neutrino mass mMIN. We have

m1 “ mMIN, m2 “

b

m2
MIN ` ∆m2

21, m3 “

b

m2
MIN ` ∆m2

31, for NO; (2.13)

m3 “ mMIN, m1 “

b

m2
MIN ` |∆m2

32| ´ ∆m2
21, m2 “

b

m2
MIN ` |∆m2

32|, for IO. (2.14)

The ∆m2
21 mass squared splitting is determined to be 7.49`0.19

´0.19ˆ10´5eV2 with a 3σ range of 6.92´8.05ˆ

10´5eV2 [51]. The sign of this mass squared difference is positive. ∆m2
31 is known slightly less precisely

and its sign is not known yet, leaving open two possibilities: normal (NO) and inverted (IO) ordering.
The measured values slightly differ between the orderings due to subleading effects in the oscillation
probabilities. For NO one has ∆m2

31 “ 2.534`0.025
´0.023ˆ10´3eV2 with a 3σ range of 2.463´2.606ˆ10´3eV2

and similarly for IO ∆m2
32 “ ´2.510`0.024

´0.025 with a 3σ range of ´2.584´ 2.438ˆ 10´3eV2 [51]. There are
three mixings angles and they control the flavour content of the three mass eigenstates, given by |Uαi|

2.
Their values are known with quite good accuracy:

θ12 “ 33.68`0.73
´0.70p31.63 ´ 35.95q For both mass orderings, (2.15)

θ23 “ 48.5`0.7
´0.9p41.0 ´ 50.5q pNOq θ23 “ 48.6`0.7

´0.9p41.4 ´ 50.6q pIOq, (2.16)

θ13 “ 8.52`0.11
´0.11p8.18 ´ 8.87q pNOq θ13 “ 8.58`0.11

´0.11p8.24 ´ 8.91q pIOq, (2.17)

in degrees. Currently, there is a preference for large CP violation with δ “ 217 p135 ´ 366q pNOq and
δ “ 280 p196 ´ 351q pIOq, in degrees, altought at 3σ the CP-conserving values δ “ 0, 180 for NO are
still allowed.

2.3 Neutrino masses
As we have seen in previous sections the discovery of neutrino oscillations implies that neutrinos are
massive. So it is necessary to augment the SM Lagrangian in order to include the neutrino mass term
and to explain the origin of these terms in a gauge invariant manner. The mass terms we can add to
LSM are closely related to neutrinos’ nature, in fact neutral fermions could be either Dirac or Majorana
type. In the first case, the particles and antiparticles are different, while in the latter case there is no
distinction between particles and antiparticles. Their nature is strictly related to the conservation of
lepton number.
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2.3.1 Dirac and Majorana mass terms
Being neutrinos Dirac or Majorana particles, different options are available to describe their masses.

• Dirac masses. The Lagrangian contains a mass term

´LDirac “ ν̄mDν “ ν̄LmDνR ` h.c. (2.18)

This mass term requires both νL and νR and is analogous to the mass terms for the SM charged
fermions. This term conserves lepton number as it is possible to give both chiral components the
same lepton number, so that under a Up1qL transformation νL,R Ñ eiηνL,R

LDirac
Up1qL

ÝÝÝÝÑ eiηe´iηLDirac “ LDirac (2.19)

the mass term remains invariant. Generically there are several neutrinos and the mass term
contains a mass matrix MD. To find the masses, it is necessary to diagonalise the mass matrix via
a biunitary transformation V :

νLMDVνR “ diagpmiq: the eigenvalues correspond to the neutrino
masses and the mass states are related to the initial states as νiL “ V :

νLνL. The matrix VνL will
then enter the CC Lagrangian, together with one coming from the diagonalisation of the charged
lepton mass matrix, and from there neutrino oscillations.

• Majorana masses. Using only one Weyl spinor νL it is still possible to construct a mass term using
the fact that the charged conjugate field pνLqc is a right-handed field (see App. A for details about
charge conjugation). It reads

´LMajorana “
1

2
ν̄cmMν “ ´

1

2
νTLC

:mMνL ` h.c. (2.20)

This term is Lorentz invariant as both ν and νc behave in the same way under a Lorentz trans-
formation. This term breaks lepton number by two units

LMajorana
Up1qL

ÝÝÝÝÑ e2iηLMajorana. (2.21)

For several νL, the mass mM becomes a matrix MM which needs to be diagonalised. It can be
shown that this matrix is symmetric, i.e. MM “ MT

M , hence it can be diagonalised via a unitary
transformation V Tν MMVν “ mdiag and in this way mdiag contains the real and positive masses mi

as eigenvalues. The massive fields νi,L will be related to the initial states νL as νiL “ V :
ν νL. If

one defines the Majorana fields as νi ” νi,L ` νci,L, this term can be rewritten as ´LMajorana “

1{2miν̄iνi, showing that the resulting massive fields are of Majorana type.

• Dirac plus Majorana masses. In presence of both νL and νR fields, generically both Dirac and
Majorana masses terms will be present

LDirac`Majorana “ ´ν̄LMDνR `
1

2
νTLC

:MM,LνL `
1

2
νTRC

:MM,RνR ` h.c. (2.22)

Defining the left-handed field NL ” pνL νcRqT , one can write the Lagrangian terms as

LDirac`Majorana “
1

2
NT
LC

:MNL ` h.c., (2.23)

where the mass matrix M is given by

M “

„

MM,L M˚
D

M :

D MM,R



. (2.24)
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Upon diagonalisation of this mass matrix, the mass eigenvalues can be found and the mass eigen-
states νi,L “ V :

D`M

„

νL
νcR



. The resulting fields are Majorana, as expected since this Lagrangian
breaks lepton number.

These mass terms are forbidden in the SM as there are no right-handed neutrinos and a Dirac mass term
cannot be included. A Majorana mass term can be constructed using the νL fields only, but breaks the
SM gauge invariance. Consequently we need to extend the SM. Here we review the two main proposed
models, i.e. the Dirac and Majorana ones.

2.3.2 Dirac masses beyond the SM

The simplest extension which can be made to the SM involves adding new SM gauge singlets, called
sterile neutrinos νR. The Yukawa coupling allowed by the gauge symmetries is

´Ly “ L̄yν ¨ H̃νR ` h.c., (2.25)

where L ” pνTL , l
T qT is the leptonic doublet, H̃ “ iσ2H

˚ and H is the Higgs doublet HT “ pH`,H0q.
Once the neutral component of the Higgs field acquires a vacuum expectation value xH̃y “ pvH{

?
2, 0qT ,

this term generates a Dirac mass for the light neutrinos

´Ly
xH̃y­“0

ÝÝÝÝÑ ´LDirac “
vH
?
2
νLyννR ` h.c. . (2.26)

This Yukawa coupling and the resulting Dirac mass conserve lepton number. Indeed, as a Majorana
mass term for νR is not forbidden by gauge invariance, its absence must be imposed by requiring lepton
number conservation. In this case, this symmetry needs to be promoted from being an accidental
symmetry of the SM to a fundamental ingredient of the theory of particles interaction. We can estimate
the order of magnitude of the coupling yν . Working in a one generation case, taking mν “ yνvH{

?
2 to

be sub-eV, we get that yν „ 10´12. This is a very small number and in this minimal model there is no
explanation for the strong hierarchy of masses between charged leptons and neutrinos.

2.3.3 Majorana masses and the Weinberg operator
Among all SM fermions, neutrinos are the only ones that can have a Majorana mass term. Noticing
that the term L̄ ¨ H̃ is gauge invariant, it is possible to construct a singlet combination resulting in a
dimensional-5 operator, the so-called Weinberg operator [52]:

LM,BSM “
c5
Λ
LT ¨ H̃˚C:H̃: ¨ L` h.c. , (2.27)

where c5 is the Wilson coefficient, i.e. the coupling constant of the EFT interaction and C “ iγ2γ0 is the
charge conjugation matrix (in Dirac representation of the γµ matrices). This term is called the Weinberg
operator and is the only D “ 5 operator admitted by the SM. Since it is five-dimensional it requires
some mass scale Λ (to have a renormalizable theory), which represents the scale at which the EFT stops
being valid, i.e. the scale of the underlying physics. Therefore, the presence of this operator suggests
that there is a new theory at high scale Λ that is integrated out at low energies. Before discussing the
possible UV completions of the Weinberg operator we shall notice that it breaks lepton number by two
units and leads to a Majorana mass term once the Higgs boson gets a VEV, i.e. xH̃y “ vH{

?
2:

LM,BSM
xH̃y­“0

ÝÝÝÝÑ
λv2H
2Λ

νTLC
:νL ` h.c. . (2.28)
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Figure 2.1: Diagrams contributing to light neutrino masses in the three seesaw cases. xHy indicates the vev of
the neutral component of the Higgs field. ∆ is a scalar triplet and Σ is the neutral component of a fermionic
triplet, with mass MΣ. Figure taken from Ref. [44].

We can conclude that if neutrinos are Majorana particles, a Majorana mass term can arise as the low
energy realization of a higher energy theory.

2.4 Seesaw mechanism
To explain the physics responsible for the presence of the Weinberg operator one can consider the
exchange of virtual massive particles at tree level. Their mass M corresponds to the scale Λ. There are
three main options which have been classified according to the nature of the exchanged particle [13–16]:

• Type I: SM gauge singlet fermion;

• Type II: SUp2q triplet scalar;

• Type III: SUp2q triplet fermions.

In figure (2.1) we schematically show the contribution to neutrino masses in the three cases. Seesaw
mechanisms are appealing because they provide a natural explanation of the smallness of the neutrino
masses. Here we will focus on the Type I seesaw [53–55]. In this model we introduce two or more1

sterile neutrinos Nj , R (j1q (singlets under the SM gauge group) and the most general Lagrangian which
respect the required symmetries is

LI “ LSM ´
ÿ

j,α

LαYαj ¨ H̃Nj,R `
ÿ

j,k

1

2
NT
j,RC

`MN,jkNk,R ` h.c. (2.29)

where Y is a 3 ˆ j complex matrix representing the Yukawa couplings and MN is a j ˆ j symmetric
Majorana mass matrix which we assume to be diagonal. Once the H0 component of the Higgs doublet
gets a VEV, the Yukawa term will generate Dirac masses

mD ”
Y v
?
2
, (2.30)

and we can rewrite the Lagrangian in this form, upon introducing a right handed doublet:

L “
1

2

“

pνcLqT NT
R

‰

C`

„

0 mD

mT
D MN

 „

νcL
NR



` h.c. (2.31)

1At least two heavy neutral leptons are required to reproduce two mass squared differences.
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Considering the limit in which mD ăă MN and by diagonalizing the mass matrix through a unitary
transformation, we obtain

M “

„

´m2
D{MN 0
0 MN



. (2.32)

We see that heavy neutrinos, with mass „ MN remains mainly in the sterile neutrino direction, while
the light neutrinos are mainly in the active component and they acquire a small mass

mν » ´mD
1

MN
mT
D. (2.33)

Thus, the smallness of neutrino masses is due to the large hierarchy between mD and MN scales. It is
useful to consider the number of free parameters. For 3 sterile nuetrinos, a see-saw type I model has 3
heavy masses, 9 real parameters in the Yukawa coupling and 6 phases. Of these only 3 light neutrino
masses, 3 mixing angles and 3 phases can be measured at low energy. If the scale is sufficiently low, some
additional parameters, e.g. the heavy neutrino masses, might be at reach. A useful parametrization
allows to separate the high energy parameters from the low energy observable ones; the so-called Casas-
Ibarra parametrization [56], which will be discussed in the next section.

2.4.1 Casas-Ibarra Parametrization
The seesaw can be parametrized in various ways. In the usual "top-down parametrization" of the theory,
which applies at energy scales Λ &Mi, and consists in choosing the parameters to be all the high energy
ones in Eq. 2.29 and in such a way that they can produce sensible low-energy neutrino mass matrices.
To relate various parametrization of the seesaw, it is useful to diagonalize the Yukawa matrix Y by a
biunitary transformation: Y “ V :

LDY VR. Thus, in the top down approach, the lepton sector can be
described by the nine eigenvalues of DM , DY and DH , and the six phases of VL and VR. Another way
is to follow a "bottom-up" approach, i.e. we start with the existing experimental information about
neutrino masses and then we find out the most general textures for the Yukawa matrix Yν and the
Majorana mass matrix of the right-handed neutrinos MM consistent with that experimental data. The
Casas-Ibarra parametrization is a bottom-up approach and it is very convenient for calculations [56].
To illustrate this approach we start from Eq. 2.33 and we extract the Higgs VEV xHy “ v “ 174 GeV
by defining the K matrix as

K “
mν

xHy2
“ Y TM´1

N Y. (2.34)

Now, following the bottom-up approach we can start with the physical K matrix al low energy and then
we run it up to the "Majorana scale" M , where Eqs. 2.33 and 2.34 are defined. Working in the flavour
basis in which the charged-lepton Yukawa matrix and the gauge interactions are flavour-diagonal, the
K matrix is diagonalized by the PMNS matrix U ,

UTKU “ diagpk1, k2, k3q ” DK, (2.35)

where U is a unitary matrix that related flavour to mass eigenstates
»

–

νe
νµ
ντ

fi

fl “ U

»

–

ν1
ν2
ν3

fi

fl . (2.36)

One can always choose to work in a basis of right neutrinos where MN is diagonal

MN “ diagpM1,M2,M3q ” DM , (2.37)
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with Mi ě 0. Then, from Eqs. 2.34 and 2.35

DK “ UTY TD´1
M Y U “ UTY TD?

M´1D?
M´1Y U, (2.38)

where D?
M “ `

?
DM . Multiplying both members of Eq. 2.38 by D?

K´1 from the left and from the
right, we get

1 “
“

D?
M´1Y UD?

K´1

‰T “

D?
M´1Y UD?

K´1

‰

, (2.39)

whose solution is D?
M´1Y UD?

K´1 “ R, with R any orthogonal matrix (RTR “ 1). Hence, in order
to reproduce the physical, low-energy parameters, i.e. the light neutrino masses (contained in DK and
mixing angles and CP phases (contained in U), the most general Yukawa matrix is given by

Y “ D?
MRD

?
KU

:. (2.40)

Therefore, beside the physical and measurable low-energy parameters contained in DK and U , Y de-
pends on the three (unknown) positive mass eigenvalues of the right-handed neutrinos and on the three
(unknown) complex parameters defining R. Let us stress that Eq. 2.40 has to be understood at the M
scale and in the above-defined bases, i.e. the flavour basis in which the charged-lepton Yukawa matrix,
the right-handed Majorana mass matrix and the gauge interactions are flavour diagonal. The R matrix
can be written in the following form

R “

»

–

1 0 0
0 cω1 sω1

0 ´sω1
cω1

fi

fl

»

–

cω2 0 sω2

0 1 0
´sω2

0 cω2

fi

fl

»

–

cω3 sω3 0
´sω3 cω3 0
0 0 1

fi

fl , (2.41)

where cωi ” cosωi and sωi ” sinωi with the complex angles given by ωi “ xi ` iyi where xi, yi are real,
free parameters.



Chapter 3

Baryon asymmetry of the universe

In this Chapter we present the problem of the baryon asymmetry of the universe. First, we describe the
observations indicating the presence of an asymmetry between matter and antimatter in our universe.
Then, we recall the theoretical foundations of baryogenesis: we introduce the Sakharov conditions in
Subsec. 3.1.1 which are necessary to generate a baryon asymmetry, and the anomalous B ` L violation
in the SM, which leads to sphaleron processes in Sec. 3.3.

3.1 Observations
Observations indicate that in the universe the number of baryons is different than the number of an-
tibaryons. This asymmetry is evident if we consider cosmic rays, which provide samples of material
from throughout the entire galaxy. In cosmic rays the ratio of antiprotons over protons is of the order
of 10´4 and the magnitude of the antiproton flux is consistent with the hypothesis that the antiprotons
are secondaries produced by cosmic ray collisions with the interstellar medium, and does not seem to
indicate the presence of antimatter in the galaxy, even at the 10´4 level. Cosmic rays are solid evi-
dence that there is a galactic asymmetry between baryons and antibaryons, and that this asymmetry is
maximal [57]. This baryon asymmetry must have been dynamically generated, rather than given as an
initial conditions. That’s because if we accept inflation as solution of the flatness and horizon problem,
and we have good reason to believe that inflation took place based on observed features of the CMB,
then any primordial baryon asymmetry would have been exponentially diluted away by the required
amount of inflation [20]. Quantitatively, the value of baryon asymmetry of the universe is obtained in
two independent ways. The first is by confronting the abundances of the light elements (D, 3He, 4He and
7Li) with the prediction of BBN [58–60]. The crucial time for primordial nucleosynthesis is when the
thermal bath temperature becomes smaller than 1 MeV, i.e. when neutrinos decouple from the thermal
plasma, weak interactions can no longer keep protons and neutrons in thermal equilibrium. With the
assumption of only three light neutrinos, these predictions depend on a single parameter, the baryon to
photon ratio:

η ”
nB ´ nB̄

nγ

ˇ

ˇ

ˇ

ˇ

o

, (3.1)

where the subscript o means at present time. By using only the abundance of deuterium the baryon to
photon ratio is [58]:

1010η “ 5.7 ˘ 0.6. (3.2)

21
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The second way is from measurements of the CMB anisotropies [61, 62]. The crucial time for CMB
is that of recombination, i.e when T ă 1 eV. CMB observations measure the relative baryon con-
tribution to the energy density of the multiplied by the square of the reduced Hubble constant h ”

H0{p100km sec´1 Mpc´1
q

ΩBh
2 ” h2

ρB
ρcrit

, (3.3)

where ρcrit “ 3H2

8πG and the density ΩB is related to η through 1010η “ 274ΩBh
2. A fit to the most

recent observations (WMAP7 data only, assuming ΛCDM model with a scale-free power spectrum for
the primordial density fluctuations) gives at 68% [63]:

102ΩBh
2 “ 2.258`0.057

´0.056. (3.4)

There is a third way to express the baryon asymmetry of the Universe, that is, by normalizing the baryon
asymmetry to the entropy density s “ g˚p2π2{45qT 3, where g˚ is the number of degrees of freedom in
the plasma, and T is the temperature. In this way, we obtain the abundance:

Y∆B ”
nB ´ nB̄

s

ˇ

ˇ

ˇ

ˇ

o

. (3.5)

In terms of Y∆B the BBN result (3.2) and the CMB measurements 3.4 read:

Y BBN∆B “ p8.10 ˘ 0.85q ˆ 10´11, Y CMB
∆B “ p8.79 ˘ 0.44q ˆ 10´11. (3.6)

The impressive consistency between the determinations of the baryon density of the Universe from BBN
and CMB that, besides being completely independent, also refer to epochs with a six orders of magnitude
difference in temperature, provides a striking confirmation of the hot Big Bang cosmology [63].

3.1.1 Sakharov conditions
As we have previously pointed out the baryon asymmetry must have been generated dynamically. The
three conditions required for baryogenesis were pointed out by Sakharov [21]:

1. Baryon number violation: This condition is required to evolve from an initial state with Y∆B “ 0
to a state with Y∆B ‰ 0;

2. C and CP violation: If either C or CP were conserved, then the rate ΓpXc Ñ Y c `Bcq “ ΓpX Ñ

Y `Bq, resulting in an absence of baryon asymmetry. If the universe is initially matter-antimatter
symmetric, and without a preferred direction of time, it is represented by a C and CP invariant
state |φ0y, with B “ 0. If C and CP were conserved, i.e. rC,Hs “ rCP,Hs “ 0 (H is the
Hamiltonian), then the state of the universe at later time t, |φptqy “ eiHt|φoy would be C and CP
invariant and, therefore ∆B “ 0. The only way to generate a net ∆B ­“ 0 is to have C and CP
violating interactions.

3. Departure from thermal equilibrium: If all particles in the universe remained in thermal equi-
librium, then no direction for time would be defined and CPT invariance would prevent the
appearance of any baryon excess, rendering CP violating interactions irrelevant. Furthermore, in
chemical equilibrium, there are no asymmetries in quantum numbers that are not conserved, such
as B from the first condition.

These ingredients are all present in the Standard Model. However, no SM generating a large enough
baryon asymmetry has been found.
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1. Baryon number is violated in the Standard Model by the triangle anomaly. At zero temperature
B violating processes are too suppressed to have any observable effect, but at high temperatures
they occur with unsuppressed rate. So the first condition is quantitatively realized in the early
Universe [63].

2. The weak interactions of the SM violate C maximally and violate CP via the Kobayashi-Maskawa
mechanism. The CP violation can be parametrized by the Jarlskog invariant which is of order
10´20, so it is impossible to generate Y∆B “ 10´10. This means that there must exist new sources
of CP violation, beyond the Kobayashi-Maskawa complex phase of the SM.

3. In the Standard Model, departure from thermal equilibrium occurs at the electroweak phase tran-
sition (EWPT). Here, the non-equilibrium condition is provided by the interactions of particles
with the bubble wall. However, the experimental lower bound on the Higgs mass implies that this
transition is not strongly first order, as required for successful baryogenesis.

This shows that baryogenesis requires new physics that extends the SM in at least two ways: It must
introduce new sources of CP violation and it must either provide a departure from thermal equilibrium
in addition to the EWPT or modify the EWPT itself. One of the possible new physics mechanism
for baryogenesis is given by Leptogenesis, proposed by Fukugita and Yanagida [17]. Its simplest and
theoretically best motivated realization is within the seesaw mechanism. To implement the seesaw,
new Majorana SUp2qL singlet neutrinos with a large mass scale M (usually heavier than electroweak
breaking scale) are added to the SM particle spectrum. New CP violation sources is provided by the
complex Yukawa couplings, departure from thermal equilibrium can occur if their lifetime is not much
shorter than the age of the universe when T „ M and their Majorana masses imply that the lepton
number is not conserved. Thus, all three Sakharov conditions are naturally fulfilled in this scenario and
leptogenesis is almost unavoidable when one consider seesaw mechanism. So with the introduction of
sterile neutrinos lepton asymmetry can be generated dynamically and will be partially converted into
a baryon asymmetry by SM sphalerons, that will be discussed in the following sections. A particularly
interesting possibility is "thermal leptogenesis" where the heavy Majorana neutrinos are produced by
scatterings in the thermal bath starting from a vanishing initial abundance, so that their number density
can be calculated solely in terms of the seesaw parameters and of the reheat temperature of the Universe.

3.2 Leptogenesis models
Some possible new mechanism for Leptogenesis are the following:

• Thermal leptogenesis. The basic idea of thermal leptogenesis is that a lepton number is created
in the Early Universe by the decay of particles with Majorana mass, e.g. heavy sterile neutrinos. In
this scenario two different pictures are considered: thermal initial abundance, namely the havey
neutrinos are already at thermal equilibrium with the plasma; or vanishing initial abundance,
where heavy neutrinos are produced by interactions in the thermal bath. In both cases this is a
freeze-out scenario.

• Resonant leptogenesis. Resonant leptogenesis is based on the observation that an enhancement
of the CP-asymmetry occurs when the mass difference between two heavy Majorana neutrinos is
small (quasi-degeneracy). Thanks to this enhancement leptogenesis temperatures of order of TeV
are possible.

• ARS leptogenesis. This mechanism was first proposed by Akhmedov, Rubakov and Smirnov
[27]. In this scenario RHNs are at the electroweak scale (or below), i.e. MN » p1´100q GeV. Lep-
togenesis within this mass range is possible via CP-violating oscillations among sterile neutrinos.
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In this scenario the neutrino Yukawa couplings are small enough to ensure that some of the sterile
states might not reach thermal equilibrium before the electroweak phase transition. Therefore this
is a freeze-in scenario.

3.3 Anomalous B ` L violation
The baryon number B and the three lepton flavour numbers Lα are conserved in the SM Lagrangian.
However, that conservation is spoiled by quantum corrections through the chiral anomaly associated
with triangle fermionic loop in external gauge fields. Due to chiral anomaly there are non-perturbative
gauge field configurations that can act as source for B ` Le ` Lµ ` Lτ . In the early universe, at
temperatures above the electroweak phase transition (EWPT), such configurations occur frequently and
lead to rapid B ` L violation. These configurations are commonly referred to as "sphalerons" [20, 22,
64].

3.3.1 Baryon and Lepton number violations in the Electroweak theory
Baryon and lepton number are symmetries of the classical action, but they are violated by quantum
effects. The current conservation is nonzero for the baryon current JµB “

ř

q
1
3 q̄γ

µq and lepton current
JµL “

ř

lpl̄γ
µl ` ν̄lγ

µνlq because of the anomalous triangle diagrams. The calculation gives [64, 65]:

BµJ
µ
B “ BµJ

µ
L “ Nf

ˆ

g2

32π2
WµνW̃

µν ´
g12

32π2
Yµν Ỹ

µν

˙

(3.7)

where Nf is the number of fermions generations, Wµν , Yµν are the gauge field strength tensors for SUp2q

and Up1qY , respectively, and the tilde means the dual tensor, defined as F̃µν “ 1
2ε
µνρσFρσ. From Eq. 3.7

we see that the difference B ´L is strictly conserved, and so only the sum B `L is anomalous and can
be violated. The product of gauge field strengths on the right hand side of Eq. 3.7 can be written as
four-divergences, WW̃ “ BµK

µ
W , Y Ỹ “ BµK

µ
Y , where

Kµ
Y “ εµναβYναYβ (3.8)

Kµ
W “ εµναβpW a

ναW
a
β ´

g

3
εabcW

a
νW

b
αW

c
βq (3.9)

where Wµ, Yµ are the gauge fields of SUp2q and Up1qY , respectively. In general total derivatives are
unobservable because they can be integrated by parts and drop from the integrals, i.e.

ż

d4xBµJ
µ “

ż

S3

dA3r
3nµJ

µ (3.10)

if Jµ Ñ 0 at r Ñ 8 faster than 1{r3 the integral vanishes. This holds for the terms in the four-vectors 3.9,
3.8 proportional to the field strengths Wµν and Yµν . Therefore, for the abelian group Up1qY the current
non conservation induced by quantum effects becomes non observable. However, for gauge fields the
integral can be nonzero. Hence, for the non abelian group SUp2q the current non conservation induced
by quantum effects becomes observable. Let us define Qiptq “

ş

d3xji0 and ∆Qi “ Qip`8q ´ Qip´8q

and let us suppose that there exist field configurations such that

∆Qi “
g2

32π2

ż

d4xWA
µνW̃

µν,A (3.11)
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is a non zero integer. This implies that fermions will be created, even though there is no perturbative
interaction in the Lagrangian that generates them (see Ref. [20] for details). In the same way we can
write ∆B “ ∆L “ Nf∆NCS , where NCS is the Chern-Simons number characterizing the topology of
the gauge field configuration:

NCS “
g2

32π2

ż

d3xεijk
`

W a
ijW

a
k ´

g

3
εabcW

a
i W

b
jW

c
k

˘

. (3.12)

In fact, since the Baryon number is the charge associated to the current JµB we can write B “
ş

d3xJ0
B

and

Nf∆NCS “ Nf

ż

d4xBµK
µ
W “ Nf

ż

d4xpB0K
0
W ´ BiK

i
W q “ Nf

ż

d3xK0
W

ˇ

ˇ

ˇ

ˇ

tf

ti

“ Nf∆B (3.13)

where in the 3rd expression we dropped the divergence of the spatial current. By Gauss theorem this
is equivalent to a surface integral of the flux through it, hence it is possible to choose a gauge in which
this vanishes. Now we want to compute ∆B between an initial and a final configuration of gauge fields.
We are considering vacuum field strength tensors Wµν which vanish. The corresponding potentials are
not necessarily zero but can be represented by purely gauge fields:

Wµ “ ´
i

g
UpxqBµU

´1pxq. (3.14)

Let’s work in temporal gauge which sets W0 “ 0. The temporal gauge is a partial gauge fixing condition,
as time-independent gauge transformations Upxq leave the gauge fixing condition W0 “ 0 fixed: W0 Ñ
i
gUpxqB0U

´1pxq “ 0. The vacuum is thus described by the time-independent pure gauge configuration
W pxq “ pi{gqUpxq∇U´1pxq. We can make use of the remaining gauge freedom to impose at spatial
infinity |x| Ñ 8 that Wi “ 0 by choosing U “ 1. Spatial infinity with infinity identified is equivalent
to S3, indeed the most generic 2 ˆ 2 unitary matrix with det “ 1 may be expressed as a1 ` ibiσ

i with
|a|2 ` |b|2 “ 1, therefore the topology SUp2q „ S3. Hence, the gauge transformation Upxq becomes a
mapping from S3 to the gauge group SUp2q. These mappings fall into homotopy classes categorized
by integer winding numbers. Therefore, baryon-number changing processes are closely connected to the
topology of the SUp2q gauge plus Higgs fields.

3.3.2 B ` L violating rates
In the vacuum the Higgs field can be chosen to be constant and at the minimum of its potential
Wµ is a pure gauge. In the W a

0 “ 0 gauge, NCS is the gauge field winding number, which is an
integer. It is invariant under "small" gauge transformations, i.e. gauge transformations continuously
connected to the identity, this means that the gauge transformations belong to the same homotopy
class. Mappings in different homotopy classes correspond to distinct vacua, which are related by a large
gauge transformation. The energy density vanishes in different vacua, but to transition costs a finite
energy density. At zero temperature, gauge field configurations that give non-zero

ş

d4xW̃W correspond
to tunneling configurations, and are called instantons [20]. They change fermion number by an integer
N , so the instanton action is large:

ˇ

ˇ

ˇ

ˇ

1

4g2

ż

d4xWA
µνW

µνA

ˇ

ˇ

ˇ

ˇ

ě

ˇ

ˇ

ˇ

ˇ

1

4g2

ż

d4xWA
µνW̃

µνA

ˇ

ˇ

ˇ

ˇ

ě
64π2N

4g2
. (3.15)

The probability of barrier penetration can be calculated using the quasi classical approximation. The
euclidean action evaluated at this trajectory gives the probability for barrier penetration as

Γ9e´4π{αW „ 10´162, (3.16)



26 CHAPTER 3. BARYON ASYMMETRY OF THE UNIVERSE

Figure 3.1: Sketch of the minimal field energy for a given value of the Chern-Simons number NCS . Figure taken
from Ref. [66].

where the exponent is the instanton action and αW “ g2{4π. Therefore, the mediated B ` L violation
is unobservably small. An instanton acts as a source for three leptons (one from each generation), and
nine quarks (all colors and generation), so it induces ∆B “ ∆L “ 3 processes. If the ground state of
gauge fields is pictured as a periodic potential, with minima labeled by integers, then the instantons
correspond to vacuum fluctuations that tunnel between minima. With this analogy, one can imagine
that at finite temperature, a thermal fluctuation of the field could climb over the barrier. The sphaleron
is such a configuration, in presence of the Higgs vacuum expectation value. Therefore, to change NCS
by ˘1, one has to go over an energy barrier. A vacuum-to-vacuum transition along this path would
change baryon and lepton number by a multiple of nf (see Eq. 3.13) [66]. Fig. 3.1 shows the minimal
static energy of the gauge-Higgs fields as a function of NCS . The B ` L violating rate mediated by
sphalerons is Boltzmann suppressed

Γsph9e´Esph{T , (3.17)

where Esph “ 2BmW {αW is the height of the barrier at T “ 0, and 1.5 . B . 2.75 is a parameter
that depends on the Higgs mass [22]. For leptogenesis we are interested in the B ` L violating rate
at temperatures far above the EWPT . The large B ` L violating gauge field configurations occur
frequently at T " mW . The rate can be estimated as

Γ���B`L » 250α5
WT, (3.18)

this implies that, for temperatures below 1012GeV and above the EWPT, B ` L violating rates are in
equilibrium. Therefore, leptogenesis is able to provide B ´ L ­“ 0, i.e. a lepton asymmetry which is
not balanced by a baryon asymmetry. As we have already seen, B ´ L is conserved in the SM, while
sphalerons are B ` L violating but conserve B ´ L. Since sphalerons are at thermal equilibrium in the
temperature range 100 ă T ă 1012 GeV, any asymmetry B ` L is efficiently washed out. However,
the non-zero B ´ L generated by leptogenesis is partially converted into a baryon asymmetry through
these non-perturbative processes. Thus, the final baryon asymmetry of the universe observed today is
determined by the lepton asymmetry at the time of sphaleron decoupling, i.e. at the electroweak phase
transition. To determine which fraction of B ´ L asymmetry is converted into B asymmetry we need
to consider constraints among various chemical potentials induced by spectator processes.

3.3.3 The relation between Baryon and Lepton asymmetries
Quarks, leptons and Higgs bosons interact via Yukawa and gauge couplings and, also, via the non-
perturbative sphaleron processes. In the range 100 ă T ă 1012 GeV gauge and sphaleron interactions
are in thermal equilibrium, while Yukawa interactions are in equilibrium only in a more restricted
temperature range that depends on the strength of the Yukawa couplings. Thus, in different temperature
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ranges there are different sets of charges that are conserved, which leads to the "flavor effects" [67]. The
corresponding partition function can be written as [66]:

Zpµ, T, V q “ Tr exp

„

β

ˆ

ÿ

i

µiQi ´H

˙

, (3.19)

where β “ 1{T and H is the Hamiltionian. For each of the quark, lepton and Higgs fields there is an
associated chemical potential µi. In the standard model with one Higgs doublet H and Nf families
one has 5Nf ` 1 chemical potentials µi. p The processes that are at thermal equilibrium, the so-called
Spectator processes, yield constraints between the various chemical potentials. The basic way through
which they act is that of redistributing the asymmetry generated in the lepton doublets among the
other particle species. Their effects can be accounted for by imposing on the thermodynamic system
the chemical equilibrium condition appropriate for each specific reaction. The NCS-changing transitions
affect only the left-handed fermion fields, so that

ÿ

i

p3µqi ` µliq “ 0. (3.20)

One also has to take the SUp3q QCD sphaleron processes into account. They change the chiral quark
number (the number of right-handed minus number of left-handed quarks) for each quark flavor by the
same amount. The corresponding relation between the chemical potentials reads

ÿ

i

p2µqi ´ µui ´ µdiq “ 0. (3.21)

The Yukawa interactions that are in equilibrium yield relations between the chemical potentials of the
left-handed and right-handed fermions and the Higgs:

´µqi ` µdj “ µqi ´ µuj “ ´µli ` µei “ µH . (3.22)

There is another condition, valid at all temperatures, that arises from the requirement that the total
hypercharge of the plasma vanishes. In a weakly coupled plasma, the asymmetry between particle and
antiparticle number densities is given by

ni ´ n̄i “ ´
B

Bµi

T

V
lnZpµ, T, V q. (3.23)

For massless particles one obtains

ni ´ n̄i “
giT

3

6

#

βµi `O
`

pβµiq
3
˘

pFq

2βµi `O
`

pβµiq
3
˘

pBq
, (3.24)

where gi denotes the number of internal degrees of freedom. The following analysis is based on these
relations for βµi ! 1. From this relation and the known hypercharges one obtains

ÿ

i

pµqi ` 2µui ´ µdi ´ µli ´ µeiq “ 2µφ, (3.25)

and using Eq. (3.24), the baryon number density nB ” gBT 2{6 and the lepton number densities
nLi

” LigT
2{6 can be expressed in terms of the chemical potentials:

B “
ÿ

i

`

2µqi ` µui ` µdi
˘

, (3.26)
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Li “ 2µli ` µei , L “
ÿ

i

Li. (3.27)

Consider now the case where all Yukawa interactions are in equilibrium. The asymmetries Li ´ B{Nf
are then conserved and we have equilibrium between the different generations, µli ” µl, µqi ” µq, etc.
Using also the sphaleron relation and the hypercharge constraint, one can express all chemical potentials,
and therefore all asymmetries, in terms of a single chemical potential that may be chosen to be µl,

µe “
2Nf ` 3

6Nf ` 3
µl, µd “

6Nf ` 1

6Nf ` 3
µl µu “

2Nf ´ 1

6Nf ` 3
µl

µq “ ´
1

3
µl, µH “

4Nf
6Nf ` 3

µl.

(3.28)

The corresponding baryon and lepton asymmetries are

nB “ ´
4nf
3

T 2

6
µl, nL “

14n2f ` 9nf

6nf ` 3

T 2

6
µl. (3.29)

The last equation yields the connection between the B, B ´ L and L asymmetries:

B “ cspB ´ Lq L “ pcs ´ 1qpB ´ Lq, (3.30)

where cs “ p8nf `4q{p22nf `13q “ 28{79. The relations 3.30 between B, B´L, and L numbers suggest
that B ´ L violation is needed in order to generate a baryon asymmetry at high temperatures where
sphaleron processes are in thermal equilibrium. Because the B ´ L current has no anomaly, the value
of B ´ L at time tf , where the leptogenesis process is completed, determines the value of the baryon
asymmetry today:

Bpt0q “ cspB ´ Lqptf q. (3.31)



Chapter 4

Thermal Leptogenesis

In this Chapter the mechanism of thermal leptogenesis is reviewed. We start by studying the single
flavour scenario in Sec. 4.1. In particular, we review the solutions of the Boltzmann Equations in the
case with only decays and inverse decays in Sec. 4.2 and we define and compute the contribution to the
CP asymmetry factor in Sec. 4.3. Finally, we give a brief description of flavour effects in Sec. 4.4 and
resonant leptogenesis in Sec. 4.5.

4.1 Thermal leptogenesis in the single flavour regime
In this section we make the following assumptions [20]:

• The lepton asymmetry is produced in a single flavour α;

• The N -masses are hierarchical: M1 ! M2,M3;

• Thermal production of N1 and negligible production of N2, N3.

The basic idea is the following [20]: Scattering processes produce a population of N1’s at temperatures
T „ M1. When the temperature drops below M1, the equilibrium number density is exponentially
suppressed by a factor e´M1{T , since sterile neutrinos becomes non relativistic. So the N1 population
decays away. If the N1 interactions are CP violating, asymmetries in all lepton flavours can be produced
and if the interactions are out-of-equilibrium the asymmetries may survive. These can the be reprocessed
into a baryon asymmetry by SM sphalerons. It is important to notice that in this model the CP
asymmetry in the scattering interactions by which the N1 population is produced is equal in magnitude
but opposite in sign to the CP asymmetry in N1 decays. However a non-zero asymmetry survives
because the initial anti-asymmetry made with the N1 population is depleted by scattering, decays and
inverse decays. This depletion is called washout. To understand the non-equilibrium processes we need
to compare the reaction rates per particle with the Hubble parameter as a function of z “ M{T . In
particular, for z ă 1 (high temperatures) all processes are out of thermal equilibrium. Around z „ 1,
the various processes come into thermal equilibrium. Heavy neutrinos decay and, since their number
density slightly exceeds the equilibrium number density, a B´L asymmetry is generated in these decays.
As long as washout processes are in equilibrium the asymmetry is partly washed out. At z ą 1 (low
temperatures), N production is kinematically suppressed, while the washout processes eventually get
out of equilibrium at some z and the B ´ L asymmetry is frozen in [66].

29



30 CHAPTER 4. THERMAL LEPTOGENESIS

4.1.1 Thermal history of Thermal Leptogenesis
The story of leptogenesis begins right after inflation ends, at the reheating temperature Treh which we
assume to be larger than the mass of the heavy neutrinos Nj .

At very high temperatures T . Treh the heavy neutrinos Nj are in thermal equilibrium with the
rest of the plasma thanks to their Yukawa interactions: Nj Ø H0νL, Nj Ø H`l.

As the Universe cools, T becomes smaller than Mj implying the particles in the plasma do not have
sufficient energy to produce back right-handed neutrinos, only their decays are allowed: Nj Ñ H0νL,
Nj Ñ H`l.

Being Majorana neutrinos, Nj can decay both into one channel and its charge conjugate one:
Nj Ñ H´l`, Nj Ñ H`l´.

If the rates of these two processes are different, due to CP violation, then a net charge asymmetry
ε is generated. This process is not instantaneous and washout effects, due e.g. by inverse decays, will
partly erase the asymmetry. The remaining lepton asymmetry can then be converted by sphaleron
processes into a baryon asymmetry when T ă Mj and T ă 1013 GeV. As temperature lowers, decays
and washout processes freeze out and the sphalerons are fast enough to keep the baryon number at its
equilibrium value compared to the lepton number. At the EW scale T „ TEW „ 102GeV we have the
EWPT and the sphalerons freeze out due to the Boltzmann suppression factor, and all baryon number
violating processes are suppressed from this point. Therefore, the baryon number per comoving volume
freezes out to its current value.

4.1.2 Out-of-equilibrium dynamics
Leptogenesis naturally takes place in seesaw models, indeed, besides giving a natural explanation of the
light neutrino masses (as we have already seen in Sec. 2.4), the heavy Majorana neutrinos are the source
of leptogenesis. From the seesaw Lagrangian in Eq. 2.29 we have that the three Sakharov’s conditions
are satisfied: lepton number L is violated by the Majorana massive term (see Eq. 2.21), CP is violated
by the Yukawa complex couplings Yαj and the departure from thermal equilibrium condition is provided
by an additional requirement that Ni decay rate ΓNi is not very fast compared to the Hubble expansion
rate of the Universe HpT q at temperature T “ Mi. For the initial conditions, we assume that after
inflation the Universe reheats to a thermal bath at temperature Treheat which is composed of particles
with gauge interactions. The N1 can be produced by inverse decays HLα Ñ N1 and by 2 Ñ 2 scatterings
involving the top quark or electroweak gauge bosons. N1 can be produced by s or t channel exchange
of a Higgs: qLtR Ñ H Ñ LαN or LαtR Ñ H Ñ qLN . So the production rate can be estimated by a
naive dimensional analysis in zero temperature field theory, as

Γprod „
ÿ

α

h2t |Yα1|2

4π
T, (4.1)

where ht is the Yukawa coupling of the top quark. If Γprod ą H then, since ht „ 1, the N1 total decay
is also in equilibrium:

ΓD ą HpT “ M1q. (4.2)

Ni can decay with the following processes:

Ni Ñ Hl, Ni Ñ Hclc. (4.3)
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Then at tree level we have the diagram in Fig. 4.1 and we can compute the decay rate Γ by considering
the Ni particle at rest in the center of mass frame. In this way we have

Γ “
1

2M

ż

|M|2dΠx, (4.4)

where
dΠn “ dΠldΠH “

d3pl
p2πq32El

d3pH
p2πq32EH

p2πq4δp4qppN ´ pl ´ pHq. (4.5)

When integrating over the phase space we can split the delta and we obtain
ż

d3pl
p2πq32El

d3pH
p2πq32EH

p2πq4δp3qp~pN ´ ~pl ´ ~pHqδpEN ´ EH ´ EN q. (4.6)

Now we can integrate over d3pH by using the three-dimensional delta, setting ~pH “ ~pN ´ ~pl. From
momentum conservation we have ~pN “ ~pH `~pl and in the center of mass frame we have pN “ pMN ,~0qT ,
so we obtain ~pH “ ~pl. Assuming negligible the mass of the scalar and the lepton doublet (respect the
mass of the sterile neutrino) we obtain EH “ El from mass-shell relation. Going in spherical coordinates
we get

ż

p2l dpldΩ

p2πq24E2
l

δpMN ´ 2Elq “

ż

dΩpldEl
p2πq24El

δpMN ´ 2Elq “
1

8π
(4.7)

where in the second passage we used pdp “ EdE, while in the third we integrated over the solid angle
dΩ “ 4π and to integrate over dEl we used the property of the delta δpgpxqq “

δpx´x0q

|g1pxq|
. Since the final

state in the two different decay channels of N1 are different, the two amplitudes do not interfere and we
can calculate them separately and add only their squares. The amplitude of the diagram in Fig. 4.1 is
given by:

iM “ ūlpp2qp´iYαiqPRuN pp1q (4.8)

where PR “
1`γ5

2 is the right projector. Now we can take the absolute square and by averaging over
the initial spin we find the unpolarized squared amplitude.

|M|2unpol “
1

2

ÿ

sN

ÿ

slsH

M˚M “
1

2
Y ˚
iαYαiTrrPL��p2PRp��p1 `MN qs

“
1

2
Y ˚
iαYαi

1

2
Trr��p1��p2s

“Y ˚
iαYαirp1 ¨ p2s

“
1

2
Y ˚
iαYαiM

2

(4.9)

where we have used the properties of gamma matrices: Trrγµγνs “ 4gµν (where gµν metric tensor),
Trrγµns “ 0 if n=odd and using p3 “ p1´p2 we find p1 ¨p2 “ M2{2 since we have assumed ml “ mH “ 0.
Considering now the decaying of the right-handed neutrino into an antilepton and a Higgs and following
the same steps as before we find that the two amplitudes are equal at tree level. At the end we obtain

ΓpN1 Ñ lHq “ ΓpN1 Ñ l̄H`q “
1

32π
pY `Y q11M1. (4.10)

By summing these two contributions and taking care of a factor of 2 coming from the fact that we are
calculating the decay of the right-handed neutrino to any final state, we need to sum over final spin,
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Figure 4.1: tree level Feynman diagram for sterile neutrino decay

flavour and doublet indices1. Therefore, we finally obtain

ΓD “
ÿ

α

Γαα “
ÿ

α

ΓpN1 Ñ HLα, H̄L̄αq “
1

8π
pY `Y q11M1. (4.11)

To study the departure from thermal equilibrium we have to compare this decay rate with the Hubble
expansion assuming a universe dominated by radiation (as it was the Early Universe). In this case we
have

HpT q “

c

8πGρR
3

“
2

3

c

π3g˚

5

T 2

MPl
, (4.12)

where MPl “ 1.22 ˆ 1019GeV is the Planck mass and g˚ is the total number of relativistic degrees of
freedom contributing to the energy density of the Universe. To quantify the departure from thermal
equilibrium, it is useful to introduce two dimensional parameters m̃ and m˚, which are of the order of
the light neutrino masses, and we can define the decay parameter as

Ki ”
ΓNi

HpMiq
“
m̃i

m˚

, (4.13)

where m̃i is the effective neutrino mass defined as [20]:

m̃i ”
ÿ

α

m̃αα ”
ÿ

α

Y :
α1Yα1v

2

M1
“ 8π

v2

Mi
ΓD, (4.14)

and
m˚ ” 8π

v2

M2
1

H

ˇ

ˇ

ˇ

ˇ

T“M1

» 1 ˆ 10´3eV. (4.15)

The decay parameter in Eq. 4.13 controls whether or not Ni decays are in equilibrium and allows to
distinguish two regimes:

• Weak washout regime. In this scenario Ki ! 1, meaning that the total decay rate ΓpNi Ñ

LαHq ă HpMiq. This implies that the Ni number density does not reach the equilibrium distribu-
tion during the evolution of the Universe and any lepton asymmetry created for z ă 1 will not be
erased. In this regime the initial condition on the Ni density is important. If we assume thermal

1In fact, if we consider all the lepton and Higgs doublets components we have ΓpNi Ñ l´j H`q “ ΓpNi Ñ νL,jH
0q “

ΓpNi Ñ l`j H´q “ ΓpNi Ñ ν̄L,JH
0,˚q “ 1{p32πq|Yij |2MNi

. To find ΓD we must sum all these contributions and then
sum over the flavors α.
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initial abundance of Ni “ Neq
i , we can ignore the washout when Ni starts decaying at z " 1.

Instead, if we have zero initial N1 abundance, we have to consider the opposite sign contribution
to lepton asymmetry from the inverse decays, namely when N1 is being populated, and from the
period when N1 starts decaying.

• Strong washout regime: In this case Ki " 1 and any lepton asymmetry generated during the
N1 creation phase is efficiently washed out, resulting in Y∆L „ 0. This implies that the solution
of Boltzmann equations does not depend on initial conditions. When the temperature drops and
the washouts WID decouples (the inverse decay gets out of equilibrium), the asymmetry created
through the decay survives and contributes to Y∆L

Figure 4.2: Evolution of N1 number density (on the left) and B ´ L asymmetry (on the right) in the weak
washout case with K “ 10´2 and vanishing initial abundance. Here, we have M1 “ 1014 GeV and |ε1| “ 10´6.

Figure 4.3: Evolution of N1 number density (on the left) and B ´ L asymmetry (on the right) in the strong
washout case with K “ 100 and vanishing initial abundance. Here, we have M1 “ 1014 GeV and |ε1| “ 10´6.

Figs. 4.2 and 4.3 show the N1 number density and the absolute value of the baryon asymmetry as a
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function of z “ M1{T in the case of vanishing initial abundance N i
N1

“ 0, respectively in the weak
and strong washout cases. In the strong washout case we can see that the RHN number density
slowly increases with time thanks to its interaction with the SM particles and reaches the equilibrium
distribution. In baryon asymmetry plot we can see a dip for z » 100, this dip represents a change of sign
in the baryon asymmetry (as we are considering the absolute value). This happens in the vanishing initial
abundance case, since, for z ! 1 we have to consider the opposite sign contribution to lepton asymmetry
from the inverse decays, which populate the N1 sector, resulting in an asymmetry in some direction. In
fact, due to CP violation, inverse decay destroy more antileptons than leptons (or viceversa), generating
a negative asymmetry. Then, when the RHNs reach the thermal equilibrium distribution, their decay
will start dominate the asymmetry production, which will have opposite sign respect to the one created
before. The same situation occurs in the weak washout case with vanishing initial abundance, but in
this case we see that RHNs number density does not reach the equilibrium distribution and the dip in
the absolute BAU is for z " 1.

4.2 Classical Boltzmann equations
In this section we will write down the classical Boltzmann equations and give a simple analytical estimate
of the solution by following Ref. [18]. First we work in the one flavour regime and consider only the
decays of the right handed neutrino N1. If leptogenesis occurs at T ě 1012 GeV, then, the charged
Yukawa interactions are out of equilibrium, and this defines the one flavor regime. In particular we
consider the initial temperature Ti larger than M1, the mass of N1. We will also neglect decays of the
two heavier neutrinos N2 and N3, assuming that a generation of B ´ L asymmetry from their decays
either does not occur at all or that it does not influence the final value of B ´ L, namely this B ´ L
asymmetry will be efficiently washed out by the N1 interactions. This situation can be realized if for
example the reheating temperature after inflation is TRH ! M2,3, such that N2,3 are not produced.
Further, we restrict ourselves to the non supersymmetric case, and we assume that the lightest heavy
neutrino N1 is the only relevant degree of freedom beyond the standard model particle species. Within
this framework the BE reduces to [68]:

dNN1

dz
“ ´pD ` SqpNN1

´Neq
N1

q, (4.16)

dNB´L

dz
“ ´ε1DpNN1 ´Neq

N1
q ´WNB´L. (4.17)

where z “ M1{T and, by choosing a comoving volume apt˚q3 which contains one photon at time t˚, we
obtain Nipt˚q “ niapt˚q3 and Nγpt˚q “ 1 so that NN1 ” nn{neqγ (neqγ is the equilibrium photon density)
[69]. ε1 is the CP asymmetry parameter that will be derived in next section. Now we can solve the
second Eq. 4.17 and we find:

NB´Lpzq “ NB´Lpziqe
´

şz
zi
W pz1

qdz1

´

ż z

zi

dz1ε1DpNN1 ´Neq
N1

qe´
şz
z1 W pz”qdz”. (4.18)

From the other Boltzmann equation 4.16 we can rewrite the result as

NB´Lpzq “ NB´Lpziqe
´

şz
zi
W pz1

qdz1

´

ż z

zi

dz1ε1
D

D ` S

dNN1

dz
e´

şz
z1 W pz”qdz”, (4.19)

where the last term in the right-hand side is the efficiency factor k that measures the amount of
asymmetry that has survived the competitive production and wash-out processes. We can define the
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efficiency factor as

kpzq “
4

3

ż z

zi

dz1ε1DpNN1
´Neq

N1
qe´

şz
z1 W pz”qdz” “

“ ´
4

3

ż z

zi

dz1ε1
D

D ` S

dNN1

dz
e´

şz
z1 W pz”qdz”,

(4.20)

and the Eq. 4.19 becomes

NB´Lpzq “ NB´Lpziqe
´

şz
zi
W pz1

qdz1

´
3

4
ε1kpz; m̃1,M1, m̄

2q, (4.21)

where zi is some initial temperature when N1 leptogenesis begin. The efficiency factor kpzq is normalized
in such a way that its final value kf “ kp8q approaches one in the limit of thermal initial abundance of
the heavy neutrinos N1 and no washout (W “ 0). In general, for N i

N1
ď Neq

N1
“ 3{4 one has kf ď 1. The

first term in Eq. 4.21 accounts for the possible generation of a B ´L asymmetry before N1 decays, e.g.
from decays of the two heavier neutrinos N2 and N3, or from a completely independent mechanism. In
the following we shall neglect such an initial asymmetry N i

B´L [18]. As we will see, decays and inverse
decays are sufficient to describe qualitatively some properties of the full problem. In the next sections
we will find some analytical approximations to study the two regimes of weak and strong washout.

Analytic approximation

Let us first recall some basic definitions and formulae. The decay rate takes the form

ΓDpzq “ Γ̃D

B

1

γ

F

, (4.22)

where Γ̃ is the decay width

Γ̃ “
m̃1M

2
1

8πv2
, (4.23)

with the Higgs vacuum expectation value v “ 174GeV , and x1{γy is the thermally averaged dilation
factor. This accounts for the mean time dilation in the decay lifetime of particles, in particular, for
particles following a Maxwell-Boltzmann distribution at a temperature T “ m{z we get [68]:

B

1

γ

F

“

B

m

E

F

“

ş8

z
z

?
x2 ´ z2e´xdx

ş8

z
x

?
x2 ´ z2e´xdx

“
K1pzq

K2pzq
. (4.24)

Where we have integrated the Maxwell-Boltzmann distribution function fppq “ e´E{KBT in this way

n “

ż

d3p

p2πq3
e´E{KBT “

1

2π2

ż

a

E2 ´m2Ee´E{KBT dE, (4.25)

where we have used d3p “ p2dpdΩ and the fact that if the mass is constant EdE “ pdp. Then by
averaging we get

@m

E

D

“

1
2π2

ş
?
E2 ´m2m

EEe
´E{KBT dE

1
2π2

ş
?
E2 ´m2Ee´E{KBT dE

“

“

ş

z
?
x2 ´ z2ze´xdx

ş

x
?
x2 ´ z2e´xdx

“
K1pzq

K2pzq
,

(4.26)
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where K1 and K2 are the Bessel function. The decay term is written in the form

Dpzq “ Kz

B

1

γ

F

. (4.27)

The inverse decay rate is related to the decay rate by

ΓIDpzq “ ΓDpzq
Neq
N1

pzq

Neq
l

, (4.28)

where Neq
l is the equilibrium density of lepton doublets. We can derive the expressions for Neq

N1
pzq “

neqN1
{neqγ and Neq

l pzq “ neql {neqγ from the number density

neqMB “
g

2π

ż 8

0

d3p

p2πq3
e´E{T , (4.29)

with the same passages as in Eq. 4.25 we obtain

neqMB “
gT 3

2π2

ż 8

0

x
a

x2 ´ z2e´xdx “
gT 3

2π2
x2K2pzq, (4.30)

where g is the number of degrees of freedom for the particle specie. Using Fermi-Dirac or Bose-Einstein
statistics feqppq “ peE{T ˘ 1q´1, the number density is given by

neqi “
giT

3

π2
ˆ

#

ζp3q (bosons).
3
4ζp3q (fermions).

(4.31)

which are valid in the relativistic limit mi ăă T . So we can derive

Neq
l “

neql
neqγ

“

3
4ζp3q 2

π2T
3

2T
3

π2 ζp3q
“

3

4
, (4.32)

where we have used a Fermi-Dirac distribution for the leptons with gl “ 2. While, for N1

Neq
N1

“
neqN1

neqγ
“

3
4ζp3q 2

π2T
3z2K2pzq

2T
3

π2 ζp3q
“

3

8
z2K2pzq. (4.33)

The contribution of inverse decays to the washout term W is therefore

WIDpzq “
1

2

ΓIDpzq

Hpzqz
“

1

4
Kz3K1pzq, (4.34)

which implies

WIDpzq “
1

2
Dpzq

Neq
N1

pzq

Neq
l

. (4.35)

4.2.1 Decays and inverse decays
Now we consider a simplified picture in which decays and inverse decays are the only processes. Then
the kinetic equation 4.16 reduces to (see App. B for a detailed derivation):

dNN1

dz
“ ´DpNN1 ´Neq

N1
q, (4.36)
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dNB´L

dz
“ ´ε1DpNN1

´Neq
N1

q ´WIDNB´L, (4.37)

where wID is the contribution to the washout term due to inverse decays. From Eqs. 4.37 and 4.36 we
find that the efficiency factor becomes

kpzq “ ´
4

3

ż z

zi

dz1 dNN1

dz1
e´

şz
z1 dz”WIDpz”q. (4.38)

and by integrating Eq. (4.36) we obtain

NN1
pzq “ NN1

pziqe
´

şz
zi
Dpz1

qdz1

`

ż z

zi

Dpz1qNeq
N1

pz1qe´
şz
z1 Dpz2

qdz2

. (4.39)

4.2.2 Weak washout regime
In the weak washout regime (K ! 1), the initial condition on the N1 density NN1

is important. There-
fore, in this scenario we need to distinguish between two different initial conditions, namely thermal
initial abundance and vanishing initial abundance.

Thermal initial abundance

If we assume thermal initial abundance of N1, i.e. NN1pziq “ Neq
N1

p0q, we can ignore the washout when
N1 starts decaying at z " 1. In fact, in this case, we can define zd as the value below which decays are
in equilibrium, by ΓDpzdq{Hpzdq “ zdDpzdq “ 2. In the regime far out of equilibrium K ! 1 decays
occur at very small temperatures, i.e. zd " 1, and the produce B ´ L asymmetry is not reduced by
washout effects (see App. C.1 for further details). Therefore, the integral in Eq. 4.38 for the efficiency
factor simply becomes

kpzq » ´
4

3

ż z

zi

dz1 dNN1

dz1
“

4

3
pNN1pziq ´NN1pzqq. (4.40)

To find the density of B´L asymmetry today, we integrate between zi “ 0 and z “ 8 and, by inserting
in Eq. 4.21 we finally obtain

NB´Lp8q “ ε1N
eq
N1

p0q. (4.41)

Vanishing initial abundance

On the other hand, if we have zero initial N1 abundance, i.e. NN1
pziq “ 0, we have to consider the

opposite sign contributions to lepton asymmetry from the inverse decays when N1 is being populated
(NN1

ă Neq
N1

) and from the period when N1 starts decaying (NN1
ą Neq

N1
). Therefore, in this case the

efficiency factor in Eq. 4.38 is given by two contributions: k´ and k`. In order to find these two we define
zeq as the time at which NN1pzeqq “ Neq

N1
pzeqq, that corresponds to a maximum for the number density

of N1, see fi. (4.2). The NN1 density at zeq can be computed using some analytical approximations, see
App. C.1.2: NpKq ” NN1

pzeqq “ p9π{16qK.
For z ă zeq, we can assume Neq

N1
" NN1

. Then, the asymmetry up to zeq is given by (see Apps. C.1.1
and C.1.2):

NB´Lpzeqq “ ε1

ż zeq

zi

dz1Dpz1qNeq
N1

pz1qe´
şzeq

z1 dz2WIDpz2
q

» 2ε1p1 ´ e´2{3NpKqq. (4.42)
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For z ą zeq, we can write the asymmetry as:

NB´Lpzq ´NB´Lpzeqq “ ´ε1

ż z

zeq

dz1Dpz1qpNN1
pz1q ´Neq

N1
pz1qqe´

şz
z1 dz

2WIDpz2
q (4.43)

“ ε1

ż z

zeq

dz1 dNN1

dz1
e´

şz
z1 dz

2WIDpz2
q (4.44)

» ε1

ż z

zeq

dz1 dNN1

dz1

ˆ

1 ´

ż z

z1

dz2WIDpz2q

˙

(4.45)

» ε1pNpKq ´NN1pzqq, (4.46)

where in the last step we have neglected the negative term. Then the final asymmetry is

NB´Lp8q » ε1pNpKq ´NN1p8q ` 2p1 ´ e´2{3NpKqqq » ε1
9π2

64
K2 » ε1

3π2

16
Neq
N1

p0q, (4.47)

where we have used approximation in Eq. C.1 in Neq
N1

“ 3{8z2K2pzq and the fact that Neq
l “ 3{4. where

we have used the fact that NN1
p8q “ 0 and the approximation NpKq “ p9π{16qK.

4.2.3 Strong washout regime
In the strong washout regime (K " 1) any lepton asymmetry generated during the N1 creation phase
is efficiently washed out. In this regime there exists an interval zin ď z ď zmax where inverse decays
are in equilibrium. Assuming that the wash-out are effective, any asymmetry generated before zin is
fully erased. Therefore, in this case there is no dependence on the initial conditions. An analytical
approximation for the asymmetry for zin ď z ď zmax can be found by adopting the Strong washout
balance approximation [70] which states that in the strong washout regime, the lepton asymmetry at
each instant takes the value that enforces a balance between the production and the destruction rates
of the asymmetry. Therefore, by equating the decay and washout terms in Eq. 4.37 we have

NB´Lpzq » ´ε1Dpzq
1

WIDpzq
pNN1

´Neq
N1

q »
ε1

WIDpzq

dNeq
N1

dz
(4.48)

“
ε1

WIDpzq

d

dz

ˆ

3

8
z2K2pzq

˙

“
2ε1

DpzqNeq
N1

Neq
l

3

8
z2K1pzq (4.49)

“
2ε1
Kz

Neq
l . (4.50)

where in the second approximation we assume NN1
“ Neq

N1
, then we have used the property of Bessel

functions: d{dzpzνKνpzqq “ ´zνKν´1pzq and the Eqs. 4.36, 4.33, 4.34, 4.27. After zmax, the asymmetry
gets frozen so that:

NB´Lp8q »
2ε1

Kzmax
Neq
l “

2ε1
Kzmax

Neq
N1

p0q, (4.51)

where we have used approximation in Eq. C.1 in Neq
N1

“ 3{8z2K2pzq and the fact that Neq
l “ 3{4. A

more precise analytical approximation is given in Ref. [18] and we give basics of this in App. C.1.3.

4.3 CP asymmetry
To produce a net asymmetry in lepton flavour α, the N1 must have Lα-violating interactions and
different decay rates to final states with particles or anti-particles. The CP asymmetry in lepton flavor
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α, produced in the decays of RH neutrinos N1 is be defined as [63]:

εiα “
γpNi Ñ LαHq ´ γpNi Ñ L̄αH

˚q
ř

α γpNi Ñ LαHq ` γpNi Ñ L̄αH˚q
”

∆γαNi

γNi

, (4.52)

where γpi Ñ fq is the thermally averaged decay rate defined as

γpi Ñ fq ”

ż

d3pi
p2πq32Ei

d3pf
p2πq32Ef

p2πq4δp4qppi ´ pf q|Mpi Ñ fq|2e´Ei{T , (4.53)

where Mpi Ñ fq is the decay amplitude and we have assumed Maxwell-Boltzmann distribution for the
particle i. L̄ denotes the anti-particle of L. N1 is a Majorana fermion, so N̄1 “ N1. The asymmetry
εαα is normalized of the total decay rate, so that the Boltzmann Equations are linear in flavor space.
When we include additional lepton generations, we find that the CP asymmetry is a diagonal element
of a matrix, so we give it a double flavor index already. Ignoring all thermal effects the CP asymmetry
becomes [20]:

εiα “
ΓpN1 Ñ LαHq ´ ΓpN1 Ñ LαH

˚q

ΓpN1 Ñ LαHq ` ΓpN1 Ñ LαH˚q
. (4.54)

The CP asymmetry εiα arises from the interference of tree-level M0 and one-loop M1. In fact, Eq. 4.54
vanishes at tree level but is induced at 1-loop level through this interference. Indeed, if the rates of
transitions i Ñ f are governed by some small parameter λ, so that |Mpi Ñ fq|2 “ Opλkq, then from
Eq. (4.71) we see that any CP-violating difference |Mpi Ñ fq|2 ´ |Mpf Ñ iq|2 must be at least of order
λk`1. Hence, CP-violating effects must arise from loop corrections to the process i Ñ f [68].

Ni

Lα

H

Ni

H

Lα

L̄β , Lβ

H

Nj
Ni

H

Lα

Lβ

H

Nj

Figure 4.4: Diagrams contributing to the CP asymmetry εiα. The flavor of the internal lepton Lβ is summed.
The internal Lβ and Higgs H are on-shell. The CP asymmetry in type-I seesaw leptogenesis results from the
interference between tree and 1-loop wave and vertex diagram.

It is important to consider all the contribution from the 1-loop diagrams, namely both the self-energy,
or wave-diagram (in the middle of Fig. 4.4) and the vertex diagram (on the right). The tree and loop
matrix elements can each be separated into a coupling constant part c and an amplitude part A [20]:

M “ M0 ` M1 “ c0A0 ` c1A1. (4.55)

For instance, in the tree level decay (on the left of Fig. 4.4),

c0 “ Y ˚
α1 A0pN Ñ H:Lαq “ ūLα

PRuN . (4.56)

The matrix element for the CP conjugate process is

M “ c˚
0A0 ` c˚

1A1, (4.57)
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where |Ai|
2 “ |Ai|

2, since in the CP conjugate amplitude A, the uL spinors are replaced by vL spinors.
However, ūLuL “­ p “ v̄LvL, so the squared amplitude is the same. Thus, the CP asymmetry can be
written as

εiα “

ş

dΠLdΠH δ̃|M|2 ´
ş

dΠL̄dΠH̄ δ̃|M̄|2
ş

dΠLdΠH δ̃|M|2 `
ş

dΠL̄dΠH̄ δ̃|M̄|2
(4.58)

“

ş

|c0A0 ` c1A1|2δ̃dΠH,L ´
ş

|c˚
0A0 ` c˚

1A1|2δ̃dΠH̄L̄

2
ř

α

ş

|c0A0|2δ̃dΠH,L
(4.59)

“
Impc0c

˚
1 q

ř

α |c0|2

2
ş

ImpA0A˚
1 qδ̃dΠH,L

ş

|A0|2δ̃dΠL,H
, (4.60)

where
dΠldΠH “

d3pld
3pH

2El2EH
““

d3pl̄d
3pH̄

2El2EH
“ dΠl̄dΠH̄ ; (4.61)

δ̃ “ p2πq4δp4qpPi ´ Pf q, (4.62)

and pi, pf are, respectively, the incoming four-momentum and the outgoing four-momentum. The loop
amplitude has an imaginary part when there are brunch cuts corresponding to intermediate on-shell
particle (see Cutkosky Rules [71]), which can arise in the loops in Fig. 4.4 when the H and Lβ are
on-shell:

2ImpA0A˚
1 q “ A0pN Ñ HLαq

ÿ

β

ż

A˚
0 pN Ñ L̄1

βH̄ 1qδ̃1dΠL1
βH

1A˚
0 pL̄1

βH̄
1 Ñ HLαq. (4.63)

Here, H 1 and L1
β are the intermediate on-shell particles2, and dΠL1

βH
1 is the integration over their phase

space.

4.3.1 Implications of CPT and unitarity for CP violation in decays
We can use S-matrix unitarity and CPT invariance to give some useful constraint on CP violation.
Furthermore, we have already seen that the imaginary part of the loop amplitude arises when the
intermediate particles are simultaneously on-shell. This contribution can be isolated by the use of the
optical theorem. Useful relations, between matrix elements and their CP conjugates can be obtained
form the unitarity of the S-matrix, i.e. SS` “ S`S “ 1, where S “ 1 ` iT we can write

1 “ SS` “ p1 ` iT qp1 ´ iT`q “ 1 ´ iT` ` iT ` TT`, (4.64)

where T is the transition matrix defined as xf |T |iy ” p2πq4δ4ppi ´ pf qMpi Ñ fq. From Eq. 4.64 we get

TT` “ ipT` ´ T q, (4.65)

so
xf |T`T |iy “ xf |ipT` ´ T q|iy, (4.66)

which becomes
rTT`sif “ iT˚

fi ´ iTif , (4.67)
2Notice that we are considering these particles to be massless, since we are working in the regime where T ą Tew,

where Tew stands for the temperature at electroweak phase transition.



4.3. CP ASYMMETRY 41

irTT`sif “ Tif ´ T˚
fi, (4.68)

where we have used xf |T`|iy “ xi|T |fy˚. By taking the modulus square of the last equation 4.68 we
obtain [68]:

|Tif |2 “ |ipTT`qif ` T˚
fi|

2

“ |ipRepTT :qif ` iImpTT :qif q ` RepT˚
fiq ` iImpTfiq

˚|2

“ |pRepT˚
fiq ´ ImpTT :

if q ` ipRepTT :qif ` ImpT˚
fiqq|2

“ pRepT˚
fiq ´ ImpTT :

if q2 ` pRepTT :qif ` ImpT˚
fiqq2

“ RepT˚
fiq

2 ` ImpTT :q2if ´ 2RepT˚
fiqImpTT :qif`

` RepTT :q2if ` ImpT˚
fiq

2 ` 2RepTT :qifImpT˚
fiq.

(4.69)

Now we use the fact that RepT˚
fiq “ RepTfiq and ImpT˚

fiq “ ´ImpTfiq, so

|Tif |2 “ |Tfi|
2 ` |pTT :qif |2 ´ 2RepTfiqImpTT :qif ´ 2RepTT :qifImpTfiq, (4.70)

using the identity Impzyq “ RepzqImpyq ` ImpzqRepyq (where z and y are complex numbers). In the
end, we obtain

|Tif |2 ´ |Tfi|
2 “ |pTT :qif |2 ´ 2ImrpTT :qifTfis. (4.71)

This result is related to CP asymmetry and we can see that by considering CPT invariance. Indeed, let
Mpi Ñ fq be the amplitude for a transition from a state i to a state f , and let ī be the state obtained
by applying a CP transformation to i. Then, the CPT theorem implies that [68]:

Mpi Ñ fq “ Mpf̄ Ñ īq. (4.72)

In the case of a Majorana initial state |iy becomes

Mpi Ñ fq “ Mpf̄ Ñ iq. (4.73)

Now we have, by using CPT,

|Tif |2 » |Mpi Ñ fq|2,

|Tfi|
2 » |Mpf Ñ iq|2 “ |Mpi Ñ f̄q|2,

(4.74)

inserting this in the CP asymmetry parameter ε and using Eq. 4.71 we obtain

εiα “

ş

dΠldΠHp2πq4δp4qppN ´ pH ´ plqp´2ImrpTT :qifTfisq

2
ř

α

ş

dΠldΠHp2πq4δp4qppN ´ pH ´ plq|M|2
. (4.75)

This tells us that the CP violation in a N1 decay can first arise at 1-loop level through the interference
between tree and 1-loop diagrams shown in figure 4.4. From these considerations we can proceed to
the computation of the CP asymmetry εiα in Eq. 4.75. First, we focus on the denominator, which is
obtained by considering the fact that, as we have already noticed, at tree level |M̄|2 “ |M|2. Recalling
that the integration over phase space gives a factor of 1{p8πq (see Eq. 4.7) and the amplitude is given
in Eq. 4.9 we obtain that the denominator is

Den “
pY :Y q11M

2
N1

8π
. (4.76)
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To compute ε we need to consider the wave and vertex diagram in figure 4.4 and from Eq. 4.75 we see
that we need to compute the following amplitudes [72]:

Tfi “ xi|T |fy;

pTT`qif “
ÿ

k

TikT
`
kf “

ÿ

k

xk|T |iyxk|T˚|fy; (4.77)

where |ky indicate intermediate states. To compute these amplitudes we follow [37, 71, 72] and we
rewrite the Lagrangian in Eq. 2.29 as:

Lint “ ´
ÿ

i,α

Y ˚
αiL̄αH̃PRNi ´ YαiN̄jPLH

:Lα ´
ÿ

ij

1

2
MNij N̄iNj , (4.78)

where Ni “ NRi ` N c
Ri

, with NRi “ PRNi and N c
Ri

“ PLNi. At this point we can compute the
contribution to the CP asymmetry in the numerator of Eq. 4.75 which is given by the interference
between the tree level and the one loop diagrams in Fig. 4.4. The details of the computations are given
in App. D. The total contribution is given by:

εiα “
1

8π

ÿ

j ­“i

ImppY :Y qjiYαiY
˚
αjq

pY :Y qii

?
xg

`
1

8π

ÿ

j ­“i

Mi

M2
i ´M2

j

ImppMipY
:Y qij `MjpY

:Y qjiqY
˚
αjYαiq

pY :Y qii
,

(4.79)

where x “ M2
j {M2

i and g “ 1 ´ p1 ` xq log

ˆ

1 ` 1
x

˙

. The first term in Eq. 4.79 comes from L-violating
wave and vertex diagrams, while the second is from the L-conserving wave diagram. From the εiα
expression we can immediately notice that the terms of the form pM2

i ´ M2
j q´1 are from the wave

diagram contributions which can resonantly enhance the CP asymmetry if Mi » Mj . We will further
explore this case in Sec. 4.5. Let us also note that at least two RHNs are needed, otherwise the CP
asymmetry vanishes because the Yukawa couplings combination becomes real. In the one flavor regime,
we sum over the flavor index α in Eq. 4.79 and we obtain

εi ”
ÿ

α

εiα “
1

8π

1

pY :Y qii

ÿ

i­“j

ImrpY :Y q2jisg

ˆ

M2
j

M2
i

˙

, (4.80)

where the second term in Eq. 4.79 vanishes because the combination of the Yukawa couplings is real.

4.3.2 Baryon asymmetry from EW sphaleron
The final lepton asymmetry can be conveniently parametrized as follows3

Y∆Lp8q “ ε1kfY
eq
N1
, (4.81)

where kf is the efficiency factor. If leptogenesis ends before EW sphaleron process become active, i.e.
for T & 1012 GeV, the B ´ L asymmetry Y∆B´L is simply given by

Y∆B´L “ ´Y∆L. (4.82)
3Here we use the Yields which are obtained by normalizing the particle number density by the entropy density s “

g˚p2π2{45qT 3, and not by the the comoving volume apt˚q3 as we did in the previous sections.
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At later stage, the B ´ L asymmetry is partially transferred to a B asymmetry by the EW sphaleron
processes trough the relation in Eq. 3.31:

Y∆Bp8q “
28

79
Y∆B´Lp8q, (4.83)

that holds if the sphalerons decouple before EWPT [73].

4.3.3 Davidson-Ibarra Bound

Assuming a hierarchical spectrum of the RH neutrinos (M1 ! M2,M3) and that the dominant lepton
asymmetry is from the N1 decays, the CP asymmetry can be written from Eq. 4.80 as

ε1 “ ´
3

16π

1

pY :Y q11

ÿ

j ­“1

ImrpY :Y q2j1s
Mi

Mj
. (4.84)

Assuming three generations of RH neutrinos and using the Casas-Ibarra parametrization (see Sec. 2.4.1),
Eq. 4.84 becomes

ε1 “ ´
3

16π

M1

v2

ř

imνiImpR2
1iq

ř

imνi |R1i|
2
. (4.85)

Using the orthogonality condition for the matrix R, i.e.
ř

iR
2
1i “ 1, we then obtain the so called

Davidson-Ibarra (DI) bound [23]:

|ε1| ď εDI1 “
3

16π

M1

v2
pmν3 ´mν1q “

3

16π

M1

v2
∆m2

atm

mν1 `mν3

, (4.86)

where mν3 (mν1) is the heaviest (lightest) light neutrino mass. Applying the DI bound on Eqs. 4.81-4.83,
and requiring that Y∆Bp8q ě Y CMB

B » 10´10, we obtain

M1

ˆ

0.1 eV

mν1 `mν3

˙

kmaxf pM1q & 109 GeV, (4.87)

where the kmaxf pM1q is the efficiency factor maximized with respect to K1 for a particular value of
M1. This allows to find bounds on M1 and mν1 . Many numerical studies have been carried out and
it was found that succesful leptogenesis with a hierarchical spectrum of the RH neutrinos requires
M1 ą 109 GeV and mν1 ă 0.1 eV [63]. This bound implies that the RH neutrinos must be produced at
temperatures T & 109 GeV. However, it is important to stress out that the DI bound holds if and only
if all the following conditions apply:

• N1 dominates the contribution to leptogenesis;

• The mass spectrum of RH neutrinos are hierarchical M1 ! M2,M3;

• Leptogenesis occurs in the unflavored regime T & 1012 GeV.

Therefore, the violation of one of these conditions allows us to lower the scale of leptogenesis.
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4.4 Flavour Effects
So far we have discussed leptogenesis in the single lepton flavor regime. This amounts to assuming that
the leptons and antileptons which couple to the lightest RH neutrino N1 maintain their coherence as
flavor superpositions throughout the leptogenesis era. This assumption proves to describe the correct
final asymmetry only for masses M1 & 1013 GeV [74]. In this range of masses the lepton and anti-lepton
quantum states produced from the decays of the N1 can be treated, in flavour space, as pure states
between their production at decay and their absorption at a subsequent inverse decay. That is, they
can be expressed as a linear combination of flavor eigenstates (α “ e, µ, τ):

|l1y “
ÿ

α

C1α|lαy |l̄1y “
ÿ

α

C̄˚
1α|l̄αy, (4.88)

with the coefficients C1α and C̄1α at tree level given by

C1α “ C̄1α “
Y1α

a

pY :Y q11
(4.89)

However, since CP is violated by loops, beyond the tree-level approximation the antilepton state l̄1 is
not the CP conjugate of the l1, i.e. C̄1α ­“ C1α. The single flavor regime is realized only at very high
temperatures (T ą 1012 GeV), when both |l1y and |l̄1y remain coherent flavor superpositions, and thus
are the correct states to describe the dynamics of leptogenesis. This occurs because at high temperatures
the lepton-Higgs interactions in the thermal plasma can be neglected. However, at lower temperatures,
scatterings induced by the charged lepton Yukawa couplings are sufficiently fast to distinguish the
different lepton flavors, |l1y and |l̄1y decohere in their flavor components and each flavor state experiences
a different time evolution, hence the dynamics of leptogenesis must then be described in terms of the
flavor eigenstates lα [63]. Lepton flavour effects have been studied in [67, 75, 76].
The specific temperature when leptogenesis becomes sensitive to lepton flavor dynamics can be estimated
by requiring that the rates of processes Γα (α “ e, µ, τ) that are induced by the charged lepton Yukawa
couplings hα become faster than the universe expansion rate HpT q. An approximate relation gives [77]:

ΓαpT q » 10´2h2αT, (4.90)

implying that ΓαpT q ą HpT q when T . Tα, where Te » 4 ˆ 104 GeV, Tµ » 2 ˆ 109 GeV and
Tτ » 5 ˆ 1011 GeV. From these estimates we see that as the mass scale of Leptogenesis is lowered
to M1 „ 1012 GeV, the single-flavor approximation becomes inaccurate since the SM τ -Yukawa inter-
actions enter in thermal equilibrium. In the same way we can distinguish the two-flavor regime for
temperatures 109 GeV ! T ! 1012 GeV, when the τ -Yukawa interactions are in thermal equilibrium
while that of muons are not, i.e. Γτ {H " 1 and Γµ{H ! 1. Finally, for temperatures T ! 109 GeV, also
the µ-Yukawa interactions are in thermal equilibrium and all flavors are distinguishable, the coherent
superposition in |l1y and |l̄1y is destroyed and each flavored asymmetry evolves separately. Therefore,
it is necessary to consider also flavor effects if we want to study leptogenesis at scale T ă 1012 GeV.

4.4.1 The effects on CP asymmetry and washout
The CP violation in Ni decay can manifest itself in two ways:

• The leptons and antileptons are produced at different rates,

γi ­“ γ̄i, (4.91)

where γi ” γpNi Ñ lIHq and γ̄i ” γpNi Ñ l̄1iH
˚q.



4.4. FLAVOUR EFFECTS 45

• The leptons and antileptons produced are not CP conjugate states,

CPpl̄1iq “ l1i ­“ li, (4.92)

that is, due to loops effects they are slightly misaligned in flavor space.

We can rewrite the CP asymmetry for Ni decays from Eq. 4.52 as follows [63]:

εiα “
Piαγi ´ P̄iαγ̄i

γi ` γ̄i
“
Piα ` P̄iα

2
εi `

Piα ´ P̄iα
2

» P 0
iαεi `

∆Piα
2

, (4.93)

where terms of order Opεi∆Piαq and higher have been neglected. Piα is the projector from state Li into
state Lα, and ∆Piα “ Piα ´ P̄iα. At tree level, Piα “ P̄iα ” P 0

iα where the tree level flavor projector is
given by

P 0
iα “

YαiY
˚
αi

pY :Y qii
. (4.94)

From Eq. 4.93 we can see that the first term corresponds to the first type (Eq. 4.91), while the second
being of the other type (Eq. 4.92). Since

ř

α Piα “
ř

α P̄iα “ 1, when summing over flavor indices α,
the second term vanishes

ř

α∆Piα “ 0. It is important to notice that, due to flavor misalignment, the
CP asymmetry in a particular flavor direction εiα can be much larger and even of opposite sign from the
total CP asymmetry εi. Actually, the relevance of CP violation of the second type in the flavor regimes
is what allows to evade the DI bound. As regard the washout of the lepton asymmetry of flavor α, it is
proportional to

Wiα9Piαγi ` P̄iαγ̄i » P 0
iαWi, (4.95)

which results in a reduction of washout by a factor of Pď
iα1 compared to unflavored case.

4.4.2 Classical flavored Boltzmann Equations

We consider again the case of leptogenesis from the decays and inverse decays of N1. In this approxi-
mation, the BE for the number density of the RHNs is still given by Eq. 4.36, while the BE for N∆Lα

the lepton asymmetry in the flavor α is given by

dN∆Lα

dz
“ ε1αD1pNN1

´Neq
N1

q ´ P 0
1αW1N∆Lα

. (4.96)

Here we are not using a density matrix formalism since we are not interested in the transition between
different flavor regimes. As long as L violation from sphalerons is neglected, the BE for N∆Lα are inde-
pendent of each other, and the solutions for the weak and strong washout regimes are given, respectively,
by Eqs. 4.47 and 4.51, after replacing ε1 Ñ ε1α and K Ñ K1α ” P 0

1αK.
As an example, we assume leptogenesis at T „ 1010 GeV, that is in the two flavor regime. In this
regime, interactions with τ leptons in thermal bath destroy the coherence of the lepton state produced
in N1 decay. Due to fast τ Yukawa interactions l1 (l̄1) gets projected onto lτ (l̄τ ) and a coherent mixture
of e ` µ eigenstates le`µ (l̄e`µ). Hence, one has to consider Boltzmann equations for the components
parallel and orthogonal to τ separately [66, 74]. With

Pτ “ |C1τ |2, PτK “ 1 ´ |C1τ |2 “ |C1e|2 ` |C1µ|2, xτ |τKy “ 0, (4.97)
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one obtains

dNN
dz

“ ´DpNN ´Neq
N q,

dNττ
dz

“ εττDpNN ´Neq
N q ´ P 0

τWNττ ,

dNτKτK

dz
“ ετKτKDpNN ´Neq

N q ´ P 0
τKWNτKτK ,

(4.98)

where Nττ and NτKτK are respectively the values of the asymmetries in the charges B{3 ´ Lτ and
2B{3´LτK in a comoving volume. For illustrative purpose, here we consider a scenario in which lepton
flavor effects are most prominent. We take both K1τ ,K1e`µ " 1, so that both Nττ and NτKτK are in
the strong regime (see Ref. [74] for further details on flavor effects). Then, from Eq. 4.51 we can write
down the solution for the produced B ´ L asymmetry

NB´Lp8q “ Nττ p8q `NτKτK p8q

“
2

K1zmax
Neq
N1

p0q

ˆ

εττ
P 0
ττ

`
ε0τKτK

PτKτK

˙

»
4ε1

K1zmax
Neq
N1

p0q `
1

K1zmax
Neq
N1

p0q

ˆ

∆P1τ

P1τ0

`
∆P1τK

P 0
1τK

˙

,

(4.99)

where in the ast line we have used Eq. 4.93 For temperatures far below Tτ all three lepton flavors have
to be taken into account. If P 0

1τ » P 0
τK , then, since ∆P1τ ` ∆P1τK “ 0 the second term approximately

cancels, and Eq. 4.99 reduces to
NB´Lp8q »

4ε1
K1zmax

Neq
N1

p0q. (4.100)

This approximated expression shows how, compared to the expression obtained in the unflavoured
case, large lepton flavour effects can arise only when leptons and anti-leptons have a different flavour
composition. If there exists some hierarchy between the flavor projectors, then the second term in
Eq. 4.99 plays an important role and can further enhance the asymmetry.

4.5 Resonant Leptogenesis
So far we have considered the case in which we have assumed that M2,3 " M1. Therefore, we have
neglected the effects of N2,3 since either TRH ă M2,3 or N2, N3 decouple when N1 is still in thermal
equilibrium. In this section we instead consider the case in which the mass difference between two heavy
RHNs species is small, i.e. Mi » Mj (quasi-degeneracy) and is of the order of the decay widths ΓD.
Such a scenario is called "Resonant leptogenesis", see Ref. [25] for a review. This scenario is important
since, as we shall see, it leads to a resonant enhancement of the CP asymmetry and, consequently, in
this case leptogenesis temperatures of the order of TeV are possible. Also, it is useful to analyze the
resonant leptogenesis regime since we will consider small masses for Majorana neutrinos in the ARS
scenario in Chapt. 5, which is mainly based on flavor effects and resonant leptogenesis.
The resonant effect is related to the self-energy contribution to the CP asymmetry, i.e. from the wave
diagram in Fig. 4.4. In fact, from Eq. 4.79 we see that the self energy contribution is proportional to
Mi{pM2

i ´M2
j q, and, for small mass differences, |Mi ´Mj | ! 1

2 pMi `Mjq, the CP is dominated by this
term. We consider, for simplicity, the case where only N2 is quasi-degenerate with N1, i.e. M1 » M2.
Then, a resummation of self-energy effects, namely a resummation of the propagators around their
poles, is necessary to solve the singularity arising from the self-energy contribution involving N2 as an
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intermediate state in Eq. 4.79. In resummed perturbation theory one computes the decay rates of heavy
neutrinos Nα to leptons l and the Higgs boson: Γαl Ñ ΓpNα Ñ lHq, ΓCαl “ ΓpNα Ñ l̄H˚q, in terms of
resummed Yukawa couplings h̄νlα [25]. The CP asymmetries are defined as usual:

εαl ”
Γαl ´ ΓCαl

ř

l“e,µ,τ pΓαl ` ΓCαlq
“

|h̄ναl|
2 ´ |h̄νClα |2

ph̄ν:h̄νqαα ` ph̄νC:h̄νCqαα
. (4.101)

For quasi-degenerate heavy neutrinos the decay rates show the typical resonant enhancement, and for
two heavy neutrinos the CP asymmetry parameter ε can be expressed as [20, 25, 66]:

εαl »
Imrphν:

αlh
ν
lβqphν:hνqαβs

phν:hνqααphν:hνqββ

pm2
Nα

´m2
Nβ

qmNαΓ
p0q

Nβ

pm2
Nα

´m2
Nβ

q2 `m2
Nα

Γ
p0q2
Nβ

, (4.102)

where Γ
p0q

Nβ
are the tree-level decay widths of the heavy RHN, obtained analogously to Eq. 4.11. In

finite-order perturbation theory, the absorptive term m2
Nα

Γ
p0q2
Nβ

that occurs in the last denominator on
the r.h.s. of Eq. 4.102 is absent, thereby leading to a singular behaviour for εαl in the mass-degenerate
limit mNα

Ñ mNβ
. However, the appearance of this regulating absorptive term due to the finite width

of the heavy Majorana neutrinos should be expected on physical grounds and emerges naturally within
the resummation approach [25]. By neglecting flavor effects and considering only N1 and N2 we obtain:

ε1 » ´
M1

M2

Γ2

M2

M2
2∆M

2
21

p∆M2
21q2 `M2

1Γ
2
2

Imrphν:hνq212s

phν:hνq11phν:hνq22
, (4.103)

where ∆M2
21 “ M2

2 ´M2
1 . The resonance condition reads [26]

M2
2 ´M2

1 » M1Γ2. (4.104)

In this case,

|ε1| »
1

2

|Imrphν:hνq212s

phν:hνq11phν:hνq22
. (4.105)

The magnitude of the CP asymmetry is governed by the expression

|Imrphν:hνq212s

|h11|2|h22|2
ď 1. (4.106)

Thus, in the resonant case, the asymmetry is suppressed by neither the smallness of the light neutrino
masses, nor the smallness of their mass splitting, nor small ratios between the singlet neutrino masses.
Actually, the CP asymmetry could be of order one, if we consider the maximal case of CP violation
in Eq. 4.106 [20]. Therefore, in the framework of resonant leptogenesis, we are able to increase the
value of the CP asymmetry by tuning the mass degeneracy between RHNs masses. Therefore, resonant
leptogenesis allowas to obtain the observed amount of baryon asymmetry, even by considering small
Majorana masses. The price of this mechanism is to require a considerable fine-tuning of the masses.



Chapter 5

ARS Leptogenesis

So far we have considered standard scenarios where leptogenesis takes place during the freeze-out of
some heavy states that can decay violating charge-parity CP and lepton number L. This model involves
a very high scale of new physics, much higher than the electroweak scale, since it requires RHNs masses
MN to be MN " vew. Akhmedov, Rubakov and Smirnov [27] (ARS) studied the possibility to generate
a baryon asymmetry in type I seesaw models at a much lower scale, MN ! vew. They suggested
that asymmetries in lepton numbers were generated due to oscillations of singlet neutrinos and their
interaction with ordinary matter in the early universe. In this scenario, the asymmetry is not produced
in the decays of RHNs, but instead while the RHNs are produced and approach equilibrium in the
early universe; hence ARS leptogenesis is a freeze-in scenario. In fact, in this low-scale scenario the
Yukawa couplings could be small enough to ensure that some of the sterile states might not reach
thermal equilibrium before the electroweak phase transition, when sphaleron processes are switched off.
The RHNs produced via the SM interactions are generated in their interaction basis, which does not
necessarily coincide with their mass basis. Due to this misalignment, the sterile neutrinos oscillate and
they generate the asymmetry through these CP violating oscillations. The novel feature of this scenario
is that the total lepton number is not violated in these processes, in fact, the important ingredient is
separation rather than generation of lepton number, i.e. its redistribution between different species of
singlet neutrinos. Lepton-number violating (LNV) processes may be negligible both in the generation
of the asymmetries and in the washout as long as Majorana mass of the RHN is small compared to
the temperature. Therefore, the initial asymmetries in active leptons are purely flavored and lepton-
number conserving (LNC). If this situation survives until the electroweak phase transition, a net baryon
asymmetry results, since the eventual equilibration later on can no longer be transmitted to the baryons
in absence of effective sphaleron transitions [29, 78, 79]. In the following, we will first describe the ARS
mechanism model. Then, we will derive the quantum kinetic equations, first by considering only the
LNC processes, valid in the regime MN ! T , and then we will add the LNV corrections, in order to
have the general kinetic equations valid for all regions of the parameter space.

5.1 Model overview
In this section, mainly based on [80], we will provide a detailed description of the ARS leptogenesis
model. The model involves the simplest extension of the SM with nR heavy Majorana singlets

L “ LSM ` N̄RI i ­ BNRI ´

ˆ

1

2
pMN qJIN̄

c
RJNRI ` FαkL̄αH

cNRI ` h.c.

˙

, (5.1)
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where NRk are the right-handed components of Nk (such that PRNk “ NR), F is a 3 ˆ nR Yukawa
complex matrix, MN is a nR-dimensional complex symmetric matrix, Lα is the SM lepton doublet of
flavour α, H the Higgs doublet and Hc “ εH˚. When the Higgs doublet develops a VEV, i.e. xHy ­“ 0,
these interactions generate a small mass for the active neutrinos through the seesaw mechanism, see
Eq. 2.33. Choosing a scalar vev around the electroweak scale xHy „ 100 GeV, sterile-neutrino masses
around the GeV scale and small Yukawa couplings F „ 10´7 ´ 10´8 we obtain

mν „ 0.1 eV

ˆ

xHy

100 GeV

˙2ˆ

F

10´7

˙2ˆ

GeV

MN

˙

. (5.2)

Such small Yukawa couplings between LH leptons and sterile neutrinos, active-sterile neutrino is out
of equilibrium in the early universe and does not become rapid until T . Tew, where Tew „ 140 GeV
is the temperature of sphaleron freeze-out. If there is a negligible concentration of sterile neutrinos
immediately following inflation, then the sterile-neutrino abundance remains below its equilibrium value
until it re-thermalizes at T . Tew. As we have already seen, sphaleron processes are active for T ą Tew
and violate baryon number B, but preserve B ´ L, processing the primordial lepton asymmetry into a
baryon asymmetry.

Sakharov Conditions for ARS Leptogenesis

The Sakharov conditions are satisfied in this model:

• Violation of the SM lepton number L: The Yukawa coupling F in Eq. 5.1 preserves a gener-
alized lepton number L´N under which both SM and sterile neutrinos are charged. The L´N
symmetry is broken by the sterile neutrino Majorana mass, but rates pL´Nq-violating processes
are suppressed by a factor of M2

N{T 2 relative to pL´Nq-preserving rates, and so total lepton num-
ber violation is generally ineffective for T & Tew. However, scattering processes Lα Ñ N :

I through
the Yukawa interactions violate SM lepton number, allowing the creation of equal asymmetries in
L and N such that L´N is still conserved. Sphalerons then convert the SM L asymmetry into a
baryon one.

• CP violation: There are three CP phases in the Yukawa couplings FαI . These provide a sufficient
source for leptogenesis through neutrino oscillations.

• Departure from thermal equilibrium: If MN ! Tew, sterile neutrino scatterings are out of
equilibrium provided there is no abundance of sterile neutrinos in the earliest times following
inflation. In this model equilibration occurs only after the sphalerons freeze-out at Tew.

Since the three Sakharov conditions are satisfied we can proceed to examine which are the physi-
cal processes responsible for leptogenesis. Immediately following inflation there is no sterile neutrinos
abundance and the sterile sector starts being populated by out-of-equilibrium scatterings mediated by
the Yukawa couplings F , as shown on the left side of Fig. 5.1. The production mechanism of singlet
neutrinos conserves CP, i.e. for each type equal numbers of particles and antiparticles (particles of
opposite helicities, since we are in the Majorana case) are produced [27]. Sterile neutrinos are produced
in flavor combinations that get modified in propagation, because they are a superposition of the mass
eigenstates. Moreover, the sterile neutrinos remain coherent as long as the active-sterile Yukawa cou-
pling remains out of equilibrium, since in this minimal model there are no other interactions involving
the sterile neutrinos. Note that none of these processes violates the total lepton number Ltot “

ř

i Li,
where i denotes the types of Majorana neutrinos i “ 1, 2, 3. However, CP is not conserved due to mix-
ing in the singlet neutrino sector. Therefore the initially created state with individual lepton numbers
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Figure 5.1: The basic stages leading to the generation of a total lepton asymmetry from left to right: Out of
equilibrium scattering of LH leptons begin to populate the sterile neutrino abundance at order Op|F |

2
q; after

some time of coherent oscillations, a small fraction of the sterile neutrinos scatter back into LH leptons and
create an asymmetry in individual lepton flavours at order Op|F |

4
q. Finally, at order Op|F |

6
q, a total lepton

asymmetry is generated due to a difference in scattering rate into sterile neutrinos among the different active
flavours. Figure taken from Ref. [80].

L1 “ L2 “ L3 “ 0 evolves through the oscillations into a state in which L1 ­“ 0, L2 ­“ 0, L3 ­“ 0, but
still Ltot “ 0. Therefore, the total lepton number gets unevenly distributed between different species of
sterile neutrinos. Some time later, sterile neutrinos communicate their lepton asymmetry to ordinary
neutrinos and charged leptons through their Yukawa couplings. In fact, a subset of sterile neutrinos
scatter back into LH leptons, mediating Lα Ñ Lβ transitions, as shown in the center of Fig. 5.1. Since
the sterile neutrinos remain in a coherent superposition in the intermediate time between scatterings,
the transition rate Lα Ñ Lβ includes an interference between propagation mediated by the different
sterile neutrino mass eigenstates. The different mass eigenstates have different phases resulting from
time evolution; for sterile neutrinos NI and NJ , the relative phase accumulated during a small time dt
is e´ipωI´ωJ qdt, where (see Subsec. 2.2.1):

ωI ´ ωJ „
pMN q2I ´ pMN q2J

2T
”

pMN q2IJ

2T
. (5.3)

In the interaction basis, this CP-even phase results from an oscillation between different sterile neutrino
flavours. When combined with the CP-odd phases from the Yukawa matrix FαI , neutrino oscillations
lead to a difference between the Lα Ñ Lβ rate and its complex conjugate [80]:

ΓpLα Ñ Lβq ´ ΓpL:
α Ñ L:

βq9
ÿ

I ­“J

Im

«

exp

ˆ

´ i

ż t

0

M2
IJ

2T pt1q
dt1

˙

ff

ˆ ImpFαIF
˚
βIF

˚
αJFβJq. (5.4)

In absence of efficient washout interactions, which is ensured by the out-of-equilibrium condition, this
difference in rates creates asymmetries in the individual LH lepton flavours Lα. Denoting the individual
LH flavour abundances by YLα

” nLα
{s, where s is the entropy density, and the asymmetries by

Y∆Lα
” YLα

´ YL:
α
, we note that the processes of order Op|F |4q only convert Lα into Lβ , conserving
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the overall SM lepton number, i.e.

Y∆Ltot “
ÿ

α

Y∆Lα “ 0 at Op|F |4q. (5.5)

Therefore, at this level no net baryon asymmetry is generated Y∆Btot “ 0, since sphalerons couple to
the total SM lepton number. However, the total lepton asymmetry is generated at order Op|F |q6: the
excess in each individual LH lepton flavour due to the asymmetry from Eq. 5.4 leads to a slight increase
of the rate of Lα Ñ N : vs. L:

α Ñ N . The result is that active-sterile lepton scatterings can convert
individual lepton flavour asymmetries into asymmetries in the sterile neutrinos. But, since the rates of
conversion, ΓpLα Ñ N :q, are generically different for each lepton flavour α, this leads to a depletion of
some of the individual lepton asymmetries at a faster rate than others, leading to an overall SM lepton
asymmetry and an overall neutrino asymmetry. Because Ltot ´N is conserved for T " mN , this gives

dY∆Ntot

dt
“
dY∆Ltot

dt
“

ÿ

α,I

Y∆Lα
ΓpLα Ñ N :

I q. (5.6)

Therefore, while the sum of the LH lepton flavour asymmetries vanishes at Op|F |4q as in Eq. 5.5, the
fact that the LH leptons scatter at different rates into the sterile sector results in a non-vanishing total
lepton asymmetry at Op|F |6q. Two scales are therefore relevant in the generation of the asymmetry: the
time when the oscillation rate is similar to the Hubble expansion (oscillation time), and the equilibration
time when the scattering rate is of the order of the Hubble expansion. First, we consider the oscillation
time. In absence of a sterile-neutrino mass splitting, the sterile-neutrino masses and couplings can
be simultaneously diagonalized, and there is no coherent oscillation. The size of the mass splitting
dictates the time scale at which the phases of the coherently evolving sterile neutrino eigenstates become
substantially different. From Eq. 5.4 and the Hubble parameter in a radiation-dominated universe:

H “
1.66

?
g˚T

2

MPl
, (5.7)

we have an Op1q phase from oscillation at

tosc9p∆M2
NIJ

M0q´1{3, (5.8)

where M0 ” MPl{1.66
?
g˚. From the probability of oscillation in Eq. 2.12 we see that the frequency

of oscillation is 91{Losc “ ∆m2
ij{2E (where we have used natural units). By comparing the oscillation

frequency with the Hubble parameter and by requiring Γosc » H we obtain Eq. 5.8. From Eq. 5.8 we see
that the oscillation time is later for smaller mass splittings. At later times, the rates of scattering between
active-sterile neutrinos is larger relative to the Hubble scale, and the asymmetry is consequently larger.
Therefore, small but non-zero sterile neutrino mass splittings enhance the size of the baryon asymmetry,
as long as active-sterile neutrino scatterings is not so rapid as to decohere the sterile neutrinos prior to
coherent oscillations. At early times, t ! tosc the oscillation phase is small and the rate of asymmetry
is slow. At later times, t " tosc, the oscillation rate is rapid compared to the Hubble scale, and sterile
neutrinos produced at different times have different phases. Consequently, averaging over the entire
ensemble results in a cancellation of the asymmetry production from each sterile neutrino. Therefore,
the lepton flavour asymmetries are dominated by production at t „ tosc. The equilibration time is
obtained by requiring that the scattering rate is of the order of the Hubble expansion

teqpαq9pF 2M0q´1 „

ˆ

mνmNM0

v2

˙´1

. (5.9)
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Therefore the magnitude of the Yukawa couplings is an important element for generating a non-zero
baryon asymmetry, since it determines the rates of processes generating the lepton asymmetry. As we
have already seen, the rate of production of individual lepton flavour asymmetries is Op|F |4q. This
implies that increasing the magnitude of Yukawa couplings both enhances the individual flavour asym-
metries and gives a more rapid transfer rate from the individual lepton flavour asymmetries into a
total lepton asymmetry at order Op|F |6q. However, increase in the Yukawas also enhances the washout
processes. The characteristic time scale associated with the washout of lepton flavour α is

tαwashout „
1

ΓpLα Ñ N :q
„

1

pFF :qααT
. (5.10)

If the Yukawa couplings is too large, then washout occurs before the electroweak phase transition, and
all lepton flavour asymmetries are erased in the equilibrium limit. Unless the mass eigenestates are
extremely degenerate, there is a hierarchy of scales:

tosc ! teq „ tEW. (5.11)

From these considerations we see that the generation of the asymmetry in the different flavors is effective
at t „ tosc, so it takes place at temperatures much higher than the electroweak phase transition. At
later times, when oscillations are very fast, quantum effects are no longer possible and the lepton
asymmetries no longer grow, but the total lepton asymmetry keeps evolving because the equilibration
rate of different flavors is different. The presence of lepton flavour dependence in scattering rates is
crucial to generate a lepton asymmetry. In fact, in the absence of lepton flavour dependence effects, the
individual scattering rates are all equal, i.e. ΓpLe á N :q “ ΓpLµ á N :q “ ΓpLτ á N :q, and the total
lepton asymmetry remains zero1. After all the states reach the equilibration time t ą teq, the asymmetry
drops exponentially. If the electroweak phase transition happens before that, the subsequent evolution of
the lepton asymmetries no longer affects the baryons and therefore whatever baryon asymmetry survives
until tew remains.

5.1.1 Derivation of quantum kinetic equations
The described mechanism can be realized by a simple framework called as the neutrino MSM (νMSM),
in which three right-handed neutrinos are introduced with Majorana masses below the electroweak
scale. The lightest sterile neutrino N1 with mass „ 10 keV can be a candidate of dark matter, while
the other two N2 and N3 with masses „ 1 GeV can generate the BAU through ARS leptogenesis.
In order to describe a series of processes generating asymmetries, we have to deal with the coherent
evolution of sterile neutrinos with the flavour oscillations, and also the incoherent scattering processes
with surrounding medium for the destruction and production of sterile neutrinos. We then use the
Raffelt-Sigl formalism [81], i.e. the formulation with the matrix of densities. As we have already seen
in previous chapters, we describe the early universe as a thermodynamical ensemble, which can be
described by a density matrix ρ and the expectation value of any operator is given by the average,
see Eq. E.40. To characterize ρ are necessary all matrix elements of ρ, or, equivalently, all n-point
correlation functions for all quantum fields 2. The leptonic charges can be expressed in terms of field

1There is already evidence for lepton flavour dependence in the interactions with neutrinos. First, the structure of the
LH neutrino masses and mixing angles tells us that their Yukawa couplings are non-universal, and proportional to the
mxing angles θij . Second, the CP phases appear in very particular terms in the interaction: for instance, the Dirac phase
δ appears only in terms proportional to sin θ13. Changing the phase can lead to constructive or destructive interference
of rates involving a specific lepton flavour [80].

2Notice that, since the ensemble can be in infinitely many states, infinitely many numbers are necessary to exactly
characterize ρ. Therefore, any practically computable description requires truncation
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bilinears, thus it is sufficient to concentrate on the two-point functions. We will consider bilinears in the
ladder operators aI , a:

I for sterile, and aα, a:
α for active neutrinos. The starting point of this formalism

is to consider the time evolution of number density matrices represented by the expectation values of
the number density operators for the particle states (right or positive helicity states) and antiparticles
(left or negative helicity states):

xa:

jpkqaipk’qyT ” p2πq3δ3pk ´ k’qpρpkqqij ,

xb:

i pkqbjpk’qyT ” p2πq3δ3pk ´ k’qpρ̄pkqqij ,
(5.12)

The matrix of interest here is one in the flavor space consisting of sterile neutrinos N2 and N3 with pos-
itive helicities, N̄2 and N̄3 with negative helicities, active leptons Lα, α “ e, µ, τ and their antiparticles
L̄α, α “ e, µ, τ , which leads to a 10ˆ 10 matrix. The diagonal elements of this matrix will be the usual
occupation numbers, and the off-diagonal elements contain correlation of the flavour mixing.

ρ “

»

—

—

–

ρLL ρLL̄ ρLN ρLN̄
ρL̄L ρL̄L̄ ρL̄N ρL̄N̄
ρNL ρNL̄ ρNN ρNN̄
ρN̄L ρN̄L̄ ρN̄N ρN̄N̄

fi

ffi

ffi

fl

(5.13)

where different entries ρ are matrices describing the neutrino states in different sectors. Notice that we
have only considered terms that contain exactly one creation and one annihilation operator. In fact,
terms contatining two creation or two annihilation operators, such as xaIaJy, or xa:

αα
:

βy, can be related
to processes that violate lepton number and are suppressed at T ą M . For T . M they could in
principle contribute, but we neglect them for the moment since the leading order contribution in the
Yukawa coupling F to the corresponding rate d

dtxaIaJy etc. oscillate fast. We will go back to these fast
modes in the next sections, but for the moment we will focus only on the lepton number conserving
processes. It is important to notice that in absence of lepton number violating (LNV) processes, the
total asymmetry summed over both the active and singlet sector must vanish. Hence, the asymmetries
produced in the active and singlet sector are of equal value, but have opposite sign. However, sphaleron
processes act only on the asymmetry in the SM sector, partially converting it into the observed baryon
asymmetry. In this way, leptogenesis occurs even if the total generalised lepton number is conserved
(approximately). In the situation under consideration, the density matrix can be simplified. First,
active leptons possess gauge interactions and Yukawa interactions with right-handed charge leptons in
addition to neutrino Yukawa interactions, which induce large energy gaps between active and sterile
states through the thermal effect. Then, the transitions between active and sterile leptons are highly
suppressed, and the elements corresponding to the mixing between Lα and NI (and also L̄α and N̄I)
are neglected. At this stage, the matrix of densities in the system is decomposed into two 2ˆ2 matrices
ρN for N2,3 and ρ̄N for N̄2,3, and two 3 ˆ 3 matrices ρL and ρL̄

3 for active leptons Lα and L̄α, with
α “ e, µ, τ . Secondly, the off-diagonal elements of ρL and ρL̄ can be neglected for the temperatures
of interest. This is because the flavour transitions among active leptons are also suppressed due to
the medium effects induced by the Yukawa interactions of charged leptons with hierarchical coupling
constants. Therefore, the system can be described in the density matrix formalism by two differential
matrix equations, one for the single neutrino N (anti-neutrino N̄) and one for the active leptons L
(anti-leptons L̄). First, we consider the kinetic equation for the sterile neutrinos, which can be written
in the form [81]:

dρ

dt
“ ´irH, ρs ´

1

2
tΓa, ρu `

1

2
tΓp, 1 ´ ρu, (5.14)

3ρL is considered to be the sum of two contributions of lepton doublets, i.e. ρL “ ρν ` ρe “ NDρν .
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dρL
dt

“ ´irHL, ρLs ´
1

2
tΓaL, ρLu `

1

2
tΓpL, 1 ´ ρLu, (5.15)

where H “ H0`VN is the Hermitian effective Hamiltonian incorporating the medium effects on neutrino
propagation in the thermal plasma and can be written as (see Ref. [56] for details on the computation):

H ”
M2
N

2k0
`
T 2

8k0
F :F, (5.16)

where we have excluded those effects that are flavor blind, i.e. proportional to the identity in flavor
which drop from the commutator [29]. The first term of Eq. 5.14 describes the coherent evolution of ρN
and the oscillation of sterile neutrinos occurs due to the off-diagonal elements of the effective potential
VN , which is found from the self energy for sterile neutrinos at finite temperatures (see Ref. [82] for
details). These equations can be simplified by taking the active species to be in thermal equilibrium with
a chemical potential µα, ρLpkL, T, µαq “ NDρF pkL{T, µαqI, with ρF pkL{T, µαq “ pexppkL{T ´ µαqq´1,
denoting the Fermi-Dirac distribution with momentum kL and chemical potential normalized by the
temperature µα “ µα{T . We can further notice that the chemical potentials µα are small parameter,
since they are directly related to the generated baryon asymmetry. Therefore, they may be used for a
perturbative analysis. ΓpN and ΓaN are the production and annihilation rates, respectively. For a process
apE1q ` bpE2q Ñ cpE3q `NppN q

ΓpN “
1

2kN
F :

ˆ
ż 3

ź

f“1

d3pf
p2πq3

p2πq4δp4qpp1 ` p2 ´ p3 ´ pN q|M|2ρapE1qρbpE2qp1 ˘ ρcpE3q

˙

F, (5.17)

ΓaN “
1

2kN
F :

ˆ
ż 3

ź

f“1

d3pf
p2πq3

p2πq4δp4qpp1 ` p2 ´ p3 ´ pN q|M|2p1 ˘ ρapE1qqp1 ˘ ρbpE2qqρcpE3q

˙

F,

(5.18)

where ρi are the distribution functions. Eqs. 5.18 can be re-written as

ΓpNij
“F :

iαρF

ˆ

k0
T

´ µα

˙

γN pk, µαqFαj , (5.19)

ΓaNij
“F :

αi

ˆ

1 ´ ρF

ˆ

k0
T

´ µα

˙˙

γN pk, µαqFαj , (5.20)

where γN contains the contribution from all 2 Ñ 2 processes that produce an N :

Q̄t Ñ l̄N ; tl Ñ QN ; Wl Ñ H̄N ; lH Ñ WN ; WH Ñ l̄N, (5.21)

and 1 Ø 2 processes: H Ñ l̄N including resummed soft-gauge interactions (see Refs. [28, 29, 78, 82]).
These contributions have been computed, including also the effected of a lepton chemical potential to
linear order, in Ref. [78]. Expanding in µα

γN pk, µαq » γ
p0q

N pkq ` γ
p2q

N pkqµα, (5.22)

and defining
γ

p1q

N pkq ” γ
p2q

N pkq ´
ρ1
F pkq

ρF pkq
γ

p0q

N pkq, (5.23)

with ρ1
F ”

dρF pyq

dy , the functions γpiq
N get contributions from quark (Q), gauge scattering (V) and the

1 Ñ 2 resummed processes (LPM):

γ
piq
N “ γ

piq
LPM ` y2t γ

piq
Q ` p3g2 ` g12q

ˆ

γ
piq
V ` γ

piq
IR log

ˆ

1

3g2 ` g12

˙˙

. (5.24)
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The functions γpiq
Q,V depend only on the ratio k0{T , while γpiq

LPM has non-trivial temperature dependence
due to the runnings of the coupling constants; for details see [83, 84]. Inserting Eqs. 5.22-5.23) in the
kinetic equations 5.14 we get

dρ

dt
“ ´irH, ρs ´

1

2
tΓa, ρu `

1

2
tΓp, 1 ´ ρu

“ ´irH, ρs ´
1

2

"

F :p1 ´ ρF pk, µqqγNF, ρN

*

`
1

2

"

F :ρF pk, µqγNF, 1 ´ ρN

*

“ ´irH, ρs ´
1

2

"

F :γNF, ρN

*

`
1

2

"

F :ρF pk, µqγNF, ρN

*

`
1

2

"

F :ρF pk, µqγnF, 1

*

´
1

2

"

F :ρF pk, µqγNF, ρN

*

“ ´irH, ρs ´
1

2

"

F :pγ
p0q

N ` γ
p2q

N µαqF, ρN

*

`
1

2

"

F :ρF pk, µqpγ
p0q

N ` γ
p2q

N µαqF, 1

*

“ ´irH, ρs ´
1

2

"

F :γ
p0q

N F, ρN

*

´
1

2

"

F :γ
p2q

N µαF, ρN

*

` F :ρF pk, µqγ
p0q

N F

` F :ρF pk, µqγ
p2q

N µF.

(5.25)

At this point we can expand at first order in the chemical potential ρF pk0{T ´ µαq » ρF pk0{T q ´

ρ1
F pk0{T qµα and we obtain

dρN
dt

“ ´irH, ρs ´
1

2

"

F :γ
p0q

N F, ρN

*

´
1

2

"

F :γ
p2q

N µαF, ρN

*

` F :ρF pk, µqγ
p0q

N F

` F :pρF pkq ´ µρ1
F pkqqγ

p2q

N pkqµF

“ ´irH, ρs ´
1

2

"

F :γ
p0q

N F, ρN

*

´
1

2

"

F :γ
p2q

N µαF, ρN

*

` F :pρF pkq ´ µρ1
F pkqqγ

p0q

N F

` F :ρF pkqγ
p1q

N pkqµF ` F :ρ1
F pkqγ

p0q

N µF ´ F :µ2ρ1
F pkqγ

p2q

N F

“ ´irH, ρN s ´
1

2

"

F :γ
p0q

N F, ρN ´ ρF

*

´
1

2

"

F :γ
p2q

N µF, ρN

*

` F :ρF γ
p1q

N µF ` Opµ2q,

(5.26)

where µ ” diagpµαq. The equation for N̄ are given by CP conjugation, i.e. by taking ρN Ñ ρ̄N and
µ Ñ ´µ, F Ñ F˚. In this way we immediately obtain

dρ̄N
dt

“ ´irH˚, ρ̄N s ´
1

2

"

FT γ
p0q

N F˚, ρ̄N ´ ρF

*

`
1

2

"

FT γ
p2q

N µαF
˚, ρ̄N

*

´ FT ρF γ
p1q

N µF˚. (5.27)

Finally, we need the equations describing the lepton asymmetry ρL ´ ρL̄. To derive these equations we
start by considering the evolution of active species L (see Eq. 5.15) and we can find the evolution of
ρL̄ by taking L Ñ L̄, µL Ñ ´µL. The corresponding decay and production rates of the active species,
which describes the exact same processes from the point of view of these particles, can be related to
Eqs. 5.26-5.27. In fact, from the processes in Eq. 5.21 we see that the production of leptons l corresponds
to the destruction of the RHNs, therefore, we can substitute

tΓpL, 1 ´ ρLu Ñ tΓaN , ρNu,

tΓaL, ρLu Ñ tΓpN .1 ´ ρNu,
(5.28)

and for the lepton asymmetry we need to consider ρL ´ ρL̄ (see Ref. [82] for a detailed estimate of the
rates). From these considerations we can deduce that the kinetic equation for the asymmetry can be
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derived by taking d
dt pρN ´ ρN̄ q. We can also notice that the lepton asymmetry can be related to the

chemical potential, since
ż

d3kL
p2πq3

rρF pkL{T, µLq ´ ρF pkL{T,´µLqs „ ´2µL

ż

d3kL
p2πq3

ρ1
F pkL{T q “

T 3

6
µL, (5.29)

where we have used the fact that d
dy pey ` 1q´1 “ ´ey{p1 ` eyq2 and we obtain:

1

ek{T´µL ` 1
´

1

ek{T`µL ` 1
“
ek{T peµL ´ e´µLq

pek{T ` 1q2
» ´2µLρ

1
F . (5.30)

Hence, the chemical potentials can be written as (see Ref. [85] for details):

µα “
6

T 3ND

ż

d3kL
p2πq3

pρL ´ ρL̄qαα, (5.31)

and we can obtain the kinetic equations for the chemical potentials from the equations for ρL ´ ρL̄,
i.e. from ρN ´ ρN̄ . Note that the off-diagonal elements of ρL and ρL̄ do not enter in Eq. 5.26, and
hence it is sufficient to solve the kinetic equation for diagonal components only, implying that the
commutator in Eq. 5.15 can be dropped. Actually, the above approach is incorrect, as it neglects
the effects of interactions between SM fields, which are rapid compared to the active-sterile neutrino
scatterings. Because of these scatterings, the asymmetries in individual lepton flavours created by sterile
neutrino oscillations are rapidly distributed among all SM fields. Since the asymmetries are destroyed
only through interactions of the LH leptons with sterile neutrinos, this modifies the relative rates of
asymmetry creation and destruction. Therefore, we must take into account the so-called spectator
processes. In fact, as we have already pointed out in Sec. 3.3.3, these processes distribute the asymmetry
among various species of the thermal bath, conserving B´L, but violating B`L. Hence, to incorporate
these processes, we include in our density matrices only quantities that are preserved by the equilibrium
SM interactions, justifying the absence of such rapid interactions in the evolution equations. For this
reason we consider the evolution of the asymmetries B{3 ´ Lα, which are non anomalous and exactly
conserved in the SM [80]. The relation between the leptonic chemical potentials and the approximately
conserved charges, B{3 ´ Lα, is given by [85]:

µα “ 2
ÿ

β

CαβµB{3´Lα
, Cαβ “ ´

1

711

»

–

257 20 20
20 257 20
20 20 257

fi

fl . (5.32)

From the considerations above we can now finally find the kinetic equation for the conserved charges
B{3 ´ Lα as

dnB{3´Lα

dt
“ ´2

ż

k

"

γ
p0q

N

2
pFρNF

: ´ F˚ρN̄F
T qαα

` µα

ˆ

γ
p2q

N

2
pFρNF

: ` F˚ρN̄F
T qαα ´ γ

p1q

N TrrFF :PαsρF

˙*

,

(5.33)

where Pα is the projector on flavor α. It is important to notice that the evolution equations satisfy
the relation TrpρN´N̄ ´ ρL´L̄q » 0 which reflects the conservation of the global L ´ N charge. Indeed,
as we have already pointed out, if we neglect the LNV processes the total asymmetry summed over
both the active and singlet sector must vanish. Thus, if the system starts with the lepton symmetric
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universe, the asymmetry of sterile neutrinos is always opposite to that of active leptons. Namely, the
kinetic equations we have derived here do not describe the generation of the lepton asymmetry, but the
separation into sterile and active sectors [82].
Introducing finally the expansion of the Universe and changing variables to the scale factor x “ a “ T´1

and y “ ka, the time derivative of the distribution functions changes to:

dρN pT, kq

dt
Ñ xHpxq

BρN px, yq

Bx

ˇ

ˇ

ˇ

ˇ

y fixed

,
dnB{3´Lα

dt
Ñ ´2xHpxq

dµB{3´Lα

dx

ż

k

ρ1
F , (5.34)

where Hpxq “ T 2{M0, with M0 “ MPl{p1.66g˚,sq, is the Hubble parameter in a radiation dominated
universe. In this case we have a constant number of relativistic degrees of freedom g˚pT0q » 106.75
for T0 ě Tew, then xT “ const. that we can fix to one. Solving the kinetic equations 5.26 and 5.27 is
challenging since they are integro-differential equations as ρN and ρ̄N depend upon momenta and the
collision terms are integrals of the density matrices themselves. Therefore, to simplify the numerical
solution of these equations, it is common to assume that the heavy neutrinos fulfill the weaker con-
dition of kinetic equilibrium, ρN pkN , T qIJ “ RN pT qIJρF pkN{T, µ “ 0q. In this way we approximate
the neutrino and anti-neutrino density matrices as a Fermi-Dirac distribution with vanishing chemical
potential and with a temperature T , multiplied by time-dependent matrices RN and RN̄ which encode
the neutrino asymmetries as well as flavour correlations. With this we can factor out the momentum-
independent variable RN pT q in the integrals above, and replace the integrated rates with thermally
averaged destruction and production rates:

xγpT qy “

ş

d3pγpp, T qρF pp{T q
ş

d3pρF pp{T q
. (5.35)

By changing variables as in Eq. 5.34 we finally find the kinetic equations:

xH
dRN
dx

“ ´irxHy, RN s ´
xγ

p0q

N y

2
tF :F.RN ´ 1u ` xγ

p1q

N yF :µF ´
xγp2qy

2
tF :µF,RNu (5.36)

xH
dRN̄
dx

“ ´irxH˚y, RN̄ s ´
xγ

p0q

N y

2
tFTF˚, RN̄ ´ 1u ´ xγ

p1q

N yFTµF˚ `
xγ

p2q

N y

2
tFTµF˚, RN̄u

(5.37)

xH
dµB{3´Lα

dx
“

ş

k
ρF

ş

k
ρ1
F

"

xγp0qy

2
pFRNF

: ´ F˚RN̄F
T qαα ` µα

ˆ

xγ
p2q

N y

2
pFRNF

: ´ F˚RN̄F
T qαα (5.38)

´ xγ
p1q

N yTrrF :FPαs

˙*

. (5.39)

So far we have neglected lepton number violating (LNV) processes because the Majorana mass of the
RHNs is small compared to the temperature. In this situation the initial asymmetries in active leptons
are purely flavored and lepton-number conserving (LNC) and we have seen that total asymmetries
in the active sector arise and are approximately counterbalanced by those in the sterile sector, i.e.
TrpρL´L̄ ´ ρN´N̄ q » 0. But in other regions of the parameter space LNV contributions may be relevant
and then must be accounted for, namely when M{T corrections to the rates cannot be neglected. In fact,
since the sterile neutrinos are massive, they carry both helicities. The two helicities states experience
different interactions: one state interacts with Standard Model leptons and the other with antileptons.
Therefore, both helicities play a role and in presence of a lepton asymmetry they are produced and
equilibrate at a different rate. It turns out that at a good approximation the two helicity states have
no direct overlap with each other and we can describe the neutrino ensemble with the two distinguished
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matrices ρN and ρN̄ . This approximation is valid in the limit MN ! T (or if all Majorana masses are
set to zero), the theory has an additional conserved charged, called "fermion number". In this limit the
Majorana spinor can be replaced by a chiral Dirac spinor and the conserved charge then counts the total
asymmetry in right-handed and left-handed leptons. Keeping instead the Majorana character intact,
the fermion number is defined as the sum of the helicity asymmetry of the sterile neutrinos and the
lepton asymmetry of the Standard Model sector. Therefore, we need to take into account the helicity-
conserving (fermion number violating) terms in the quantum kinetic Eqs. 5.37-5.39, by adding the LNV
corrections to the rates that have been computed in Ref. [84]. By following Ref. [79] we neglect the
hypercharge chemical potential4, which is a small effect, and we write the LNV contributions analogously
to the LNC rates in Eqs. 5.22-5.23, but with the following substitutions:

γ
p0q

N Ñ S
p0q

N , γ
p1q,p2q

N Ñ ´S
p1q,p2q

N , Fαi Ñ F˚
αi

MN

T
. (5.40)

As we have already pointed out, one helicity state couples to leptons, while the other to antileptons.
Since here we are considering helicity conserving terms, we must have both helicities and, therefore,
the term proportional to the chemical potential µ have a different sign, since they couple to antileptons
(leptons). For this reason we change the sign in the middle of Eq. 5.40. In the last substitution of
Eq. 5.40, we have inserted the term MN{T since we are considering LNV terms, while the Yukawa
coupling becomes its complex conjugate since it enters in the quantum kinetic equations with opposite
helicity. With these substitutions we finally obtain

xH
dRN
dx

“ ´irxHy, RN s ´
xγ

p0q

N y

2
tF :F,RN ´ 1u ´ x2

xS
p0q

N y

2
tMFTF˚M,RN ´ 1u

` xγ
p1q

N yF :µF ´ x2xS
p1q

N yMFTµF˚M ´
xγp2qy

2
tF :µF,RNu

` x2
xS

p2q

N y

2
tMFTµF˚M,RNu,

xH
dRN̄
dx

“ ´irxH˚y, RN̄ s ´
xγ

p0q

N y

2
tFTF˚, RN̄ ´ 1u ´ x2

xS
p0q

N y

2
tMF :FM,RN̄ ´ 1u

´ xγ
p1q

N yFTµF˚ ` x2xS
p1q

N yMF :µFM `
xγ

p2q

N y

2
tFTµF˚, RN̄u

´ x2
xS

p2q

N y

2
tMF :µFM,RN̄u,

xH
dµB{3´Lα

dx
“

ş

k
ρF

ş

k
ρ1
F

"

xγp0qy

2
pFRNF

: ´ F˚RN̄F
T q ´ x2

xS
p0q

N y

2
pF˚MRNMFT ´ FMRN̄MF :q

´ µα
`

xγ
p1q

N yFF : ` x2xS
p1q

N yFM2F :
˘

`
xγ

p2q

N y

2
µα

`

FRNF
: ` F˚RN̄F

T
˘

` x2
xS

p2q

N y

2
µα

`

FMRN̄MF : ` F˚MRNMFT
˘

*

αα

.

4Within perturbation theory, the presence of µLα , µB ­“ 0 implies that the temporal component of the hypercharge
gauge potential develops an expectation value (µY ), guaranteeing the neutrality of the plasma.
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5.2 ARS Leptogenesis with additional singlet scalar
In this section we are going to study how the ARS Leptogenesis mechanism is modified when we add
an additional scalar particle to the νMSM scenario. In particular, we are going to add a complex scalar
particle Φ and a global Up1qB´L symmetry. Therefore, the symmetry group of the theory is:

`

SUp3qc ˆ SUp2ql ˆ Up1qY
˘

ˆ Up1qpB´Lqglobal
. (5.41)

The additional scalar is a singlet under the SM gauge group and has a B ´ L “ `2 charge. The
Lagrangian of this theory will be made by L “ LSM `LkinpNR,Φq `Lint ´V pH,Φq. To write it we need
to consider all the possible terms respecting the symmetry group. In this way, we can construct the
gauge invariant interacting Lagrangian as:

Lint “ ´FαiL̄αεH
˚NI ´

YIJ
2

ΦN̄ c
INJ ` h.c. , (5.42)

and the high-energy potential invariant under the symmetry group is given by

V pH,Φq “ µ2
HH

:H ` λHpH:Hq2 ` µ2
φΦ

:Φ ` λφpΦ:Φq2 ` λHφH
:HΦ:Φ, (5.43)

with λH ą 0 to have a potential limited from below. We can verify that this Lagrangian is invariant
under the Up1qB´L global symmetry, indeed, if we transform the scalar as Φ Ñ eiαΦ the Lagrangian
does not change. This is not true for the vacuum of the system, which is not trivial when µ2

φ ă 0 and
leads to Spontaneous Symmetry Breaking (SSB). To find the ground state of the system we compute
the minimum of the potential, first by assuming that µ2

φ, µ
2
H , λH , λφ, λφH ą 0

BV

B|Φ|
“2µ|φ|2Φ ` 4λφ|Φ|3 ` 2λλH |H|2Φ “ 0,

BV

B|H|
“2µ2

H |H| ` 4λH |H|3 ` 2λHφH|Φ|2 “ 0.

(5.44)

These conditions are satisfied for

|H| “ 0, |H|2 “ ´
µ2
H ` λHφ|Φ|2

2λH
, (5.45)

|Φ| “ 0, |Φ|2 “ ´
µ2
φ ` λHφ|H|2

2λφ
. (5.46)

Since we are assuming µ2
φ, µ

2
H ą 0 we must choose the solutions |Φ| “ 0 and |H| “ 0 and by computing

the second derivative we find the Hessian matrix:

B2V

B|Φ|2
“2µ2

φ ` 12λφ|Φ|2 ` λλH |H|2
ˇ

ˇ

ˇ

ˇ

Φ“0,H“0

,

B2V

B|H|2
“2µH |H|2 ` 12λHH

2 ` 2λHφ|Φ|2
ˇ

ˇ

ˇ

ˇ

φ“0,H“0

,

B2V

BΦBH
“4λHφ|H||Φ|

ˇ

ˇ

ˇ

ˇ

Φ“0,H“0

,

(5.47)

H “

„

2µ2
φ 0

0 2µ2
H



. (5.48)
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Therefore, we see that if µ2
φ ą 0 and µ2

H ą 0 the Hessian matrix is positive definite and we have a trivial
minimum in the point tΦ “ 0,H “ 0u. But we immediately notice that if instead µ2

φ ă 0 we are in a
saddle point. Indeed, by taking µ2

φ Ñ ´µ2
φ we see that we have another possible minimum configuration

given by5:

|Φ|2 “
µ2
φ ´ λHφ|H|2

2λHφ
,

|H| “0.

(5.49)

By substituting these conditions in Eq. 5.47 and by taking µ2
φ Ñ ´µ2

φ we obtain a positive definite
Hessian matrix:

H “

«

4µ2
φ 0

0 2µ2
H `

λHµ
2
φ

λφ

ff

, (5.50)

so we have a minimum. Recalling that we can rewrite a complex scalar field as the linear combination
of two real fields Φ “

φ`iθ
?
2

, so Φ:Φ “ 1
2 pφ2 ` θ2q. We see that the first equation in Eq. 5.49 represents

a circle in the complex plane, which is invariant under the global Up1qB´L symmetry. Every point on
this circle defines a minimum of energy and, consequently, we have a set of infinite degenerate vacua.
However, once we choose a particular point on the minima configuration, the global invariance would
be broken. By combining the two solutions in Eq. 5.49 we have

Φ:Φ “
µ2
φ

2λφ
”
v2φ
2
, (5.51)

where v2φ “ µ2
φ{λφ is the Vacuum Expectation Value. Therefore, we have spontaneous breaking of a

continuous symmetry and, from the Goldstone Theorem we know that when this happens, massless
particles, i.e. Goldstone Bosons, must arise. The Goldstone theorem also states that the number of
Goldstone bosons produced is equal to the difference between the dimension of the broken symmetry
group and the dimension of the subgroup, which leaves the symmetry unbroken. In our case, the group
Up1qB´L is completely broken, and, since it has only one generator, we expect one goldstone boson to
emerge. For simplicity, we can choose the ground state of our theory such as

xφ0y “ vφ, xθ0y “ 0, (5.52)

where we have used the parametrization

Φ “
1

?
2

pφ` iθq. (5.53)

This choice would imply that the θ would corresponds to the Goldstone boson. In order to see that we
explore the spectrum we shift the field in order to rewrite the Lagrangian in terms of displacement from
the physical vacuum.

φpxq “ xφ0y ` φ̂ “ vφ ` φ̂, θpxq “ xθ0y ` θ̃pxq “ θ̃pxq. (5.54)

So we expect the field θ to be massless, while φ will be massive. To verify that we insert the parametriza-
tion in Eq. 5.53 in the Lagrangian in Eq. 5.42 and then we shift the fields as in Eq. 5.54, which corresponds
to take

Φ “
vφ ` φ̂` iθ̂

?
2

. (5.55)

5We still have H “ 0 since we are assuming Up1qB´L symmetry breaks before the EWSB. In fact, we want to
dynamically generate the masses of the RHNs before EWPT, in order to have sterile neutrino oscillations and, consequently,
the generation of the lepton asymmetry.
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First we focus on the potential part6 and we find

V pH,Φq “ ´
µ2
φ

2
pθ2 ` φ2q `

λφ
4

pφ2 ` θ2q2 ` µ2
HH

:H ` λHpH:Hq2 `
λHφ
2
H:Hpφ2 ` θ2q

“ ´
µ2
φ

2
v2φ ´

µ2
φ

2
φ̂2 ´ µ2

φvφφ̂´
µ2
φ

2
θ̂2 `

λφ
4

pvφ ` φ̂q4 `
λφ
4
θ̂4 `

λφ
2
φ̂2θ̂2 `

λφ
2
v2φθ̂

2 `
λφ
2
2vφφ̂θ̂

`
λHφ
2
H:Hφ̂2 `

λHφ
2
H:Hv2φ ` λHφH

:Hvφ̂`
λHφ
2
H:Hθ̂2 ` µ2

HH
:H ` λHpH:Hq2.

(5.56)

By considering the quadratic terms and recalling that v2φ “ µ2
φ{λφ we find

Vquadpφ, θq “ ´
µ2
φ

2
φ̂2 `

3

2
λφv

2
φφ̂

2 ´
µ2
φ

2
θ̂2 `

λφ
2
v2φθ̂

2 “ µ2
φφ̂

2. (5.57)

As expected, we see that there is no massive term for the field θ and we can conclude that it is the
Goldstone boson, which in the case of Up1qB´L SSB is called the Majoron. Instead, for the particle φ
we have a massive term and we can conclude that at tree level and at zero temperature, the scalar mass
is M0

φ “
a

λφvφ. Now we insert the parametrization in Eq. 5.55 in the kinetic terms in the scalar sector
of the Lagrangian and we have

BµΦ
:BµΦ ÑBµ

ˆ

vφ ` φ̂` iθ̂
?
2

˙

Bµ
ˆ

vφ ` φ̂` iθ̂
?
2

˙

“
1

2
Bµφ̂Bµφ̂`

1

2
Bµθ̂Bµθ̂. (5.58)

So we see that the Goldstone bosons θ enter in L is via derivatives. Lastly, we consider the RHNs sector
of our Lagrangian, by substituting Eq. 5.55 in the interacting Lagrangian in Eq. 5.42 we obtain

Lint “ ´
ÿ

I,J

YIJ
2
N̄ c
INJ

ˆ

φ̂` vφ ` iθ̂
?
2

˙

“
YIJ

2
?
2
N̄ cNφ̂`

YIJ

2
?
2
vφN̄

cN ` i
YIJ

2
?
2
N̄ cNθ̂, (5.59)

where we take the couplings YIJ to be real and flavour universal i.e. YIJ “ yNδIJ . From this Lagrangian
we see that after the SSB of the Up1qB´L symmetry a massive term for the RHNs arise and mN “ vφyN .
With the addition of the singlet scalar Φ we have that in the early universe RHNs can be produced in
four possible ways: in SM Higgs boson decays and 2 Ø 2 scattering via the coupling FαI as in standard
ARS model, in φ and θ decays and annihilations through the coupling YIJ .

5.2.1 New interactions
As we have seen in the previous section, the additional scalar modifies the Lagrangian with the intro-
duction of a new interaction that can populate the RHNs, with some consequences on the asymmetry
produced. In particular, we expect that if the RHNs are brought in thermal equilibrium at a temper-
ature such that zeq ! zosc, namely before the time it takes for the RHN state to oscillate once, the
asymmetry gets cut off. In the following we will estimate how the new interaction modify the abun-
dance of RHNs. Furthermore, we will focus in the temperature range T ą 100 GeV, i.e. before the
EW sphaleron freeze-out, since we know that in the ARS mechanism the lepton asymmetry is produced
before the electroweak phase transition.
We assume that the scalar Φ is at thermal equilibrium with the plasma after reheating, and after the

6Here we are taking µ2
φ Ñ ´µ2

φ since we are in the configuration which breaks the symmetry.
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SSB of the Up1qB´L symmetry we have two possible interactions: φ Ø NN and φφ Ø NN . We can
argue that the decay of the scalar particle is kinematically forbidden for Mφ ă 2mN i.e. for

a

λφ ă yN
and so in this case the 2 Ø 2 would dominate, but we must take into account the fact that we are
assuming that the scalar singlet is at thermal equilibrium with the thermal plasma, therefore it will
receive some thermal correction to the mass7. In fact, from the effective potential at one-loop (see App.
E) we find that the scalar mass is proportional to the temperature (see App. E.3 for details in the
computation) and we obtain:

MΦpT q2 “ MΦp0q2 ` cφT
2, (5.60)

where
cφ “

1

12
p2λHφ ` 4λφq. (5.61)

At this point we can compute the interaction rate for the scalar decay and the 2 Ñ 2 process to determine
the time of equilibration of the RHNs, defined as the time at which the total RHN production rate is
equal to the Hubble expansion rate.
First we focus on the scalar decay:

Φ

Nj

Ni

By computing the decay rate in the center of mass frame we find (see App. F.1):

Γ “
1

2M2
φ

y2N pM2
φ ´ 4m2

N q
1

8π

d

1 ´
4m2

N

M2
φ

“
y2N
16π

Mφ

ˆ

1 ´
4m2

N

M2
φ

˙3{2

. (5.62)

Now, to compute the thermal averaged decay rate, defined as

xΓiÑjky “

ş

d3~pi
p2π3q

f eqi Γ
ş

d3~pi
p2πq3

f eqi
, (5.63)

we assume that the scalar φ follows a Maxwell-Boltzmann equilibrium distribution and we find (see
App. F.1 for details in the computation):

xΓφÑNN y “ MφpT q

ˆ

1 ´
4m2

N

MφpT q2

˙3{2K1pMφpT q{T q

K2pMφpT q{T q
. (5.64)

To determine whether this process bring the RNOs at thermal equilibrium or not, we need to compare
the averaged rate with the Hubble parameter H “ T 2{M0, with M0 “ 7.1 ˆ 1017 GeV, in a radiation
dominated universe. In order to do that we need to fix the zero temperature scalar mass MΦp0q “
a

λφvφ, i.e. the vev vφ and the coupling λφ, and the RHNs mass mN “ yNvφ. We also need to fix the
coupling λHφ, since this coupling enters into thermal scalar mass, see Eq. 5.61.

7It is worth noting that the RHNs do not develop a thermal mass since they are produced out of equilibrium, i.e. they
do not interact with the thermal plasma.
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(a) vφ “ 108 GeV, yN “ 10´8, λφ “ 10´18. (b) vφ “ 107 GeV, yN “ 10´7, λφ “ 10´14

(c) vφ “ 106 GeV, yN “ 10´6, λφ “ 10´14 (d) vφ “ 105 GeV, yN “ 10´5, λφ “ 10´10

(e) vφ “ 104 GeV, yN “ 10´4, λφ “ 10´10. (f) vφ “ 102 GeV, yN “ 10´2, λφ “ 10´6

Figure 5.2: xΓφÑNNy{H ratio as a function of the temperature T with fixed M0
φ and mN .

As a benchmark point, we first consider the scalar mass M0
φ “ 0.1 GeV and the RHNs mass
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mN “ 1 GeV8. With this choice we can then vary the scalar vev and the couplings yN and λφ to
find the equilibrium temperature. In the plots listed in Fig. 5.2 we show the ratio xΓφÑNN y{H for
different values of the λHφ coupling. When this fraction is higher than 1, the process is in thermal
equilibrium with the plasma. From these plots we see that for VEV vφ up to p106 ´107q GeV the scalar
decay brings the RHNs in thermal equilibrium before the electroweak phase transition. Therefore, we
expect that when the symmetry spontaneously breaks at T . 106 GeV, then the scalar decay brings
the RHNs in thermal equilibrium before EWPT. This situation holds for this particular choice of mN

and Mφp0q; i.e. the equilibrium temperature depends on four free parameters: yN , vφ, λφ and λHφ. In
the following sections, we will explore the phenomenology for other parameter choices.
For the process φφ Ñ NN we have the diagrams in Fig. 5.3.

φ

φ Ni

Nj

φ

φ

φ

Nj

Ni

N

φ

φ

Nj

Ni

N

Figure 5.3: Feynman diagrams contributing to the φφ Ñ NN interaction.

As in the previous case, we determine the interaction rate ΓφφÑNN “ neqφ xσv12y and we compare it
with the Hubble parameter in order to see whether this process brings the RHNs in thermal equilibrium
or not. The computation is shown in App. F.2 and the results are showed in Fig. 5.4. From these
results we see that the 2 Ñ 2 process does not bring the RHNs in thermal equilibrium for VEV up to
vφ » 102 GeV. We can notice that if the symmetry is not broken up until T » 102 GeV, then the RHNs
are not massive and they cannot oscillate. Therefore, for this VEV the lepton asymmetry will not be
generated before sphaleron freeze-out. Thus, we can conclude that the scalar decay is the dominant
process, thus we do not include further the 2 Ñ 2 processes in out analysis.

From these considerations we expect that the interactions with the new scalar singlet will bring the
RHNs in thermal equilibrum before tosc, consequently the asymmetry will be erased. Before computing
the dominant contribution coming from the scalar φ decay, we must consider also the interaction with the
Majoron. In fact, from the Lagrangian in Eq. 5.59 we see that we have also an interaction term between
the Majoron θ and the RHNs. In particular we have that the Majoron will be at thermal equilibrium
with the plasma, so it may decay in two RHNs as φ. However, thanks to the Goldstone theorem, the
Majoron has a vanishing mass at tree level. Therefore the Majoron decay is kinematically forbidden.
We can argue that the Majoron may have some thermal correction to the mass, but to compute the
corrections to the φ masses we have chosen a vacuum such that the Majoron has no thermal correction
(see App. E.3). Actually, there may also be another process contributing to the population of the RHNs
sector, i.e. the t and u channels of the process θθ Ñ NN , see Fig. 5.5.

8We choose these masses for the scalar and the RHNs because in ARS leptogenesis RHNs masses are in the range
mN P r0.1, 100s GeV and if Mφp0q ą 2mN the scalar decay would be the dominant process. Therefore, we focus in the
case with Mφp0q ă mN to see if the scalar decay remains the leading contribution.
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(a) vφ “ 106 GeV, yN “ 10´6, λφ “ 10´14 (b) vφ “ 105 GeV, yN “ 10´5, λφ “ 10´10

(c) vφ “ 104 GeV, yN “ 10´4, λφ “ 10´10 (d) vφ “ 102 GeV, yN “ 10´2, λφ “ 10´6

Figure 5.4: xΓφφÑNNy{H ratio as a function of the temperature T with fixed M0
φ and mN .

We expect that these processes will bring the RHNs at thermal equilibirum. Indeed, we start with
vanishing abundance of RHNs and they will be populated by the process θθ Ñ NN . This process is
kinematically allowed since the majorons θ are at thermal equilibrium with the plasma and, from the
equipartition theorem, we know that for a relativistic gas of bosons xEθy « 3T , hence Ecm » 2xEθy «

6T " 2mN if T & 100GeV, therefore, the condition Ecm ą 2mN is satisfied9 since in the c.o.m. frame
~p1 ` ~p2 “ ~p3 ` ~p4 “ ~0, so Ecm “ E1 ` E2. As the RHN sector is being populated, the inverse process
NN Ñ θθ will also contribute and RHNs will reach thermal equilibrium. Consequently, if we consider
also these processes the asymmetry will be further reduced. Therefore, in our model we will consider
only the decay of the φ scalar, which is the dominant process and it is enough to see the erasing of the
asymmetry. Before discussing this process, we can argue that the interaction NN Ñ θθ could bring the
RHNs out of thermal equilibrium with some consequences for the lepton asymmetry. But this would
happen only when the condition Ecm ą 2mN does not hold anymore, i.e. when T . mN (far below the
EWSB), so this would not affect the erasure of the lepton asymmetry, which takes place via φ decays
at much higher scales.

9Recall that we are in the regime T ą 100 GeV and RHN are relativistic.
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θ

θ

N

N

N

θ

θ

N

N

N

Figure 5.5: Feynman diagrams for the process NN Ñ θθ

5.2.2 Boltzmann Equation with scalar decay
As we have seen in the previous section, the scalar has an effective mass that is proportional to the
temperature. Therefore, the condition MpT q ě 2mN is satisfied and the scalar φ can decay in two
sterile neutrinos. This additional interaction will modify the Boltzmann Equation for the RN matrix
which becomes:

dRN
dt

“ ARS ` xINNØφy, (5.65)

where the collisional term resulting from the process NpE1q `NpE2q Ø φpE3q can be written as [86]:

I “
1

2E1

ż

d3~p2
p2πq32E2

d3~p3
p2πq32E3

p2πq4δ4pp1 ` p2 ´ p3q ˆ |M|2

ˆ
1

2

`

fφt1 ´ ρ1, 1 ´ ρ2u ´ p1 ` fφqtρ1, ρ2u
˘

,

(5.66)

where fi are the distribution functions. To simplify the computations we neglect quantum statistic and
we assume flavour universality of the coupling yN . In this way p1 ` fiq » 1 and the collisional term
becomes

I “
1

2E1

ż

d3~p2
p2πq32E2

d3~p3
p2πq32E3

p2πq4δ4pp1 ` p2 ´ p3q ˆ |M|2 ˆ
1

2

`

2fφ ´ tρ1, ρ2u
˘

. (5.67)

The momentum averaged collisional term reads:

xIy “
1

ş

d3~p1
p2πq3

feq1

ż

d3~p1
p2πq32E1

d3~p2
p2πq32E2

d3~p3
p2πq32E3

p2πq4δ4pp1 ` p2 ´ p3q ˆ |M|2

ˆ
1

2

`

2fφ ´ 2feq1 feq2 R2
N

˘

,

(5.68)

where we have used the ansatz ρpx, yq “ fFDpyqRN pxq. Now, from Eq. 5.63 we can notice that for the
direct and inverse decay respectively we have

xΓφÑNN y “

ř

spins

ş

dΠ1dΠ2dΠ3|M1Ñ23|2p2πq4δp4qppfin ´ pinqfeqφ
neqφ

, (5.69)

xΓNNÑφy “

ř

spins

ş

dΠ1dΠ2dΠ3|M23Ñ1|2p2πq4δp4qppfin ´ pinqfeqN f
eq
N

neqN n
eq
N

, (5.70)
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where ni “
ş

d3~pi
p2πq3

feqi . From the principle of detailed balance we have that

feq1 “ feq2 feq3 , (5.71)

and unitarity yields the equation [87]:
ÿ

spins

ż

dΠ1dΠ2dΠ3|M1Ñ23|2p2πq4δp4qppfin ´ pinq “
ÿ

spins

ż

dΠ1dΠ2dΠ3|M23Ñ1|2p2πq4δp4qppfin ´ pinq,

(5.72)
hence we obtain

xΓφÑNN yneqφ “ xΓNNÑφyneqN n
eq
N . (5.73)

Now we employ the principle of detailed balance in the collisional integral by inserting Eq. 5.71 in
Eq. 5.68 and we obtain

xIy “
1

ş

d3~p1
p2πq3

feq1

ż

d3~p1
p2πq32E1

d3~p2
p2πq32E2

d3~p3
p2πq32E3

p2πq4δ4pp1 ` p2 ´ p3q ˆ |M|2

ˆ
1

2

`

2fφ ´ 2feqφ R
2
N

˘

1
ş

d3~p1
p2πq3

feq1

ż

d3~p1
p2πq32E1

d3~p2
p2πq32E2

d3~p3
p2πq32E3

p2πq4δ4pp1 ` p2 ´ p3q ˆ |M|2

ˆ
1

2

`

2feqφ ´ 2feqφ R
2
N

˘

,

(5.74)

where in the last line we have used the fact that the distribution function for the scalar is fφ “

e´pEφ´µφq{T , so we can write fφ “ feqφ e
´µφ{T and by assuming that µφ “ 0 we get feqφ “ e´Eφ{T .10

Finally by inserting Eq. F.11 and using Eq. 5.73 in Eq. 5.74 we get

dRN
dt

“ ARS `
neqφ
neqN

xΓφÑNN yp1 ´R2
N q. (5.75)

By inserting Eq. 5.62 in Eq. 5.75, and recalling that for neqφ we use feqφ “ e´Eφ{T (see Eq. F.25 in
App. F.1), we obtain the new Boltzmann Equation for ARS Leptogenesis with the additional scalar

dRN
dt

“ xARSy `
1

neqN

y2N
32π3

TM3
φ

ˆ

1 ´
4m2

N

M2
φ

˙3{2

K1

ˆ

Mφ

T

˙

p1 ´R2
N q, (5.76)

where for neqN the expression

neqN “

ż

d3~p

p2πq3
feqFD “ g

3

4

T 3

π2
ζp3q, (5.77)

where g “ 2 for a Majorana particle.

5.3 Numerical Analysis
Having derived the new BE including the additional interaction from the scalar decay φ Ñ NN , we
now aim to solve these equations to compare what is different in the evolution of the N1 number density

10we assume vanishing chemical potential since we are assuming no asymmetry between φ and φ˚.
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and, consequently of the BAU, in the standard ARS scenario with that in the case where the N1 mass
is dynamically generated. We consider the scenario where φ is at thermal equilibrium with the thermal
plasma. From the scalar potential (see Eq. 5.43) we see that the interaction of Φ with the Higgs doublet
H could bring Φ at thermal equilibrium, and, by a naive dimensional analysis we find that the coupling
λHφ must be λHφ ą 10´4 to have Φ at thermal equilibrium at temperatures higher than Tew

11, i.e.
before sphaleron freeze-out. From these considerations we fix λHφ “ 10´2, since with this choice we
have that Φ is at thermal equilibrium for T ă 109 GeV. At temperatures Tφ the scalar Φ develops its
vev vφ and, for simplicity, we assume Tφ “ vφ with Tφ ą Tew, since we require that the RHNs acquire
a mass before EWPT.
To solve the new Boltzmann Equations 5.76 we make use of the latest version of the ULYSSES Python
package [88, 89], which has been modified to account for the contributions to the RHN number density
due to the scalar decay.

5.3.1 Model parametrization

First we consider the standard ARS model with the Lagrangian given in Eq. 5.1. At low temperatures,
T ! MN , the SM neutrinos acquire a mass in the effective theory, see Eq. 2.33. In Sec. 2.4 we have
already noticed that at least two Heavy Neutral Leptons are necessary to explain the two observed
mass splittings in the active neutrino sector, therefore we focus on the minimal scenario with two heavy
neutrinos. We choose the mass of the RHN N1 to be M1 » 0 while the masses of the other two RHNs
are M2 » M3. Hence, we are in the case of two right-handed neutrinos with quasi-degenerate masses.
The masses of the light neutrinos mν are constrained by the neutrino oscillation experiments (neutrino
mass squared splittings are taken from the central values of NuFIT 5.1 global fit data [90]). Out of
the 9 parameters in the light neutrino mass matrix, 5 are already measured, namely the two mass
differencies and three mixing angles. The remaining unknown parameters are the mass of the lightest
neutrino m1{3, two Majorana phases and the Dirac phase δ. The measured low-energy parameters
imply that the choice of heavy neutrino masses MN and Yukawa couplings F is not completely free.
Also, the magnitudes of the Yukawa couplings Fα2, Fα3 are crucial for successful leptogenesis. To
better understand the connection between the Yukawa couplings and physical parameters, we work in
Casas-Ibarra parametrization (see Subsec. 2.4.1) for the type I seesaw [32].

F “
i

vew
UPMNS

a

m̂νR

b

M̂N , (5.78)

where m̂ν is the diagonal neutrino mass matrix, M̂N is the diagonal mass matrix for RHNs and U is the
PMNS matrix, see Eq. 2.4. Therefore, what we need to specify, besides the PMNS matrix parameters
and the lightest neutrino mass m1{3, are the six degrees of freedom of the orthogonal matrix R defined in
Eq. 2.41 and the RHNs masses. To choose the real parameters xi and yi we have considered the mixing
between active and sterile neutrinos. In fact, the important parameters for phenomenology of sterile
neutrinos N2 and N3 are their masses M2,3 and the mixing matrix Θ. The latter is crucial to specify
the strength of interactions with other SM particles. In the case of two heavy neutrinos there is only
one relevant Majorana phase in the PMNS matrix in Eq. 2.4. We parametrize it as η “ 1

2 pα21 ´ α31q

for normal, and η “ 1
2α21 for inverted neutrino mass hierarchy with η P r0, 2πs. The light neutrino

mass matrix
?
m̂ν “ diagpm1,m2,m3q with m1 “ 0 for NO, and m2 “ 0 for IO. In the model with two

11To find this parameter we have considered a 2 Ø 2 process involving 2 Higgs doublets and 2 scalars, and by requiring
Γ & H we find the condition T 3λHφ{T 2 & T 2{M0.
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right-handed neutrinos the matrix R (see Eq. 2.41) depend on the neutrino mass hierarchy and we have

RNO “

»

–

0 0
cosω sinω

´ξ sinω ξ cosω

fi

fl RIO “

»

–

cosω sinω
´ξ sinω ξ cosω

0 0

fi

fl . (5.79)

with a complex angle ω “ x1`iy1 and the discrete parameter ξ “ ˘ξ. The complex angle ω parametrizes
the misalignment between sterile neutrino mass and interaction eigenstates. Notice that when ω “ 0,
the Yukawa interactions can be diagonalized in the sterile neutrino mass basis, and the interference
necessary for leptogenesis is absent. The change of the sign of ξ can be compensated by ω Ñ ´ω along
with N3 Ñ ´N3, so we fix ξ “ `1 [32].
As a consequence of the seesaw mechanism, the heavy neutrino mass eigenstates are mixed with the
doublet neutrinos, and can interact with the rest of the standard model, the interaction states νLα are
superpositions of the mass eigenstates νi and NI :

νLα “ rUνsαiνi ` ΘαiN
c
I . (5.80)

The mixing angle between a heavy neutrino NI and the active neutrinos νLα is expected to be small,
and is approximately given by

Θαi »
vFαi
MI

. (5.81)

The mixing angle appears in amplitudes for heavy neutrino production, which means that the heavy
neutrino production is suppressed by

U2
αi ” |Θαi|

2. (5.82)

The overall mixing between the heavy and light neutrinos can be quantified by introducing the parameter

U2 ”
ÿ

αi

U2
αi. (5.83)

The total mixing angle, defined in Eq. 5.83 can be written as

U2 “

ř

imi

M
cosh p2Imωq. (5.84)

CP violation

CP violation is an effect related to the presence of physical complex couplings that generically involve
many flavor parameters. Within the considered Casas-Ibarra parametrization, the CP-violating matrices
can be either UPMNS, R or both. In particular, there are three source of CP violation: the Majorana
phase η, the Dirac phase δ and the complex sterile neutrino mixing angle ω. According to Sakharov
conditions, a source of CP violation is required to generate a baryon asymmetry. Except where δ, η
and Impωq all vanish, there is generically an Op1q phase contributing to baryogenesis coming from a
combination of these individual phases [80].
All the CP-violating observables should be flavor basis invariant and be sensitive to the physical phases,
the so-called CP-violating invariants. A well-known example is that of the Jarlskog invariant, defined in
Eq. 2.6, which determines the magnitude of CP-violation in να Ñ νβ and ν̄α Ñ ν̄β oscillations (α ­“ β).
Several CP-invariants can be derived in the type-I seesaw extension of the SM starting from the flavor
parameters in the model, i.e. the physical parameters in the matrices F and MN . The CP invariants
relevant for leptogenesis can be constructed out of two building blocks [79]: JLNCα “ =rF˚

α1Fα2pF :F q21s

and JLNVα “ =rF˚
α1Fα2pF :F q12s (see also Refs. [91–93]).
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In the following, we focus in the case of low-energy CP violation [89], i.e. CP violation solely from the
Dirac phase. Therefore, in this case the only CP-violating matrix is UPMNS, with R matrix being CP-
conserving. This situation can be achieved by taking x1 “ kπ and y1 ­“ 012. The phases in the PMNS
matrix should be CP-violating, i.e. δ ­“ 0, π and/or α21 ­“ k21π and/or α31 ­“ k31π, with k21 “ 0, 1, 2, ...,,
k31 “ 0, 1, 2, ....

Parameter scan standard ARS leptogenesis

First, we will reproduce the parameter space in the classical ARS model, namely without the addi-
tional scalar. In order to calculate the baryon asymmetry yield in this scenario we solve the ARS
BE (see Eq. 5.14) and use the ULYSSES Python package. Once we have reproduced the parameter
space, we choose sets of parameters such that the corresponding mixing U2 is in the region of viable
leptogenesis. In this work we have focused on the minimal scenario with two heavy neutrinos: N2 and
N3, with M3 ą M2 „ p0.1 ´ 100q GeV and a mass splitting ∆M ” M3 ´ M2 ! M3 in the range
∆M{M2 „ p10´10 ´ 10´8q.

Figure 5.6: The range of the total mixing angle U2 consistent with both the seesaw mechanism and leptogenesis
as a function of RHNs’ mass M . Here we considered the NO case, with x1 “ 0, δ “ 270, α21 “ π, α31 “ 0.

The parameter space of leptogenesis is quite large, in total we have six unknown parameters: the
average mass M , defined as pM2 `M3q{2, the mass splitting ∆M , one Dirac and one Majorana phases
of the PMNS matrix; the real and imaginary parts of the angle ω “ x1 ` iy1. Instead of directly
constraining these parameters, we see how they are related to the experimentally observable quantities.
Among these the most relevant are the masses of the heavy neutrinos and their mixing angles. These
are particularly important for direct searches as the size of the mixing angle determines the number
of heavy neutrinos that can be produced [32]. Also, the condition of reproducing both the baryon

12We focus on this scenario since it is associated with relative large values of the mixing U2 and we are interested in
connecting with experimental searches of heavy Majorana neutrinos, but there are also other possible settings leading to
low-energy CP-violation, see Refs. [89, 94].
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asymmetry of the universe and the light neutrino masses imposes constraints on the allowed mixing
angles of the heavy neutrinos. To perform the study of the parameter space we follow Ref. [89] and we
set the phases δ “ 3π{2, α21 “ π, α31 “ 0 and Repωq “ x1. Once these are fixed, we scan over the
remaining parameters. We focus exclusively on the normal hierarchy as a benchmark, since our results
also qualitatively hold in the inverted hierarchy and easily generalize to that scenario. We limit the
RHNs masses to the range p0.1 ´ 100q GeV with splitting ∆M{M2 in the range p10´10 ´ 10´8q and
we vary y1 to the range p´10, 10q rad. The results are showed in Fig. 5.6. The upper (lower) solid
black line is the curve of maximal (minimal) mixing |U |2 compatible with viable leptogenesis. The area
between the two black lines correspond to successful Leptogenesis for certain values of ∆M{M2. The
region under the blue line (seesaw line) is forbidden in the type-I seesaw mechanism of light neutrino
mass generation. In fact, by re-expressing the seesaw relation mν “ ´mDM

´1
M mT

D (see Eq. 2.33) with
Eq. 5.81 as mν “ ´ΘMMΘT it is obvious that mν in the seesaw relation vanishes identically if all Θαi
are zero. Therefore, the requirement to explain the neutrino masses mν,i must impose a lower bound
on the mixing |U |2 [95]. This line can be obtained by taking a vanishing imaginary part Imω “ y1 in
Eq. 5.84.
At this point we can perform a numerical analysis to see how the scenario changes with the introduction
of the scalar singlet. In order to do that, we first fix the parameters such that the corresponding mixing is
in the region of viable leptogenesis. Therefore, we fix θij according to experimental data (see Sec. 2.2.1)
and we set the Dirac and Majorana phases as we already did to produce the parameter scan. Then,
we need to fix the parameters x1 and y1 to find the corresponding mixing |U |2. In the ARS with the
additional singlet scenario, we also need to fix other parameters, namely the couplings yN , λHφ, λφ
and the scalar vev vφ. Fixing these parameters corresponds to choose the RHNs masses and the scalar
mass.
In the following, we first focus on some scenarios by fixing the RHNs masses and the scalar mass (at
zero temperature). Then, we will conclude our analysis by performing a parameter scan to find the
parameter space of viable leptogenesis with an additional scalar.

Table 5.1: Input parameter values.
Parameter Unit Code input Value

δ [˝] delta 270
α21 [˝] a21 180
α31 [˝] a31 0.0
θ23 [˝] t23 48.59
θ12 [˝] t12 33.84
θ13 [˝] t13 8.66
x1 [˝] x1 0.00
y1 [˝] y1 40.107
x2 [˝] x2 0.00
y2 [˝] y2 0.00
x3 [˝] x3 0.00
y3 [˝] y3 0.00

log10pm1{3q [eV] m -100
log10pM1q [GeV] M1 -100
log10pM2q [GeV] M2 0.0
log10pM3q [GeV] M3 4.343 ¨ 10´9
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5.3.2 The case with M2 » M3 » 1 GeV

We start by considering the case with M2 » M3 » 1 GeV and Mφ “ 10 GeV. First, we assume Normal
Hierarchy (NO), i.e. m1 ă m2 ă m3. We choose the following set of parameters listed in Tab. 5.1.
For these parameters we have mixing |U |2 “ 1.26395 ¨10´10 and the baryon-to-photon ratio for standard
ARS is ηB “ 8.13 ¨ 10´10. The ULYSSES code solves the BEs in terms of number densities of particles

(a) vφ “ 108 GeV, yN “ 10´8, λφ “ 10´14 (b) vφ “ 106 GeV, yN “ 10´6, λφ “ 10´10

(c) vφ “ 104 GeV, yN “ 10´4, λφ “ 10´6 (d) vφ “ 102 GeV, λφ “ 10´2, yN “ 10´2

Figure 5.7: Evolution of N1 and B-L asymmetry Yields in NO case with parameters listed in Tab. 5.1. We have
fixed mN “ 1 GeV and the zero temperature scalar mass Mφp0q “ 0.1 GeV. The coupling λHφ “ 10´2 for all
four plots.

and particle asymmetries, normalized to a comoving volume containing one photon. Therefore, the
normalized equilibrium abundance of the right-handed neutrino is the same as in Eq. 4.33. In our case
we have z ! 1, therefore we can use the approximation in Eq. C.1 and Neq

N “ 3{4, corresponding to the
dashed black line in the plots. The results are plotted in Fig. 5.7. In the case vφ ą 106 GeV we see that
the Yukawa couplings are so small that the RHNs do not enter in thermal equilibrium, and therefore
the asymmetry with the additional interaction is essentially the same as in the case without the scalar.
In the range vφ ą 104 GeV and vφ ă 106 GeV we notice that the Yukawa couplings are big enough
to bring the right handed neutrinos at thermal equilibrium, therefore the asymmetry gets washed-out.
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In particular, we focus on the case with vφ “ 105 GeV in Fig. 5.8: In this case, we observe that the

Figure 5.8: Evolution of N1 and B-L asymmetry Yields in NO case with parameters listed in Tab. 5.1. In this
case we have chosen: vφ “ 105 GeV, λφ “ 10´8, Mφ “ 10 GeV, yN “ 10´5.

asymmetry in the scalar case start to decrease due to the fact that RHNs go in thermal equilibrium,
but it is not completely washed out. This is due to the fact that RHNs go in thermal equilibrium at
zeq » zosc, implying that some RHNs could still oscillate and produce a lepton asymmetry.
For what concerns the range vφ ă 104 GeV, the RHNs enter in thermal equilibrium at much higher
temperatures, as plotted in Fig. 5.7c. In this case the asymmetry production is inhibited as the third
Sakharov condition (departure from thermal equilibrium) is no longer satisfied. It is important to
notice the case when vφ „ 102 GeV, in Fig. 5.7d, the scalar obtains a mass near the EWPT, i.e. at
Tew{T “ 100. In this way the RHNs are not massive until the EWPT but this would imply that they do
not oscillate. So in this situation we have that the asymmetry is not generated since the first Sakharov
condition (lepton number violation) is not satisfied. In fact if RHNs have no mass this would imply
that we do not have a Majorana massive term in the Lagrangian, therefore no Lepton number violation.
This situation is very interesting, since it would imply that in this case the Baryon asymmetry could
be generated by another mechanism, but it would not be washed out by this process. Also, we can
conclude that if the scalar singlet takes a vev after EWPT, it would generate a lepton asymmetry, but
since sphalerons are already freezed-out, the lepton asymmetry is not converted into a baryonic one,
hence, there is no visible effect today.
From these considerations we see that, as expected, the lepton asymmetry gets erased when the RHNs go
in thermal equilibrium before the time zosc, i.e. the dimensionless time corresponding to approximately
one oscillation among the RHN mass eigenstates. This time, in the ULYSSES package is given by

zosc ”

ˆ

12T 3
ew

∆M2
32M0

˙1{3

. (5.85)

Viceversa, if the RHNs equilibration time zeq, i.e. the dimensionless time such that ΓN pzeqq{Hpzeqq ” 1,
is zeq ą zosc

13 the asymmetry generation is not inhibited by the new RHN interaction and we obtain
the same result as in the ARS standard case.
These graphs were obtained for a fixed value of λHφ, but from the thermal mass of the scalar singlet
in Eqs. 5.60 and 5.61 we see that the mass depends both on λHφ and λφ. Therefore, by varying these

13since zosc “ Tew{Tosc and zeq “ Tew{Teq and in the early universe T9t´1.
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parameters we have that the RHNs enter in thermal equilibrium at different temperatures, modifying
the picture that we have considered so far. In fact, fixing the zero temperature mass of the scalar equal
to Mφ “ 0.1 GeV will imply that the λφ coupling will be small, since we are considering a vev vφ in the
range T P r108 GeV; 102 GeVs. Therefore, from Eq. 5.61 we conclude that in this temperature range
the term proportional to λHφ will dominate. For this reason, we fix the vev vφ, the masses Mφp0q, mN

and the couplings yN , λφ and by varying the coupling λHφ we find an interesting result, see Figs. 5.9.

Figure 5.9: Dependence of the N1 yield on the coupling λHφ. On the left the other parameters were fixed as:
vφ “ 105 GeV, λφ “ 10´8, Mφ “ 10 GeV, yN “ 10´5. On the right the other parameters are: vφ “ 104 GeV,
λφ “ 10´6, Mφ “ 10 GeV, yN “ 10´4. The parameters used for the Casas-Ibarra parametrization are the ones
listed in Tab. (5.1), and we have considered the NO case.

The plots in Fig. 5.9 show that RHNs enter thermal equilibrium at higher temperatures as λHφ
increases.

Figure 5.10: Dependence of the Yukawa couplings on the coupling λHφ, for fixed mN “ 1 GeV and λφ. On the
left we have fixed vφ “ 105 GeV and λφ “ 10´8. On the right we have the case for vφ “ 104 GeV and λφ “ 10´6.

This effect is important to highlight, since a naive dimensional analysis would suggest that RHNs
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enter in thermal equilibrium at temperatures much higher than those actually observed. In fact, one
could naively estimate that the condition Γ & H for the scalar decay is given by y2NT & T 2{M0, where
M0 ” MPl{p1.66

?
g˚,sq “ 7.1 ¨ 1017. But from this estimate we would find a much higher equilibrium

temperature, e.g. choosing yN “ 10´4 gives Teq » 109 GeV, i.e. z “ Tew{T » 10´7, which is signifi-
cantly different from the result showed in Fig. 5.9, left panel. This discrepacy arises from the fact that
the scalar mass MφpT q depends on λHφ. This behavior may be verified by imposing the condition Γ{H
in order to find a relation between yN and λHφ for fixed λφ and T . Therefore, we consider the decay
rate in Eq. F.26 and we compare it with the Hubble parameter. Then, we consider the temperatures in
Fig. 5.9 such that the RHNs enter at thermal equilibrium and we find the expected behavior, as plotted
in Fig. 5.10.
From the plots in Fig. 5.10 we see that for the selected temperatures T we obtain the expected Yukawa
coupling corresponding to the λHφ value in the plots in Fig. 5.9. Notice that in the left panel we have
selected three temperatures since in the case with vφ “ 105 GeV RHNs go in thermal equilibrium at
the same temperature for the choices λHφ “ 10´4 and λHφ “ 10´3 (see left panel Fig. 5.9).

At this point we want to see if our considerations are valid also for different zero temperature masses for
the scalar φ. Since the mixing between active and sterile neutrino does not depend only on the Yukawa
matrix Y , the Higgs vev and the RHNs masses, we take the same parameters listed in Tab. 5.1 and we
change the scalar mass Mφp0q “

a

λφvφ.
From the plots in Fig. 5.11 we see that the situation is very similar to the previous with Mφ “ 0.1 GeV,
(see Figs. 5.7, 5.8). In fact, the RHN reach thermal equilibrium for temperatures of the same order as

Figure 5.11: Evolution of N1 and B ´ L asymmetry Yields with a scalar mass (at zero temperature) Mφp0q “

100 GeV. Here we have the case of NO with parameters listed in Tab. 5.1. On the left we have chosen:
vφ “ 105 GeV, λφ “ 10´6, Mφ “ 100 GeV, yN “ 10´5. On the right: vφ “ 104 GeV, λφ “ 10´4, yN “ 10´4. In
both cases we have fixed λHφ “ 10´2.

previous case. This is due to the fact that the chosen zero temperature mass Mφp0q still is too small to
have a visible effect, i.e. the dominant term still is λHφ.
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Figure 5.12: Evolution of N1 and B ´ L asymmetry Yields with a scalar mass Mφp0q “ 104 GeV. Here we have
the case of NO with parameters listed in Tab. 5.1. On the left we have chosen: vφ “ 106 GeV, λφ “ 10´4,
yN “ 10´6. On the right: vφ “ 105 GeV, λφ “ 10´2, yN “ 10´5. In both cases we have fixed λHφ “ 10´2.

(a) vφ “ 106 GeV, yN “ 10´6, λφ “ 10´10 (b) vφ “ 105 GeV, yN “ 10´5, λφ “ 10´8

(c) vφ “ 104 GeV, yN “ 10´4, λφ “ 10´6 (d) vφ “ 102 GeV, λφ “ 10´2, yN “ 10´2

Figure 5.13: Evolution of N1 and B-L asymmetry Yields in IO case with parameters listed in Tab. 5.1, with the
substitution y1 “ 120.00. We have fixed mN “ 1 GeV and the zero temperature scalar mass Mφp0q “ 10 GeV.
The coupling λHφ “ 10´2 for all four plots.
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Therefore, to neglect the dependence on the parameter λHφ we need a bigger mass, in order to have
λφ ąą λHφ. For this reason we now fix Mφp0q “ 104 GeV and we keep λHφ “ 10´2. With this choice
we obtain the plots in Fig. 5.12. From these results we see that for a heavier scalar the RHNs enter in
thermal equilibrium at higher temperatures. Indeed, from the plot on the left of Fig. 5.12, where we
have chosen a vev vφ “ 106 GeV, we see that the RHNs enter in thermal equilibrium for zeq » zosc
and the asymmetry is not completely erased. While, for vφ “ 105 GeV we have that the RHNs enter in
thermal equilibrium at higher temperatures and the asymmetry is completely washed-out. Therefore,
we can conclude that the behaviour of the lepton asymmetry is governed by the vev vφ and by the
couplings yN , λφ and λHφ.

Now we consider the case of inverted hierarchy (IO) and we choose the same parameters listed in
Tab. 5.1, but now we consider y1 “ 120.00. This choice leads to a mixing |U |2 “ 3.27192 ¨ 10´9 and a
baryon-to-photon ratio for standard ARS case is |ηB | “ 6.254 ¨ 10´10.
As we can see from the Fig. 5.13 the situation is very similar to the case with NO. In fact, the RHNs go
in thermal equilibrium when the scalar vev is vφ » 105 GeV, but only when vφ » 104 GeV the lepton
asymmetry is completely erased as we have already noticed in the previous case. Therefore, in the
following, we will focus only on the NO case, since our results hold qualitatively also in the IO scenario.

5.3.3 The case with M2 » M3 » 500 MeV

At this point we can modify the RHNs masses to see if the situation changes. We start by considering
NO and we take the RHNs masses to be M2 » M3 » 500 MeV, while the zero temperature scalar mass
is fixed at Mφ “ 10 GeV. The first set of parameters, for which we have a mixing |U2| “ 4.09358 ¨ 10´10

and the baryon-to-photon ratio for the standard ARS case is ηB “ 6.127 ¨ 10´10, is given in Tab. 5.2.

Table 5.2: Set of parameters in NO with RHNs masses M2 » M3 » 500 MeV.
Parameter Unit Code input Value

δ [˝] delta 270
α21 [˝] a21 180
α31 [˝] a31 0.0
θ23 [˝] t23 48.59
θ12 [˝] t12 33.84
θ13 [˝] t13 8.66
x1 [˝] x1 0.00
y1 [˝] y1 55.00
x2 [˝] x2 0.00
y2 [˝] y2 0.00
x3 [˝] x3 0.00
y3 [˝] y3 0.00

log10pm1{3q [eV] m -100
log10pM1q [GeV] M1 0.00
log10pM2q [GeV] M2 -0.301000005
log10pM3q [GeV] M3 -0.3010
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(a) Case with vφ “ 106 GeV, yN “ 5¨10´7, λφ “ 10´10 (b) Case with vφ “ 105 GeV, yN “ 5 ¨10´6, λφ “ 10´8

Figure 5.14: Evolution of N1 and B ´ L asymmetry Yields with fixed mN “ 500 MeV, Mφp0q “ 0.1 GeV and
λHφ “ 10´6

Figure 5.15: Evolution of N1 and B ´ L asymmetry Yields with fixed mN “ 500 MeV, Mφp0q “ 0.1 GeV and
λHφ “ 10´6. Here, we present the case with vφ “ 104 GeV, yN “ 5 ¨ 10´5, λφ “ 10´10

From Figs. 5.14 and 5.15 we notice that in the case with smaller masses the asymmetry is completely
erased when the Yukawa coupling is yN & 10´5. In this case the situation is similar to the previous
one, i.e. the asymmetry production is inhibited for vφ ă 104 GeV. It is interesting to notice that in
the case vφ “ 105 GeV (see right panel of Fig. 5.14), the RHNs enter in thermal equilibrium after zosc,
consequently the asymmetry is not washed out.

5.3.4 The case with M2 » M3 » 10 GeV

In the next set of parameters we explore the phenomenology for heavier sterile neutrinos by fixing
M2 » M3 » 10 GeV, while the zero temperature scalar mass is fixed at Mφ “ 10 GeV. The chosen set
of parameters, for which we have a mixing |U2| “ 2.42214 ¨ 10´11 and the baryon-to-photon ratio for
the standard ARS case is ηB “ 1.6930 ¨ 10´8, is given in Tab. 5.2.
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Table 5.3: Set of parameters in NO with RHNs masses M2 » M3 » 10 GeV.
Parameter Unit Code input Value

δ [˝] delta 270
α21 [˝] a21 180
α31 [˝] a31 0.0
θ23 [˝] t23 48.59
θ12 [˝] t12 33.84
θ13 [˝] t13 8.66
x1 [˝] x1 0.00
y1 [˝] y1 60.00
x2 [˝] x2 0.00
y2 [˝] y2 0.00
x3 [˝] x3 0.00
y3 [˝] y3 0.00

log10pm1{3q [eV] m -100
log10pM1q [GeV] M1 0.00
log10pM2q [GeV] M2 1.00
log10pM3q [GeV] M3 1.00000005

Figure 5.16: Evolution of N1 and B ´ L asymmetry Yields with fixed mN “ 10 GeV, Mφp0q “ 10 GeV and
λHφ “ 10´2. On the left we have the case with vφ “ 106 GeV, yN “ 10´5, λφ “ 10´10. On the right
vφ “ 105 GeV, yN “ 10´4, λφ “ 10´8.

From Figs. 5.16 we notice that in the case with heavier RHNs the asymmetry is completely erased
when vφ “ 105 GeV. Indeed, in this case the RHNs enter in thermal equilibrium before zosc. It is worth
noting that in this case zosc “ 0.0119, i.e. it is smaller than 0.1. This implies that oscillations starts
earlier and we cannot solve the full set of quantum kinetic equations including all oscillations. Therefore,
we truncate the generation of the flavour asymmetries at a dimensionless time zcut “ 10 ¨ zosc.
It is particularly interesting the case with vφ “ 106 GeV, shown on the left of Fig. 5.16. In this scenario,
the RHNs enter in thermal equilibrium for zeq ą zosc and we expect to obtain an asymmetry comparable
to the standard case. However, the resulting asymmetry is slightly larger than in the standard ARS
scenario. This can be understood by noting that, at z “ zosc, the RHNs number density in the presence
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of the additional scalar is higher than in the standard case. Therefore, a large population of RHNs
oscillates leading to an enhancement of asymmetry. This feature does not appear in the case with
mN » 500 GeV (see Fig. 5.14), where the RHNs enter thermal equilibrium immediately after zosc,
leaving no time for additional asymmetry to be generated.

5.3.5 Non vanishing initial asymmetry
In this section, we are going to analyze the case with non-vanishing initial lepton asymmetry. We focus
on the NO case and we choose the parameters listed in Tab. 5.1. We fix the RHNs masses equal to
1 GeV and the zero temperature scalar mass Mφp0q “ 10 GeV; in this way we are in the same situation
described in Sec. 5.3.2. The results are plotted in Fig. 5.17.

(a) Case with vφ “ 106 GeV, yN “ 10´6, λφ “ 10´10. (b) Case with vφ “ 105 GeV, yN “ 10´5, λφ “ 10´8.

Figure 5.17: Evolution of N1 and B ´ L asymmetry Yields with fixed mN “ 1 GeV, Mφp0q “ 10 GeV and
λHφ “ 10´2.

Figure 5.18: Evolution of N1 and B ´ L asymmetry Yields with fixed mN “ 1 GeV, Mφp0q “ 10 GeV and
λHφ “ 10´2. Here, we present the case with vφ “ 104 GeV, yN “ 10´4, λφ “ 10´6.
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In the case plotted in Fig. 5.17a the scalar gets a vev at T » 106 GeV and, as in the case with
vanishing initial asymmetry, the RHNs do not enter in thermal equilibrium. Therefore, the obtained
asymmetry is the same as in the standard ARS case. In this case the plot shows a dip for z » zosc, which
is due to the standard ARS washout processes. In fact, we have already seen that for vφ & 106 GeV the
scalar decay does not modify the standard picture.
For smaller values of the scalar vev the situation is different. First, we focus on the plot in Fig. 5.17b.
In this case vφ “ 105 GeV and the RHNs enter in thermal equilibrium, due to the scalar decay, at
zeq » zosc. Therefore, some RHNs can still oscillate to produce a lepton asymmetry and for this reason
we still see a dip for z » zosc. It is important to notice that also in this case the washout processes
are those of standard ARS leptogenesis. As expected, the asymmetry produced is smaller than the one
produced without the additional scalar singlet, since in this case some RHNs are already at thermal
equilibrium.
In the last plot (Fig. 5.18) the scalar acquires a vev equal to 104 GeV. In this case the scalar decay
brings the RHNs in thermal equilibrium for higher temperatures, namely zeq ! zosc, and the RHNs
cannot oscillate to produce the lepton asymmetry. Also, in this case the standard washouts are not
present since the RHNs are already at thermal equilibrium. It is worth noting that the scalar decay
is a LNC process and, for this reason, the thermal initial asymmetry is not washed out, even if the
RHNs enter in thermal equilibrium. Therefore, for smaller vevs the lepton asymmetry production via
oscillation is inhibited, but an initial lepton asymmetry abundance will not be erased.

5.3.6 Parameter scan
In the previous sections, we have shown that the evolution of the lepton asymmetry is influenced by
the behaviour of the RHNs number density. In fact, if the RHNs go in thermal equilibrium before the
oscillation time zosc, the asymmetry is washed out. To have an overall picture of this mechanism we
perform a numerical scan of the parameter space of viable leptogenesis. In particular, we want to see
how the parameter space changes with the introduction of the new interaction with the scalar. We have
already seen that, for certain values of the scalar vev, the asymmetry is washed out. Therefore, we
expect that the region of viable leptogenesis in Fig. 5.6 will be reduced. To perform the numerical scan
we fix the parameters as described in Sec. 5.3.1 and we fix the mass splitting of RHNs equal to 10´8.
Then, we vary the scalar vev in the range p103 ´ 106q GeV, since for these values we have observed that
the lepton asymmetry is washed out. We also fix the coupling λHφ “ 10´2 and we select three bench-
mark points, according to the value of the scalar mass at zero temperature Mφp0q “ r10, 102, 103s GeV.

MN U2
ARS |ηB |ARS

1 GeV 1.26395 ¨ 10´10 8.13 ¨ 10´10

0.5 GeV 4.09358 ¨ 10´10 6.127 ¨ 10´10

10 GeV 2.42214 ¨ 10´11 1.6930 ¨ 10´10

Table 5.4: Summary of the considered benchmark points for the numerical analysis. The parameters are the
RHNs mass, with splitting fixed equal to 10´8. Given are the mixing angle and the produced BAU (in terms of
the Baryon to photon ratio) in the standard ARS case.

We start by considering the case where the zero-temperature scalar mass is equal to 10 GeV. In
Fig. 5.19 we show the range of the total mixing angle U2 consistent with both the seesaw mechanism and
leptogenesis as a function of RHN masses. The upper (lower) dashed black line in the plots corresponds
to the curve of maximal (minimal) mixing compatible with viable leptogenesis in the standard ARS case,
with mass splitting fixed at ∆M{M “ 10´8, see Fig. 5.6. The shaded points correspond to successful
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leptogenesis for certain choices of the scalar vev vφ. In Fig. 5.19 the red stars represent the points that
we have analyzed in previous section, which are summarized in Tab. 5.4.
From the plot in the left panel we observe that, as expected, the parameter space is not significantly
different from that of the standard ARS case, since we have considered vev values as high as 106 GeV.
From our numerical analysis in Sec. 5.3, we have already shown that for vφ “ 106 GeV the RHNs do
not enter in thermal equilibrium before zosc. Consequently, we obtain the same result as in standard
ARS case. In the right panel we show the case with vφ P r103, 105s GeV. As expected, the points
represented by the red stars do not correspond to successful leptogenesis, since for these vevs the
asymmetry production is washed out and/or inhibited. In this case we observe that the parameter
space of viable leptogenesis is slightly reduced.

Figure 5.19: The parameter space of viable leptogenesis with the additional scalar singlet. Here we considered the
case with Mφ “ 10 GeV. On the left panel we show the case with scalar vev varying in the range r104, 106s GeV,
whereas on the right panel we focused on the case with vφ P r103, 105s GeV.

Now we focus on the case with Mφ “ 100 GeV, shown in Fig. 5.20. Similarly to the case with
Mφp0q “ 10 GeV, we notice that the parameter space is reduced when the scalar vev varies in the
range r103, 105s. This implies that when the scalar acquires a vev at these temperatures14, the RHNs
equilibrate before their oscillations could start resulting in the erasure of the lepton asymmetry. This
effect is shown in the right panel of Fig. 5.20. From this plot we can also notice that larger values of the
mixing angle U2 are not allowed when the scalar vev satisfies vφ ă 105 GeV. This indicates that the
RHNs enter in thermal equilibrium before their oscillation temperature, resulting in an erasing of the
asymmetry. This behaviour was not present in the case with a smaller scalar mass Mφp0q “ 10 GeV,
where the parameter space for mN ď 1 GeV nearly coincides with that of the standard ARS case and
larger mixing are allowed. In the left panel of Fig. 5.20 the case with vφ P r104, 106s GeV is shown. As
expected, the parameter space is more similar to that of the standard ARS case. By comparing this
plot with the one in the left panel of Fig. 5.19, we notice that for the same range of vevs the parameter
space is more reduced when considering larger zero-temperature scalar masses. This situation becomes
even more evident for higher scalar masses, as shown in the left panel of Fig. 5.21. Therefore, we can
conclude that increasing the zero-temperature scalar mass further reduces the parameter space of viable
leptogenesis. This behaviour is more noticeable in the right panel of Fig. 5.21, where we observe that the
asymmetry is almost completely washed out for mN ď 1 GeV, whereas some scattered points remain
for larger values of the neutrino masses.
It is interesting to notice that in all the three cases the darker points, which correspond to lower values

of the scalar vev, do not follow a clear pattern but are instead scattered across the entire RHN mass
14Recall that we are assuming that the scalar vev corresponds to the temperature of Up1qB´L SSB.
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Figure 5.20: The parameter space of viable leptogenesis with the additional scalar singlet. Here we considered the
case with Mφ “ 100 GeV. On the left panel we show the case with scalar vev varying in the range r104, 106s GeV,
whereas on the right panel we focused on the case with vφ P r103, 105s GeV.

Figure 5.21: The parameter space of viable leptogenesis with the additional scalar singlet. Here we considered the
case with Mφ “ 103 GeV. On the left panel we show the case with scalar vev varying in the range r104, 106s GeV,
whereas on the right panel we focused on the case with vφ P r103, 105s GeV.
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range. One would expect that, for smaller values of the scalar vev, the lighter RHNs would not reach
thermal equilibrium due to the smallness of their Yukawa coupling. Despite that, we observe points with
vφ » 103, 104 GeV that yield successful leptogenesis even for larger RHNs masses. This is likely because
these points correspond to Casas-Ibarra configurations in which the RHNs remain out of equilibrium,
preventing the washout of the asymmetry. This consideration may be verified in further analysis.

From these parameter scans we can conclude that introducing a scalar singlet to the SM particle
content and a Up1qB´L global symmetry to the SM symmetry group modifies the parameter space of
viable leptogenesis when the SSB occurs at T ď 106 GeV. In particular, in the range vφ P r102, 106s the
thermalised scalar leads to an enhancement in the RHNs production at early times. As a consequence,
the RHNs enter in thermal equilibrium for zeq ă zosc, leading to a reduction of the predicted BAU
compared to the standard ARS picture. Therefore, we found that, in our model, the BAU of the
standard ARS scenario is reproduced when the scalar vev is at least as large as Op107q GeV and/or the
Yukawa coupling is yN ď 10´5. Actually, this is a conservative bound since when the zero-temperature
scalar masses are at most as large as Op10q GeV, the standard ARS scenario can be reproduced for
vφ ď 106 GeV, as shown in Fig. 5.19. Hence, the parameter space of viable leptogenesis also depends
on the choice of the scalar self-coupling λφ. These considerations lead us to conclude that the standard
ARS scenario is reproduced when vφ ě 107 GeV and/or yN ď 10´5. This bound can be lowered to
vφ ě 106 GeV when λφ ď 10´10. To further improve our results, one could find a relation between the
Yukawa coupling yN and the self-scalar coupling λφ mass for a fixed value of vφ, in order to define the
minimum scalar mass corresponding to each sterile neutrino mass for which leptogenesis is successful. It
is also worth noting that all these considerations hold for a fixed value of the coupling λHφ “ 10´2. As
already shown in Fig. 5.9, RHNs enter in thermal equilibrium at lower temperatures as λHφ decreases.
Therefore, we expect that for smaller λHφ the parameter space will be reduced for smaller values of the
scalar vev. We leave these analysis for future works.



Chapter 6

Conclusions

In this thesis we have investigated how the baryon asymmetry of the universe could be affected by the
introduction of a complex scalar singlet, Φ, and a global symmetry Up1qB´L in a seesaw tipe I extension
of the SM with two quasi-degenerate right handed neutrinos.

In Chapters 3 we reviewed the problem of the baryon asymmetry of the universe and discussed one
of the most extensively studied proposed solutions, i.e. baryogenesis via leptogenesis. We then pro-
vided an overview of the current leptogenesis scenarios, focusing on thermal leptogenesis in Chapt. 4.
Subsequently, we explored low scale leptogenesis models, such as resonant leptogenesis in Sec. 4.5 and
leptognesis via oscillations (ARS leptogenesis). Our study focused particularly on ARS leptogenesis, an
appealing scenario in which the RHNs have masses at the GeV scale, making it potentially testable in
upcoming experiments.
In Chapter 5 we presented our original proposal. We first provided an overview of the ARS mechanism
and we have derived the quantum kinetic equations. Then, we go beyond this model to explore how
the masses of the RHNs could be dynamically generated through the spontaneous breaking of a new
symmetry. Therefore, we introduced a new scalar degree of freedom, Φ, and a global symmetry Up1qB´L

under which the scalar carries charge `2 and the RHNs ´1. This construction introduces additional
terms in the scalar potential, namely the self interacting terms of Φ and a scalar portal given by the
interaction of Φ with the Higgs boson through the coupling λHφ. The new scalar also couples with
the RHNs and the breaking of the Up1qB´L will generate a Majorana mass for the sterile neutrinos.
It is important to note that, in order to generate a lepton asymmetry, the RHNs must acquire a mass
before the electroweak phase transition, otherwise sterile oscillations would not occur. For this reason
we focused on the scenario in which the scalar Φ acquires a vev at temperature above 102 GeV.
Once the Up1qB´L is spontaneously broken, two real scalar degrees of freedom emerge, φ and θ, where
φ corresponds to the massive radial mode and θ is the massless Goldstone bosons, commonly reffered
to as the Majoron. This results in new interactions between these scalars and the RHNs, with some
consequences on the leptogenesis process. These effects have been studied by looking at the quantum
kinetic equations. In order to do that, we first identified the dominant contributions in Sec. 5.2.1. In
particular, we assumed that the scalar Φ is in thermal equilibrium thanks to its interaction with the
Higgs boson. As a consequence, the scalar singlet acquires a thermal mass, computed in App. E.3,
whereas the RHNs do not have a thermal mass since they do not interact with the thermal plasma, as
we are considering a freeze-in mechanism. It is worth noting that the thermal mass was computed by
choosing a vacuum configuration such that the Majoron remain massless; hence, the thermal correction
affects only the scalar φ.
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The presence of the thermal mass allows φ to decay in two RHNs even if its zero temperature mass
satisfies Mφp0q ă MN . Therefore the dominant process is the scalar decay. We have also considered the
2 Ñ 2 interactions between φ and RHNs and we have found them to be subdominant; for this reason,
we have not considered them in our framework.

Once the scalar decay was identified as the dominant process, we derived the corresponding colli-
sional term in the quantum kinetic equations and performed a numerical study to investigate how this
process modifies the ARS leptogenesis picture. First, we considered three benchmark points by fixing
the zero temperature scalar mass and varying the RHNs masses. The results are presented in Sec. 5.3.
Interestingly, we observed that the timing of the scalar acquiring a vev significantly affects the leptoge-
nesis dynamics. We have found that in our model the baryon asymmetry of the standard ARS model
is reproduced when the scalar vev, which we have assumed to be equal to the SSB temperature, is at
least as large as Op107q GeV. For smaller values of the vev the scalar decay leads to an enhancement
of sterile neutrino production. Particularly, if scalar decay brings the RHNs in thermal equilibrium
for temperatures such that Teq ą Tosc, i.e. the RHNs enter in thermal equilibrium before the time it
takes for the RHNs to oscillate once, the lepton asymmetry is washed out. In particular, we have to
distinguish two cases:

• For Teq " Tosc the asymmetry generation is inhibited because the third Sakharov condition (de-
parture from thermal equilibrium) is not satisfied.

• For Teq » Tosc, the asymmetry is partially erased thanks to the washout processes associated with
the interaction φ Ø NN .

This behaviour has been verified in Subec. 5.3.5, where we considered the scenario with non-vanishing
initial asymmetry. When Teq » Tosc, the asymmetry is reduced, but not completely erased; whereas for
Teq " Tosc we do not observe any washout in the asymmetry, neither from the scalar interactions nor
from the standard ARS picture. This situation occurs because, if the RHNs enter in thermal equilibrium
too early, the asymmetry is not produced at all, as the third Sakharov condition is not satisfied for long
enough to allow the asymmetry generation.
Another interesting scenario arises when the SSB occurs at T » Tew, i.e. vφ “ 102 GeV. In this
case, the asymmetry is not generated because the RHNs acquire a mass only at the time of sphaleron
freeze-out, preventing oscillations before the EWPT, resulting in the absence of the CP violation nec-
essary to generate the letpon asymmetry. From these results, we conclude that to reproduce the same
asymmetry as the one produced in the standard ARS picture, the SSB should occur at sufficiently high
temperatures such that the RHNs do not reach thermal equilibrium before their oscillation temperature.

Having studied these benchmark points for a fixed value of the zero temperature scalar mass, we
then performed a parameter scan to investigate how varying the scalar mass affects this picture. In
order to do that we have fixed Mφp0q “ 10, 102, 103 GeV and we varied the scalar vev in the range
r103, 106s GeV. The results of these scans of the parameters are shown in Sec. 5.3.6. From them, we
can conclude that the parameter space of viable leptogenesis is significantly reduced when the scalar
particle acquires a vev at temperature T ď 105 GeV. This occurs for all three choices of the scalar mass.
The parameter space is slightly reduced for vφ ď 106 GeV when the scalar mass is Mφp0q ą 10 GeV,
whereas for Mφp0q ď 10 GeV the parameter space of standard ARS leptogenesis is reproduced when
vφ ě 106 GeV. From these considerations, we can conclude that in general the standard ARS scenario
can be reproduced when the spontaneous breaking of the Up1qB´L symmetry occurs at T ě 107 GeV,
and that this temperature bound can be lowered if the scalar mass is smaller, i.e. Mφp0q ď 10 GeV.

Our analysis can be improved in different ways. As already mentioned in Sec. 5.3.6, a possible
improvement could be to investigate how the parameter space of viable leptogenesis changes by varying
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the coupling λHφ and it could be also interesting to find a minimum scalar mass corresponding to each
sterile neutrino mass for which leptogenesis is successful.

Another possible development is to include in the quantum kinetic equations the contribution in-
volving the Majoron. The decay of this particle is forbidden since it is a massless particle, but the 2 Ñ 2
process could be present and contribute to bring the RHNs in thermal equilibrium, resulting in a further
erasement of the BAU. In particular, we expect that the introduction of the θθ Ø NN process in the
collisional term of the Quantum Kinetic Equations could bring the RHNs in thermal equilibrium at
higher temperatures, since, in this process the interaction rate will depend only on the Yukawa coupling
yN and the scalar vev vφ. Indeed, we need to consider only the u and t-channels, as shown in Fig. 5.5,
and the rate of this process will not depend on the scalar mass MφpT q, but only on the coupling yN and
the mass of the RHNs.

Finally, it could be also interesting to investigate the scenario with a gauge Up1qB´L symmetry.
This results in the introduction of a massive gauge boson which can interact with the RHNs. Also in
this case one could verify whether the interaction with the gauge boson can bring the RHNs in thermal
equilibrium before tosc and how this additional particle modifies the leptogenesis picture. We leave these
further developments for future works.

In summary, we found that including a physical explanation of the RHNs masses by the spontaneous
breaking of a Up1qB´L global symmetry can significantly affect leptogenesis. Only for very large values
of the scalar vev, so that the Yukawa couplings are sufficiently small, the RHNs do not enter in thermal
equilibrium and leptogenesis can proceed as in the standard ARS case. Our results may be useful once
sterile neutrinos and scalar particles are discovered in the laboratory, with their masses and Yukawa
couplings determined. In that case, one could assess whether the ARS mechanism can account for the
baryon asymmetry of the Universe, or whether an alternative explanation must be considered.
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Appendix A

Charge conjugation

In this appendix we will give a brief review of charge conjugation in the SM. Following Ref. [44], we
define the charge conjugate of a fermion field as

pψqcpxq ” ξcCψ̄
T pxq, (A.1)

where ξc is the charge parity of the field. C is the charge conjugation matrix which satisfies the following
properties

CγTµC
´1 “ ´γµ, (A.2)

C: “ C´1, (A.3)
CT “ ´C. (A.4)

In the Dirac representation of the γµ matrices, one has C “ iγ2γ0. Since two charge conjugation
transformations must bring back the field to its initial value

ψ
c

ÝÑ ξcCψ̄
T c

ÝÑ |ξc|
2ψ, (A.5)

we find |ξc|
2 “ 1. The parameter ξc is a phase which represents the intrinsic charge parity of the

field. From here onward we take ξc “ 1 for left-handed neutrinos, since weak interactions violate the
charge conjugation symmetry, the charge parity of neutrinos is arbitrary. Under a charge conjugation
transformation, we have UcψpxqU:

c “ ψcpxq. We must notice an important property, that is, the charge
conjugate of a left-handed field is right-handed and viceversa. In fact, using the left-handed projector
PL, one can show

PLCψ̄L
T

“ Cpψ̄LPLqT “ C

ˆ

pPRψLq:γ0
˙T

“ 0. (A.6)

Under a charge conjugation transformation, we find that UcψLU:
c “ pψRpxqqc. Therefore, a Lagrangian

which contains only left-handed fields, such as the charge and neutral current terms in the Standard
Model one, cannot preserve charge conjugation as a symmetry.

A.1 Majorana fields
A Majorana field is defined as

ψ “ ψc. (A.7)
This condition means that particle and antiparticle are indistinguishable and therefore can only apply
to neutral fields. Majorana fields have several specific properties:
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• Majorana fields satisfy the Dirac equation for particles and antiparticles

piγµBµ ´mqψ “ 0. (A.8)

• In terms of its chiral components the Majorana condition implies that the field can be written as

ψ “ ψL ` ψcL, (A.9)

where we have used the fact that pψLqc “ pψcqR.

• Majorana fields have only 2 degrees of freedom, differently from Dirac ones which have 4

• Majorana fields are quantized in terms of only one type of creation operator.

• Their electromagnetic current jµ “ qψ̄γµψ vanishes exactly.

In the SM only neutrinos are neutral fermions and can be Majorana particles. As they cannot carry
any charge, since the associated current vanishes, this implies that lepton number is not a conserved
symmetry if neutrinos are Majorana type. This is evident form the fact that the Majorana condition is
not invariant under a Up1qL transformation.



Appendix B

Derivation of Boltzmann equations

In this appendix we review the derivation of the Boltzmann Equations for thermal leptogenesis that we
have used in Chapt. 4.
We work in the one flavour regime and consider only the decays of the right handed neutrino N1. In
particular we consider the initial temperature Ti larger than M1, the mass of N1. We will also neglect
decays of the two heavier neutrinos N2 and N3, assuming that a generation of B ´ L asymmetry from
their decays either does not occur at all or that it does not influence the final value of B ´ L, namely
this B ´L asymmetry will be efficiently washed out by the N1 interactions. Therefore we will drop the
subscript "1", and refer to the lightest right-handed neutrino simply as N in the following. Further, we
assume that the lightest heavy neutrino N1 is the only relevant degree of freedom beyond the standard
model particle species. The Boltzmann equation for a right-handed neutrino in a FLRW framework can
be written as [96]

BfN
Bt

´ |pN |H
BfN

B|pN |
“ CDrfN s ` CSrfN s, (B.1)

where fN is the phase space distribution of the RHN, pN the RHN momentum. On the right-hand
side, the collision integral CDrfN s and CSrfN s encode, respectively, the interactions of the RHN due to
decays into lepton and Higgs (D) and scattering processes via Yukawa interactions with the top quark
(S). Similarly, the Boltzmann equation for leptons and anti-leptons is

Bfl´l̄
Bt

´ |pl|H
Bfl´l̄
B|pl|

“ CDrfl´l̄s ` CSrfl´l̄s, (B.2)

where we have defined
fl´l̄ ” fl ´ fl̄. (B.3)

Integrating fl´l̄ over the lepton phase space

nl´l̄ ”
gl

p2πq3

ż

d3plfl´l̄, (B.4)

with gl “ 2, we obtain the lepton asymmetry per co-moving photon,

Nl´l̄ ”
nl´l̄
neqγ

, (B.5)

where neqγ “ pζp3q{π2qgγT
3 with gγ “ 2 is the equilibrium photon density. The two Boltzmann equations

can be simplified by transforming to dimensionless coordinates z “ M{T and yi “ |Pi|{T where M is the
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mass of the sterile neutrino. Using the relation dT {dt “ ´HT , the differential operator Bt ´ |pi|HB|pi|

becomes zHBz, and consequently BE becomes:

BfN pz, yq

Bz
“

z

HpMq
pCDrfN pz, yqs ` CSrfN pz, yqsq, (B.6)

and
Bfl´l̄pz, yq

Bz
“

z

HpMq
pCDrfl´l̄pz, yqs ` CSrfl´l̄pz, yqsq, (B.7)

where HpMq “ HpT qz2. The Boltzmann Equations B.7-B.6 encode how a lepton asymmetry is gener-
ated and washed out in an expanding universe given some specific particle interaction.

B.1 Decay and inverse decay
First we consider a simplified picture in which decays and inverse decays of N1 are the only process, i.e.
we impose CSrfN s in Eqs. B.7 and B.6. The collision integral for the RHN has the following form:

CDrfN s “
1

2EN

ż

d3pl
2Elp2πq3

d3pΦ
2EΦp2πq3

p2πq4δ4ppN ´ pl ´ pΦq

ˆ rfΦflp1 ´ fN qp|MΦlÑN |2 ` |MΦl̄ÑN |2q´

fN p1 ´ flqp1 ` fΦqp|MNÑΦl|
2 ` |MNÑΦl̄|

2qs.

(B.8)

where Ei and pi are, respectively, the energy and 4-momenta of the particle species i and MA denotes
the matrix element for the process A. At tree level, the squared matrix element is the one we have
derived in Eq. 4.9, which we rewrite as [96]

|MNÑΦl|
2 “

pm`
DmDq11

v2
plpN , (B.9)

where we have inserted the expression of the Dirac masses mD “ yv{
?
2 and v “ 174GeV is the VEV

of the Higgs particle. The integral in Eq. B.8 can be reduced to a one dimensional form

CDrfN s “
M Γ̃

ENpN

ż pEN`pN q{2

pEN´pN q{2

dpΦrfΦflp1 ´ fN q ´ fN p1 ´ flqp1 ` fΦqs. (B.10)

For leptons participating in the same decay and inverse decay processes the collisional term is given by

CDrfls “
1

2El

ż

d3pN
2Elp2πq3

d3pΦ
2EΦp2πq3

p2πq4δ4ppN ´ pl ´ pΦq

ˆ rfN p1 ´ flqp1 ` fΦqp|MNÑΦl|
2 ´ fΦflp1 ´ fN qp|MΦlÑN |2s.

(B.11)

From CPT invariance the decay neutrino amplitude can be written as

|MNÑΦl|
2 “ |MΦl̄|

2 “ |M0|2p1 ` εq,

|MNÑΦl̄|
2 “ |MΦlÑN |2 “ |M0|2p1 ´ εq,

(B.12)

where |M0|2 is the tree level amplitude given in Eq. B.9.
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Integrated Boltzmann equations

To integrate the Boltzmann equations we make some assumptions. First, we neglect quantum effects
such as the Pauli exclusion principle and we assume 1 ˘ fi „ 1. Secondly, all standard model particles
are taken to be in thermal equilibrium due to their gauge interactions and their distribution functions
approximated by a Maxwell-Boltzmann distribution feqi “ e´Ei{T . With these assumptions and using
energy conservation we find

fΦfl “ e´pEΦ`Elq{T “ e´EN {T “ feqN , (B.13)
so the collision integral in Eq. B.8 becomes

CDrfN s “
MΓ

ENpN

ż pEN`pN q{2

pEN´pN q{2

dpΦrfeqN ´ fN s (B.14)

Integrating over pΦ and inserting into Eq. B.6 the Boltzmann Equation becomes

BfN
Bz

“
zΓM

HpMqEN
pfeqN ´ fN q. (B.15)

Assuming kinetic equilibrium for right-handed neutrinos we have fN{feqN „ nN{neqN , where nN is the
number density. By integrating we find

BnN
Bz

“ zK

B

M

EN

F

pneqN ´ nN q. (B.16)

where K ” Γ̃{HpMq. Dividing by the equilibrium photon density nγ we obtain the Boltzmann Equa-
tion 4.36.

For what concerns the evolution of lepton asymmetry (∆L “ L ´ L̄), besides the RHN decays and
inverse decays we have to consider also the ∆L “ 2 scattering terms, in order to obtain the out-of
equilibrium condition, i.e. that no lepton asymmetry is generated in thermal equilibrium [97]. With-
out the subtraction of the scattering term, decays and inverse decays lead to the generation of a lepton
asymmetry in thermal equilibrium, in contradiction with general theorems [18]. It is important to notice
that in the 2 Ñ 2 scattering, the contribution from on-shell s-channel N1-exchange is already accounted
for by the decays and inverse decays. Indeed, the amplitude for 2 Ñ 2 due to s-channel exchange of
a single X contains two terms: a part corresponding to the propagation of an on-shell intermediate X
and a part accounting for off-shell X exchange [68]. The physical intermediate states, which are called
Real Intermediate States (RIS) are already included in the Boltzmann equation as successive lower order
(2 Ñ 1 and 1 Ñ 2 processes), so it is necessary to remove this contribution to avoid double counting
and we do that by considering a subtracted amplitude. Instead, for what concerns the t- and u-channel
N1 exchange no RIS can appear, hence there are no on-shell contributions to be subtracted. To derive
the Boltzmann equation for the density of lepton doublets we follow Ref. [18]. Asssuming kinetic equi-
librium and rewriting the Liouville operator in terms of number densities the Boltzmann equation for
the density of lepton doublets becomes

nl
dt

` 3Hnl “
nN1

neqN1

γeqpN1 Ñ lHq ´
nl
neql

γeqplH Ñ N1q

`
nl̄
neql

γeqsubpl̄H̄ Ñ lHq ´
nl
neql

γeqsubplH Ñ l̄H̄q

` γeqpH̄H̄ Ñ llq´

ˆ

nl
neql

˙2

γeqpll̄ Ñ H̄H̄q.

(B.17)
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where γeq are the reaction densities in thermal equilibrium

γpi Ñ fq ”

ż

d3pi
p2πq32Ei

d3pf
p2πq32Ef

p2πq4δ4ppi ´ pf q|Mpi Ñ fq|2e´Ei{T , (B.18)

and we assumed the Higgs doublets H are in thermal equilibrium. The CP asymmetry is defined in
such a way that

γeqpN1 Ñ lHq “ γeqpl̄H̄ Ñ N1q “
1 ` ε1

2
γN1

, (B.19)

γeqpN1 Ñ l̄H̄q “ γeqplH Ñ N1q “
1 ´ ε1

2
γN1

. (B.20)

Where ε1 is the CP violation parameter defined in Eq. 4.54 and γN1
“ γeqpN1 Ñ H ` lq ` γeqpN1 Ñ

H ` l̄q “ Γ̃Dn
eq
N1

K1

K2
. For the 2 Ñ 2 processes we have

γeqsubpl̄φ̄ Ñ lφq “ γeqp∆L “ 2,`q ´
1

2
ε1γN1

, (B.21)

γeqsubplφ Ñ l̄φ̄q “ γeqp∆L “ 2,`q `
1

2
ε1γN1

, (B.22)

γeqpφ̄φ̄ Ñ llq “ γeqpl̄l̄ Ñ φφq “ γeq∆L“2,t. (B.23)

Where γeq∆L“2,` is the unsubtracted reaction density. Introducing a lepton, or B ´ L asymmetry,

nl “ neql ´
1

2
nB´L, nl̄ “ neql `

1

2
nB´L, (B.24)

assuming nB´L “ nl̄ ´ nl “ Opε1q and keeping only terms Opε1q the kinetic equation for the B ´ L
asymmetry reads

dnB´L

dt
` 3HnB´L “ ´ε1

ˆ

nN1

neqN1

´ 1

˙

γN1 ´
nB´L

neql

ˆ

1

2
γN1 ` γ∆L“2

˙

, (B.25)

where
γ∆L“2 “ 2γeq∆“2,` ` 2γ∆L“2. (B.26)

The CP violating part of γeqsub yields the term `ε1γN1 which guarantees that for nN1 “ neqN1
no asymmetry

is generated. Neglecting the off-shell contribution γ∆L“2, using the relation

γN1 “ neqN1
zHD “ 2neql zHWID, (B.27)

and changing variables from t to z “ M1{T and from number densities to particle numbers in a comoving
volume pnj “ Nj{apt˚q3q we find that the right-hand side of Eq. B.25 becomes

zH

apt˚q3
p´ε1pNN1

´Neq
N1

qD ´NB´LWIDq, (B.28)

while for the left-hand side we can use the fact that T9aptq´1 and notice that

1

apt˚q3

dNB´L

dt
“
dnB´L

dt
` 3HnB´L, (B.29)

dNB´L

dt
“
dNB´L

dz

dz

dT

dT

dt
“ zH

dNB´L

dz
. (B.30)

Finally, by combining Eqs. B.30 and B.29 we obtain the Boltzmann Equation 4.17.



Appendix C

Analytical approximation for the
Solutions of BE

In this appendix we will give further details on the analytical approximations for the solutions of the
Boltzmann Equations that we have already seen in Chapt. 4.2.1. In order to do that we will mainly
follow Ref. [18]. First, we consider the quantities in Sec. 4.2, which are given in terms of the Bessel
functions K1 and K2, whose asymptotic limit at high temperature z ăă 1 is

K2pzq »
2

z
K1pzq »

2

z2
, (C.1)

whereas at low temperatures z ąą 1

K2pzq »
1

z

ˆ

15

8
` z

˙

K1pzq »
1

z2

ˆ

15

8
` z

˙
c

π

2
ze´z. (C.2)

Interpolating functions for K1pzq and K2pzq for all values of z are

K2pzq »
1

z

ˆ

15

8
` z

˙

K1pzq »
1

z2

ˆ

15

8
` z

˙
c

1 `
π

2
ze´z. (C.3)

In the approximation in Eq. C.3 we get
B

1

γ

F

pzq »
z

15
8 ` z

, (C.4)

Dpzq » K
z2

15
8 ` z

(C.5)

WIDpzq »
1

4
Kz2

c

1 `
π

2
ze´z. (C.6)

It is useful to define a value zd corresponding to a decay temperature Td below which decays are in
equilibrium

ΓDpzdq

Hpzdq
“ zdDpzdq “ 2. (C.7)
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The value of zd is determined by K and in the approximation in Eq. C.5 we obtain

z3d ´
2

K

ˆ

zd `
15

8

˙

» 0. (C.8)

For K ăă 1 this yields zd »
a

2{K, whereas zd » p15{4Kq1{3 for K ąą 1. Inverse decays are in
equilibrium if WIDpzq ě 1. From Eq. C.6 one can find that WID reaches its maximal value WIDpzmaxq »

0.3K at zmax » 2.4. Hence, for K ą 3 there exists an interval zin ď zmax ď zout, where inverse decays
are in equilibrium. For K ă 3 no such interval exists and inverse decays are always out of equilibrium.
Thanks to these analytical approximations we can see from Eq. 4.37 that the final amount of baryon
asymmetry depend by just two parameters: ε, indicating the amount of CP-violation, and K, the
washout parameter (which indicate the strength of decay compared to the mass of heavy neutrinos).

C.1 Out-of-equilibrium decays
In the regime far out of equilibrium K ! 1, decays occur at very small temperatures zd " 1. At these
temperatures the washout effects become less significant and we can ignore it (W “ 0). So the produced
B ´ L asymmetry is not reduced by washout effects. In this case the integral for the efficiency factor
becomes

kpzq » ´
4

3

ż z

zi

dz1 dNN1

dz1
»

4

3
pN i

N1
´NN1

pzqq, (C.9)

where we have neglected the washout factor WID. For z ă zd no asymmetry is generated because
the heavy neutrinos do not decay. They also cannot be produced since inverse decays are switched
off. Hence, in this regime the dynamics is completely frozen. For z ą zd the equilibrium abundance is
negligible, due to the exponential suppression in the approximation in Eq. C.3 for the Bessel function,
and from Eq. 4.36 we find

NN1
pzq » N i

N1
e

´
şz
zi
dz1Dpz1

q

» N i
N1
e´K

`

z2

2 ´ 15z
8 `

`

15
8

˘2
ln

`

1` 8
15 z

˘˘

.
(C.10)

The final value of the efficiency factor kf “ kp8q is proportional to the initial N i
1 abundance. In

particular, if the initial abundance is zero, then kf “ 0 as well. Therefore in this region one has to
invoke some external mechanism to produce the initial abundance of neutrinos. Thus in the regime
K ! 1 the results strongly depend on the initial conditions and the picture is not self-contained.

C.1.1 Dynamical initial abundance
In order to obtain the efficiency factor in the case of vanishing initial N1-abundance, NN1pziq ” N i

N1
» 0,

one has to calculate how heavy neutrinos are dynamically produced by inverse decays. This requires
solving Eq. 4.36 with the initial condition N i

N1
“ 0. First, we define a value zeq such that

NN1
pzeqq “ Neq

N1
pzeqq, (C.11)

so if z “ zeq we obtain, from Eq. 4.36, that the number density NN1 reaches its maximum, since
dNN1

{dz “ 0 and d2NN1
{dz2 “ DdNeq

N1
{dz ă 0. An approximate solution can be found by noting that

for z ă zeq inverse decays dominate and thus

dNN1

dz
» DNeq

N1
ą 0. (C.12)
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By inserting Eqs. 4.27, 4.24, 4.33 and integrating we find for z ă zeq

NN1
pzq »

3

8
K

ż z

zi

dz1z13K1pz1q

»
3

2

ż z

zi

dz1WIDpz1q.

(C.13)

In the case zi ! z ă 1 we can use approximation in Eq. C.1 and we find

NN1pzq »
K

8
z3. (C.14)

Now we can calculate the corresponding approximate solution for the efficiency factor kpzq. For z ă zeq
the efficiency factor k ” k´ is negative since NN1 ă Neq

N1
(since we are considering the inverse decays

when N1 is being populated). From Eqs. 4.38 and C.12 we get

k´pzq » ´
4

3

ż z

zi

dz1Dpz1qNeq
N1

pz1qe´
şz
z1 dz”WIDpz”q

“ ´ 2

ż z

zi

dz1WIDpz1qe´
şz
z1 dz”WIDpz”q

“ ´ 2p
`

1 ´ e
şz
zi
dz1WIDpz1

q˘

» ´ 2
`

1 ´ e´ 2
3NN1

˘

,

(C.15)

where we have used Eq. 4.34 and in the third passage we have used the fact that

d

dz1

ˆ

e´
şz
z1 dz”WIDpz”q

˙

“ WIDpz1qe´
şz
z1 dz”WIDpz”q. (C.16)

For NN1
! 1 the efficiency factor is proportional to NN1

, up to corrections which correspond to washout
effects. For z ą zeq k

´ is reduced by washout effects. For z ě zeq, there is an additional positive
contribution to the efficiency factor, corresponding to the period in which NN1

starts decaying.

k`pzq »
4

3

ż z

zeq

dz1Dpz1qpNN1pz1q ´Neq
N1

pz1qqe´
şz
z1 dz”WIDpz”q. (C.17)

Then, the total efficiency factor is the sum of both contributions,

kf pzq “ k`pzq ` k´pzq. (C.18)

For z & zeq we now have to distinguish two different situations, the weak and strong washout regimes.

C.1.2 Weak washout regime
In the case of weak washout1 K ! 1 we have zeq " 1 since

K “
m̃1

m˚
1

“
pY `Y q11v

2

M1

3
?
5MPl

16π5{2v2
?
g˚

! 1 (C.19)

1We are here focusing in the case of weak washout with vanishing initial abundance
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implies

M1 " pY `Y q11
3
?
5

16π5{2?
g˚

MPl, (C.20)

so N1 decays when they are not relativistic and at very small temperatures. For z ă zeq inverse decays
dominate and we can employ the following analytical approximation:

NN1pzeqq »
9π

16
K ” NpKq. (C.21)

For z ą zeq " 1 decays dominate over inverse decays such that

dNN1

dz
“ ´DNN1

ă 0. (C.22)

By integrating we obtain
NN1

pzq “ Neq
N1

pzeqqe
´

şz
zeq

dz1Dpz1
q
. (C.23)

For z ą zeq, WIDpzq is exponentially suppressed and washout effects can be neglected in first approxi-
mation. For the negative part of the efficiency factor k´pzq we obtain from Eq. C.15:

k´ “ ´2
`

1 ´ e´ 2
3NpKq

˘

. (C.24)

While, for the positive part, we obtain from Eq. (C.17)

k`pzq “
4

3
pNpKq ´NN1

pzqq. (C.25)

Then the efficiency factor kpzq is given by

kf pKq »
4

3
NpKq ´ 2

`

1 ´ e´ 2
3NpKq

˘

. (C.26)

To first order in NpKq9K the final efficiency factor vanishes. This corresponds to the approximation
where washout effects are completely neglected. To obtain a non-zero asymmetry the washout in the
period z ă zeq is crucial. It reduces the absolute value of the negative contribution k´pzq, yielding a
positive efficiency factor of order OpK2q

kf pKq »

„

2

3
NpKq

2

»
9π2

64
K2 (C.27)

This equation does not hold for K ą 1, since in this case zeq becomes small and washout effects for
z ě zeq are also important.

C.1.3 Strong washout regime
As we have already seen for K " 1 there exists an interval zin ď z ď zmax where inverse decays are
in equilibrium. Assuming that the wash-out are effective, any asymmetry generated before zin is fully
erased. Therefore, in this case there is no dependence on the initial conditions. As K increases, zeq
decreases and at K » 3 the maximal number density NpKq reaches the equilibrium density Neq at
zeq » 1. For K " 1, one obtains from Eq. C.14:

NN1pzeqq “»
K

8
z3eq ñ zeq »

ˆ

3

4

8

K

˙1{3

»

ˆ

6

K

˙1{3

» zd ! 1, (C.28)
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Figure C.1: Comparison analytical (dashed lines) and numerical results for heavy neutrino production and B-L
asymmetry in the case of zero initial abundance for weak washout with K “ 10´2 and |ε1| “ 10´6 (left) and
strong washout with K “ 100 and |ε| “ 10´6 (right).

where we have used NN1
pzeqq “ Neq

N1
pzeqq “ 3{4. Since zeq ! 1, we can use Neq

N1
» 3{4 in Eq. 4.36 and,

by integrating we find
NN1

pzq “
3

4

ˆ

1 ´ e´ 1
6Kz

3

˙

. (C.29)

In this case we can neglect the k´ contribution to the efficiency factor since assuming that the asym-
metry generated at high temperatures is efficiently washed out is equivalent to assume thermal initial
abundance. For K & 3, inverse decays are in equilibrium in the range zin ă z ă zout, with zin » 2{

?
K,

and any asymmetry generated before zin is efficiently washed-out. For z . zd » r15{p4Kqs1{3 decays
are not effective in tracking the equilibrium distribution, since in this case TD ă T (TD is the decay
temperature, below which decays are in equilibrium). The departure from equilibrium ∆, defined by
the difference

∆ “ NN1pzq ´Neq
N1

pzq, (C.30)
with NN1

p0q “ Neq
N1

p0q “ 3{4 ” Neq, drives the production of B ´L asymmetry. In the case z . zd one
has

∆pzq » N i
N1

´Neq
N1

pzq »
3

16
z2. (C.31)

The corresponding efficiency factor is given by (cfr. Eq. 4.38)

kpzq »
4

3

ż z

zi

dz1Dpz1q∆pz1q »
2K

75
z5. (C.32)

In the case z ą zd the neutrino abundance tracks closely the equilibrium behavior. Since D9K, we can
solve the Boltzmann equation in power of 1/K

∆pzq “ ´
1

D

dNeq
N1

dz
`Op

1

K2
q. (C.33)

substituting the expression in Eq. 4.33 and using the property of the Bessel functions:
d

dx
rxνKνpxqs “ ´xνKν´1pxq, (C.34)
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we find
dNeq

N1

dz
“ ´

3

8
z2K1pzq “ ´

3

2Kz
WIDpzq. (C.35)

Now we can compute the efficiency factor:

kpzq “ ´
4

3

ż z

zi

dz1 dNN1

dz1
e´

şz
z1 dz

2WIDpz2
q “ ´

4

3

ż z

zi

dz1

ˆ

´
3

2Kz
WIDpzq

˙

e´
şz
z1 dz

2WIDpz2
q

“
2

K

ż z

zi

dz1WIDpz1q

z1
e´

şz
z1 dz

2WIDpz2
q ”

ż z

zi

dz1e´ψpz1,zq.

(C.36)

This integral is dominated by the contribution from a region around the value z̄ where ψpz1, zq has a
minimum. The integral can be solved by replacing in the exponent of the integrand WIDpzq by

W̄IDpzq “
z̄

z
WIDpzq “ ´

Kz̄

4

d

dz
pz2K2pzqq. (C.37)

Then the efficiency factor becomes

2

Kz̄

ż z

zi

dz1W̄IDpz1qe´
şz
z1 dz

2W̄IDpz2
q “

2

Kz̄
p1 ´ e

´
şz
zi
dz1W̄IDpz1

q
q. (C.38)

So for zd . z ă zB , k91{z, while for z ě zB the efficiency factor gets frozen at a final value kf »

2{pKzBq. Finally, we can find global solutions for all values of z by interpolating the asymptotic
solution for z ă zd and z ą zd respectively. From Eqs. C.33 and C.31 one obtains

∆pzq »

ˆ

1 `
Kz3

15
4 ` 2z

˙´1
3

16
z3K1pzq. (C.39)

Similarly we can interpolate the results for the efficiency factor and we obtain

kpzq »

ˆ

1 `
K2z̄z5

75

˙´1
2K

75
z5. (C.40)



Appendix D

CP asymmetry computation

D.1 Wave diagrams contribution
First we consider the following wave diagram:

Ni

H

Lα

L̄β

H`

Nj

In this diagram (and also in the following ones) we have a line direction which is the "left-handedness"
and the X represents a Majorana mass insertion. We start by considering the amplitude

xi|T |fy “ xNi|T p´i

ż

d4xYαiN̄jPLH
`Lq|LαHy “ ´iYαiūiPLuα, (D.1)

where T is the time ordering operator. This amplitude corresponds to the following diagram

Ni

Lα

H

pi

pα

pH

We can study the kinematics of this diagram in the center of mass frame. In this case Ni is at rest so
the four-momentum is

pi “

„

Mi

~0



, (D.2)
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from momentum conservation we have ~pi “ ~pα ` ~pH , so ~pα “ ´~pH . Now we can compute

pi ¨ pα “

ˆ

Mi

~0

˙

¨

ˆ

Eα
~pα

˙

“ Mi ¨ Eα. (D.3)

From this we find
Eα “

pi ¨ pα
Mi

“
ppα ` pHq ¨ pα

Mi
“
Mi

2
, (D.4)

where, in the last passage we have used the fact that pi “ pα ` pH , so p2i “ p2α ` p2H ` 2pα ¨ pH and we
have assumed p2α “ m2

α “ 0, p2H “ m2
H “ 0, since the scale of the heavy neutrinos is so much larger than

the electroweak scale, it is reasonable to work directly in the symmetric phase where all particles except
the heavy Majorana neutrinos are massless, and all components of the neutral and charged complex
Higgs fields are physical [19]. Thus we can conclude that

pα “

ˆ

Mi

2
~pα

˙

, pH “

ˆ

Mi

2
´~pα

˙

. (D.5)

Secondly we consider the amplitude

xk|T |iy “ xL̄βH|T
`

´i

ż

d4xYβiN̄iPLH
`Lβ

˘

|Niy “

“ ´iYβixL̄β |N̄iPLLβ |Niy “

“ iYβixL̄β |L`
β P

T
L C

´1Ni|Niy “

“ iYβipv
T
β P

T
L C

´1uiq “

“ iYβipūβC
TPTL C

´1uiq “

“ ´iYβipūβPLuiq.

(D.6)

where, in the second line we have neglected the contraction of the scalar since it gives just a phase and
in the third line, we have used the fact that N̄iPLLβ “ pN̄iPLLβqT since it is a fermionic bilinear. In
fact, recalling that for Grassman variables pABqT “ ´BTAT we get

pN̄iPLLβqT “ ´LTβP
T
L N̄

T
i , (D.7)

and

N̄iPLLβ “ N̄ipPLqiβLβ “ N̄iLβpPLqiβ “ ´LβN̄ipPLqiβ “

“ ´LiN̄βpPLqβi “ ´LipPLqTiβN̄β “ ´LTi pPLqTiβN̄
T
β “ ´LTβP

T
L N̄

T
i .

(D.8)

We have also used the fact that for Majorana neutrinos N̄T
j “ C´1Nj and in the last line we have used

the identities: u “ Cv̄T and v “ CūT . This amplitude corresponds to the following diagram:

Ni

L̄β

H

pi

pβ

pH
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For this diagram the kinematics is analogous to the previous one so we can immediately conclude that

pβ “

ˆ

Mi

2
~pβ

˙

, pH “

ˆ

Mi

2
´~pβ

˙

. (D.9)

Finally we need to compute
xk|T |fy˚ “ xL̄βH|T |LαHy˚, (D.10)

this expression comes from xΩ|THL̄βLαH|Ωy “
x0|THL̄βLαH exp pi

ş

d4xLintq|0y

x0| exp pi
ş

d4xLintq|0y
. Taylor expanding the

numerator we get that the leading contribution comes from the second order term, since the first order
contains an odd number of fields and vanishes because of Wick’s theorem. So we consider

xL̄βH|T
`

´i

ż

d4xYαiN̄jPLH
`Lα

˘`

´i

ż

d4yYβiN̄jPLH
`Lβ

˘

|LαHy˚, (D.11)

now we take the transpose of the term p...qx in order to have the contraction NiN̄i which gives the
fermion propagator xΩ|Tψpxqψ̄pyq|Ωy “ i �p`m

p2´m2`iε [37]. So we find1

xL̄β |T
`

´i

ż

d4xYαipN̄jPLLα
˘T

q
`

´i

ż

d4yYβiN̄jPLLβ
˘

|Lαy˚

“ ´Y ˚
αjY

˚
βjp´vTβ P

T
L C

´1

ˆ

ip�pj `Mjq

p2 ´M2
j

˙

PLuαq˚

“
´iY ˚

αjY
˚
βj

p2 ´M2
pvTβ P

T
L C

´1p�pj `MjqPLuαq˚

“
´iY ˚

αjY
˚
βj

p2 ´M2
pūβC

TPTL C
´1p�pj `MjqPLuαq˚

“
iY ˚
αjY

˚
βj

p2 ´M2
pūβPLp�pj `MjqPLuαq˚

“
iY ˚
αjY

˚
βj

p2 ´M2
pūβPLMjuαq`

“
iY ˚
αjY

˚
βj

p2 ´M2
ūαMjPRuβ .

(D.12)

where we have used the properties of the charge conjugation matrix: CT “ C´1 “ ´C and Cγ5C´1 “

pγ5qT , and of the projectors: P 2
L “ PL and PLPR “ 0. This amplitude corresponds to the diagram:

Lα

H H

L̄β

pα

pH
pj

Nj

pβ

p1
H

1As in the previous case we neglect the contribution of the Higgs since its contractions gives just a 1 factor
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This is an s-channel and in the center of mass frame we have ECM “
?
s “ pα ` pH “ pβ ` pH1 and

pj “

ˆ

ECM
~0

˙

“

ˆ

Mi

~0

˙

. (D.13)

Now we sum the three contribution over polarizations:

Munpol “
1

2

ÿ

pol

p´iYαiūiPLuαq

ˆ

iY ˚
αjY

˚
βj

p2j ´M2
ūαMjPRuβ

˙

p´iYβiūβPLuiq

“
1

2

ÿ

pol

p´iq
YαiY

˚
αjY

˚
βjYβi

p2j ´M2
MjpūiPLuαūαPRuβ ūβPLuiq

“
1

2
p´iq

YαiY
˚
αjY

˚
βjYβi

p2j ´M2
MjtrpūiPL�pαPR�pβPLuiq

“
1

2
p´iq

YαiY
˚
αjY

˚
βjYβi

p2j ´M2
MjtrpūiPL�pα�pβuiq

“
1

2
p´iq

YαiY
˚
αjY

˚
βjYβi

p2j ´M2
Mj

1

2
trrp1 ´ γ5q�pα�pβp�pi `Miqs

“
´i

4

YαiY
˚
αjY

˚
βjYβi

p2j ´M2
Mjtrp�pα�pβMiq

“ p´iq
YαiY

˚
αjY

˚
βjYβi

p2j ´M2
MjMipαp

α.

(D.14)

Where we have used:
ř

s usppqαūsppqβ “ p�p ` mqαβ and the properties of gamma matrices trace
trpγµ1 ...γµN q “ 0, trpγ5γµ1 ...γµN q “ 0 if N “odd, trpγ5γµγνq “ 0 and trpγαγβq “ 4ηαβ . Now we
can use Eq. D.13 in the denominator and Eq. D.21 to compute the product pαpα2 and Eq.(D.14)
becomes

“
´iYαiY

˚
αjY

˚
βjYβi

M2
i ´M2

j

MjMi

ˆ

M2
i

4
´
M2
i

4
cos θαβ

˙

“
´iYαiY

˚
αjY

˚
βjYβi

M2
i ´M2

j

MjM
3
i

4

ˆ

1 ´ cos θαβ

˙

.

(D.15)

2we are using the Minkowski metric ηαβ “ diagp`,´,´,´q
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Since we are using the optical theorem we need to integrate over the on-shell cut momenta and we
obtain:

ż

dΠLβ
dΠH1 p2πq4δp4qppN ´ pLβ

´ pH1 qp´iq
YαiY

˚
αjY

˚
βjYβi

M2
i ´M2

j

MjM
3
i

4
p1 ´ cos θαβq

“
´iYαiY

˚
αjY

˚
βjYβi

M2
i ´M2

j

MjM
3
i

4

ż

d3pβ
p2πq32Eβ

d3pH1

p2πq32EH1

p2πq4δpEN ´ Eβ ´ EH1 qˆ

δp3qp ~pN ´ ~pLβ
´ ~pH1 qp1 ´ cos θαβq

“
´iYαiY

˚
αjY

˚
βjYβi

M2
i ´M2

j

MjM
3
i

4

ż

d3pβ
p2πq22Eβ2EH1

δpEN ´ Eβ ´ EH1 qp1 ´ cos θαβq
ˇ

ˇ

~pβ“´~pH1

“
´iYαiY

˚
αjY

˚
βjYβi

M2
i ´M2

j

MjM
3
i

4

ż

d3pβ
p2πq24E2

β

δpEN ´ 2Eβqp1 ´ cos θβq

“
´iYαiY

˚
αjY

˚
βjYβi

M2
i ´M2

j

MjM
3
i

4p2πq

ż

p2βdpβd cos θβ

4E2
β

δpEN ´ 2Eβqp1 ´ cos θβq

“
´iYαiY

˚
αjY

˚
βjYβi

M2
i ´M2

j

M3
iMj

32π
.

(D.16)

Where in the third line we have integrated over the three dimensional delta. We have also used mass-
shell relation Ej “

b

|~pj |2 `m2
j , for j “ α, β,H,H 1, where m2

j “ 0 and in the fifth line we passed
to spherical coordinates. Also, in order to have an integral containing variables related to Lβ only,
we changed cos θαβ to cos θβ since we can perform a rotation to have one of the reference frames axis
aligned with the emission direction of Lα. Finally, we use this result in Eq. 4.75. First, we consider the
numerator and we integrate over the phase space

ż

dΠldΠHp2πq4δp4qppN ´ pH ´ pLα
qp´2ImrpTT :qifTfisq

“
ImpYαiY

˚
αjY

˚
βjYβiq

M2
i ´M2

j

M3
iMj

16π

ż

d3pα
p2πq32Eα

d3pH
p2πq32EH

p2πq4δpEN ´ Eα ´ EH1 q

ˆ δp3qp ~pN ´ ~pLα ´ ~pHq

“
1

8π

ImpYαiY
˚
αjY

˚
βjYβiq

M2
i ´M2

j

M3
iMj

16π
.

(D.17)

Now we divide this result by the denominator previously obtained (cf. Eq. 4.76) and we obtain

1

16π

ImpYαiY
˚
αjY

˚
βjYβiq

ř

α |Yαi|2
MiMj

M2
i ´M2

j

, (D.18)

by introducing x “ M2
j {M2

i we can rewrite this result in the following form

1

16π

ImpYαiY
˚
αjY

˚
βjYβiq

ř

α |Yαi|2

?
x

1 ´ x
. (D.19)

The second wave diagram contribution is given by the following diagram:
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Ni

H

Lα

Lβ

H

Nj

The amplitude xi|T |fy has already been computed in the previous diagram, see Eq. D.1. Therefore, we
proceed by computing the next amplitude:

xk|T |iy “ xLβH|T

ˆ

i

ż

d4xp´Y ˚
βiL̄βH̃PRNiq

˙

|Niy “ ´iY ˚
βiūβPRui, (D.20)

which corresponds to the following diagram

Ni

Lβ

H

pi

pβ

pH

As in previous case we study the kinematics of this diagram in the center of mass frame and we obtain:

pβ “

ˆ

Mi

2
~pβ

˙

, pH “

ˆ

Mi

2
´~pβ

˙

, (D.21)

where we have used the fact that Ni is at rest in the CM frame, namely Pi “ pMi,~0q, and from
momentum conservation we have ~pβ “ ´~pH . The last amplitude we need to compute is

xk|T |fy˚ “xLβH|T

ˆ

i

ż

d4xp´Y ˚
βjL̄βH̃PRNjq

˙ˆ

´i

ż

d4ypYαjN̄jPLH
:Lαq

˙

|LαHy˚

“ ´ YβjY
˚
αipūβPRi

ˆ

��pj `Mj

p2j ´M2
j

˙

PLuαq˚

“
iYβjY

˚
αj

p2j ´M2
j

pūβPR�pjuαq˚

“
iYβjY

˚
αj

p2j ´M2
j

pūβPR�pjuαq:

“
iYβjY

˚
αj

p2j ´M2
j

ūα�pjPLuβ

(D.22)

This amplitude corresponds to the diagram:
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Lα

H H

Lβ

pα

pH
pj

Nj

pβ

p1
H

This is an s-channel and in the center of mass frame we have ECM “
?
s “ Pα ` PH “ Pβ ` PH1 and

Pj “ pECM ,~0q “ pMi,~0q. Now we can proceed to sum the three contributions over polarizations:

Munpol “
1

2

ÿ

s

p´iYαiūiPLuαq

ˆ

iYβjY
˚
αj

p2j ´M2
j

ūα�pjPLuβ

˙

p´iY ˚
βiūβPRuiq

“
1

2

ÿ

s

ˆ

´iYαiYβjY
˚
αjY

˚
βi

P 2
j ´M2

j

˙

pūiPLuαūα�pjPLuβ ūβPRuiq

“
1

2

ˆ

´iYαiYβjY
˚
αjY

˚
βi

P 2
j ´M2

j

˙

TrrPL�pα�pjPL�pβPRp�pi `Miqs

“
1

4

ˆ

´iYαiYβjY
˚
αjY

˚
βi

P 2
j ´M2

j

˙

Trrp1 ´ γ5q�pα�pj�pβp�pi `Miqs

“
1

4

ˆ

´iYαiYβjY
˚
αjY

˚
βi

P 2
j ´M2

j

˙

r4ppαp
j
µpβp

i
νqpηαµηβν ´ ηαβηµν ` ηανηµβq ` 4ipαp

j
µpβp

i
νε
αµβνs

“
1

4

ˆ

´iYαiYβjY
˚
αjY

˚
βi

P 2
j ´M2

j

˙

ppα ¨ pjpβ ¨i ´pα ¨ pβpj ¨ pi ` pα ¨ pjpβ ¨ piq

(D.23)

where in the last step we have used the fact that εαµβν is antisymmetric while the product pαpjµpβpiν is
symmetric, so their contraction is equal to zero. Now we consider the kinematics of the process and we
have that the scalar product becomes

pα ¨ pjpβ ¨ pi “pα ¨ pjpβ ¨ pi “
M4
i

4

pα ¨ pβpj ¨ pi “

ˆ

M4
i

4
´ ~pα~pβ cos θαβ

˙

M2
i “

M4
i

4
p1 ´ cos θαβq.

(D.24)

Thus, the Eq. D.23 becomes

ˆ

´iYαiYβjY
˚
αjY

˚
βi

M2
j ´M2

j

˙„

M4
i

4
´
M4
i

4
p1 ´ cos θαβ `

M4
i

4



“
´i

4

ˆ

YαiYβjY
˚
αjY

˚
βi

M2
j ´M2

j

˙

M4
i p1 ` cos θαβq.

(D.25)
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Now we can integrate over phase space of on-shell cuts

ż

dΠLβ
dΠHp2πq4δp4qppN ´ pLβ

´ pHqp´iq
YαiYβjY

˚
αjY

˚
βi

M2
i ´M2

j

M4
i

4
p1 ` cos θαβq

“
´iYαiYβjY

˚
αjY

˚
βi

M2
i ´M2

j

M4
i

4

ż

d3pβ
p2πq32Eβ

d3pH
p2πq32EH

p2πq4δpEN ´ Eβ ´ EHqˆ

δp3qp ~pN ´ ~pLβ
´ ~pHqp1 ` cos θαβq

“
´iYαiYβjY

˚
αjY

˚
βi

M2
i ´M2

j

M4
i

4

ż

d3pβ
p2πq22Eβ2EH

δpEN ´ Eβ ´ EHqp1 ` cos θαβq
ˇ

ˇ

~pβ“´~pH

“
´iYαiYβjY

˚
αjY

˚
βi

M2
i ´M2

j

M4
i

4

ż

d3pβ
p2πq24E2

β

δpEN ´ 2Eβqp1 ` cos θβq

“
´i

4p2πq2

YαiYβjY
˚
αjY

˚
βi

M2
i ´M2

j

M4
i

4

ż

p2βdpβd cos θβ

4E2
β

δpEN ´ 2Eβqp1 ´ cos θβq

“
´i

32π

YαiYβjY
˚
αjY

˚
βi

M2
i ´M2

j

M4
i .

(D.26)

As in the previous case, in order to have an integral containing variables related to Lβ only, we changed
cosθαβ to cosθβ by performing a rotation to align the emission direction of Lβ with one of the reference
frame axes. In the end, we can use this result in Eq. 4.75. By considering the numerator we integrate
over the phase space

ż

dΠldΠHp2πq4δp4qppN ´ pH ´ pLα
qp´2ImrpTT :qifTfisq

“ ´ 2

ż

d3pα
p2πq32Eα

d3pH
p2πq32EH

p2πq4δp4qpPNi
´ Pα ´ PHq

„

´ImpYαiYβjY
˚
αjY

˚
βiq

32πpM2
i ´M2

j q
M4
i



“
1

16π

ImpYαiYβjY
˚
αjY

˚
βi

M2
i ´M2

j

M4
i

p2πq2

ż

d3pα
4E2

α

δpENi ´ 2Eαq
ˇ

ˇ

~pα“´~pH

“
1

8π

ImpYαiYβjY
˚
αjY

˚
βi

M2
i ´M2

j

M4
i

16π
.

(D.27)

Now we can divide by the denominator in Eq. (4.76) and we obtain:

1

16π

ImpYαiYβjY
˚
αjY

˚
βiq

ř

α |Yαi|2
M2
i

M2
i ´M2

j

“
1

16π

ImpYαiYβjY
˚
αjY

˚
βiq

ř

α |Yαi|2
1

1 ´ x
, (D.28)

where x “ M2
j {M2

i .

D.2 Vertex diagram contribution

The last diagram we need to compute is the following
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Ni

H

Lα

L̄β

H`

Nj

As in the previous case, the amplitude xi|T |fy has already been computed in Eq. D.1. To study the
kinematics of this process we can proceed in the same way as in Eq. D.1 and we obtain the same result
as in Eq. D.21. Now by assuming that the particle Lα is emitted in the xy plane, we can explicit the
angle dependence and we have

pβ “

¨

˚

˚

˝

Mi

2
|~pα| cos θα
|~pα| sin θα

0

˛

‹

‹

‚

, pH “

¨

˚

˚

˝

Mi

2
´|~pα| cos θα
´|~pα| cos θα

0

˛

‹

‹

‚

, (D.29)

where θα is the scattering angle.
The second diagram we need to consider is

xk|T |iy “xL̄βH
1|T

ˆ

´i

ż

d4xYβiN̄iPLH
:Lβ

˙

|Niy

“ ´ iYβipūβPLuiq,

(D.30)

where we have performed the same computations as for the first wave diagram, see Eq. D.6. This
amplitude corresponds to the diagram

Ni

L̄β

H

pi

pβ

pH

In the center of mass frame the kinematics is analogous as in the previous cases and we can conclude
that

pβ “

ˆ

Mi

2
~pβ

˙

, pH “

ˆ

Mi

2
´~pβ

˙

. (D.31)

Now by assuming that the particle L̄β is emitted in the xy plane, we can explicit the angle dependence
and we have

pβ “

¨

˚

˚

˝

Mi

2
|~pβ | cos θβ
|~pβ | sin θβ

0

˛

‹

‹

‚

, pH “

¨

˚

˚

˝

Mi

2
´|~pβ | cos θβ
´|~pβ | cos θβ

0

˛

‹

‹

‚

, (D.32)
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where θβ is the scattering angle. The last diagram we need to compute is

xL̄βH|T |LαHy˚ “xL̄βH|T
`

´i

ż

d4xYαiN̄jPLH
:Lα

˘`

´i

ż

d4yYβiN̄jPLH
:Lβ

˘

|LαHy˚

“
´iY ˚

αjY
˚
βj

p2 ´M2
pvTβ P

T
L C

´1p�pj `MjqPLuαq˚

“
´iY ˚

αjY
˚
βj

p2 ´M2
pūβC

TPTL C
´1p�pj `MjqPLuαq˚

“
iY ˚
αjY

˚
βj

p2 ´M2
pūβPLp�pj `MjqPLuαq˚

“
iY ˚
αjY

˚
βj

p2 ´M2
pūβPLMjuαq:

“
iY ˚
αjY

˚
βj

p2 ´M2
ūαMjPRuβ ,

(D.33)

where we have performed the same computation as in Eq. D.12. Now in this case this amplitude
corresponds to the diagram

L̄β
H

H Lα

pβ

pH

pj Nj

pβp1
H

This diagram corresponds to a t-channel and in the center of mass frame we have t “ ppβ ´ pHq2 “

ppα ´ pH1 q2. From momentum conservation we see that t2 “ p2j and we have massless Lα and H, since
we are working before EW symmetry breaking. Therefore

t “ p2α ` p2H1 ´ 2pα ¨ pH1 “ ´2

ˆ

M2
i

4
´
M2
i

4
p´ cos θβq

˙

“ ´
M2
i

2
p1 ` cos θβq. (D.34)

At this point we can sum the three amplitude contributions over polarizations

Munpol “p´iYαiūiPLuαq

ˆ

iY ˚
αjY

˚
βj

P 2
j ´M2

j

ūαMjPRuβ

˙

p´iYβiūβPLuiq

“
´iYαiY

˚
αjY

˚
βjYβi

P 2
j ´M2

j

MjMipα ¨ pβ

“ ´ iYαiY
˚
αjY

˚
βjYβiMjMi

M4
i

4 p1 ´ cos θβq

´
M2

i

2 p1 ` cos θβq ´M2
j

“
i

2
YαiY

˚
αjY

˚
βjYβiMjMi

1 ´ cosβ

1 ` cos θβ ` 2
M2

j

M2
i

.

(D.35)
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Now we integrate over the on-shell cuts
ż

dΠLβ
dΠH1 p2πq4δp4qppN ´ pLβ

´ pH1 qp´iq
i

2
YαiY

˚
αjY

˚
βjYβiMjMi

1 ´ cosβ

1 ` cos θβ ` 2
M2

j

M2
i

“
i

2
YαiY

˚
αjY

˚
βjYβiMjMi

ż

d3pβ
p2πq32Eβ

d3pH1

p2πq32EH1

p2πq4δpEN ´ Eβ ´ EH1 qˆ

δp3qp ~pN ´ ~pLβ
´ ~pH1 q

1 ´ cosβ

1 ` cos θβ ` 2
M2

j

M2
i

“
i

2
YαiY

˚
αjY

˚
βjYβiMjMi

ż

d3pβ
p2πq32Eβ2EH1

δpEN ´ Eβ ´ EH1 q
1 ´ cosβ

1 ` cos θβ ` 2
M2

j

M2
i

ˇ

ˇ

ˇ

ˇ

~pβ“´~pH1

“
i

2
YαiY

˚
αjY

˚
βjYβiMjMi

ż

d3pβ
p2πq34E2

β

δpEN ´ 2Eβq
1 ´ cosβ

1 ` cos θβ ` 2
M2

j

M2
i

ˇ

ˇ

ˇ

ˇ

~pβ“´~pH1

“
i

8π2
YαiY

˚
αjY

˚
βjYβiMjMip2πq

ż

p2βdpβ

4E2
β

δpEN ´ 2Eβq

ż `1

´1

d cos θβ
1 ´ cos θβ

1 ` cos θβ ` 2
M2

j

M2
i

“
´i

16π
YαiY

˚
αjY

˚
βjYβiMjMi

ˆ

1 ´ p1 ` xq log

ˆ

1 `
1

x

˙˙

,

(D.36)

where, ad before, we have defined x “ M2
j {M2

i . Finally, we use this result in Eq. 4.75. First, we consider
the numerator and we integrate:

ż

dΠldΠHp2πq4δp4qppN ´ pH ´ pLα
qp´2ImrpTT :qifTfisq

“
1

8π
ImpYαiY

˚
αjY

˚
βjYβiqMjMi

ˆ

1 ´ p1 ` xq log

ˆ

1 `
1

x

˙˙
ż

dΠldΠHp2πq4δp4qppN ´ pH ´ pLα
q

“
1

16π
ImpYαiY

˚
αjY

˚
βjYβiqMjMi

ˆ

1 ´ p1 ` xq log

ˆ

1 `
1

x

˙˙

,

(D.37)

Now, we divide by the denominator and we obtain

1

8π

ImpYαiY
˚
αjY

˚
βjYβiq

ř

α |Yαi|2
?
x

ˆ

1 ´ p1 ` xq log

ˆ

1 `
1

x

˙˙

. (D.38)

Now we can add all the three contributions and we get

εiα “
1

8π

ImpYαiY
˚
αjY

˚
βjYβiq

ř

α |Yαi|2
?
xg `

1

16π

ImpYαiYβjY
˚
αjY

˚
βiq

ř

α |Yαi|2
1

1 ´ x
`

1

16π

ImpYαiY
˚
αjY

˚
βjYβiq

ř

α |Yαi|2

?
x

1 ´ x
,

(D.39)

where g “ 1 ´ p1 ` xq log

ˆ

1 ` 1
x

˙

. Now we sum over the internal d.o.f, that is, over β and j and
multiply by 2 the contributions coming from the wave diagram, since in these diagrams both the neutral
and charged components of the lepton doublet run in the loop. Also, we do not include in the sum
over the flavour of the intermediate neutrinos in the case j “ i, since in general states degenerate with
the initial one do not contribute to the CP violating asymmetry and, in the vertex contribution, if we
consider the contribution from j “ i we will get a term proportional to ImpY :Y q2ii “ 0 [19]. Putting
all these results together we obtain the expression for the ε parameter given in Eq. 4.79.



Appendix E

The effective potential

In Sec. 1.2 we have seen that the classical potential of a quantum field theory plays a crucial role in
studying the question of symmetry breaking. However, sometimes radiative corrections in a quantum
theory may change the behaviour of the classical potential. The minimum of the classical potential
may be unstable under radiative corrections and a symmetry that is spontaneously broken at classical
level may be restored or an unbroken symmetry at classical level may be spontaneously broken because
of quantum effects. For this reason the important quantity to consider is the effective potential which
takes into account the quantum corrections in a theory. In our discussion we will restrict to the effective
potential taking into account only the one loop corrections, since we are interested in using it to find
the thermal masses of a scalar singlet.

E.1 The effective potential at zero temperature
First, we consider the case at zero temperature and we will follow the review [64].

Generating functionals

Let us consider a theory described by a scalar field φ with an action

Srφs “

ż

d4xLpφpxqq. (E.1)

The generating functional is given by the path integral representation

Zrjs “

ż

dφ exp

ˆ

iSrφs ` i

ż

d4xφpxqjpxq

˙

. (E.2)

From this definition we can obtain the connected generating functional W rjs

Zrjs ” exppiW rjsq, (E.3)

and the effective action Γrφ̄ as the Legendre transform of Eq. E.3

Γrφ̄s “ W rjs ´

ż

d4x
δW rjs

δjpxq
jpxq, (E.4)

112
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where
φ̄pxq “

δW rjs

δjpxq
. (E.5)

The field φ̄ is also called the mean field and it represents the connected 1-point function with the source
jpxq kept alive. From this definition we can see that if we set the source jpxq “ 0, we get

φ̄pxq|j“0 “ xφ̄yc ” φc, (E.6)

i.e. the mean field φ̄, which represents the vacuum expectation value of the field φ, would be a constant
independent of space-time when the source is turned off because of the Lorentz invariance of the vacuum.
From these definitions we can find the vacuum of the theory in absence of external sources as

δΓrφ̄s

Bφ̄

ˇ

ˇ

ˇ

ˇ

ˇ

j“0

“ 0. (E.7)

We can now expand the generating functional in a power series of j, to obtain its representation in terms
of Green functions Gpnq as

Zrjs “

8
ÿ

n“0

in

n!

ż

d4x1...d
4xnjpx1q...jpxnqGpnqpx1, ..., xnq, (E.8)

and
iW rjs “

8
ÿ

n“0

in

n!

ż

d4x1...d
4xnjpx1q...jpxnqGcpnqpx1, ..., xnq, (E.9)

where we have used

Gpnqpx1, ..., xnq “xφ1...φny “
1

in
δnZrjs

δj1...δjn

ˇ

ˇ

ˇ

ˇ

ˇ

j“0

,

Gcpnqpx1, ..., xnq “xφ1...φnyc “
1

in
δniW rjs

δj1...δjn

ˇ

ˇ

ˇ

ˇ

ˇ

j“0

.

(E.10)

Similarly, the effective action can be expanded in powers of φ̄ as

Γrφ̄s “

8
ÿ

n“0

1

n!

ż

d4x1...d
4xnφ̄px1q...φ̄pxnqΓpnqpx1, ..., xnq, (E.11)

where Γpnq are the 1PI Green functions:

xφ1, ..., φny1PI “ Γpnqpx1, ..., xnq “
δniΓrφ̄s

δφ̄1...δφ̄n

ˇ

ˇ

ˇ

ˇ

φ̄“0

. (E.12)

Now we can Fourier transform Γrφ̄s and φ̄ as

Γpnqpxq “

ż n
ź

i“1

«

d4pi
p2πq4

exp pipixiq

ff

p2πq4δp4qpp1 ` ...` pnqΓpnqppq (E.13)

φ̃ppq “

ż

d4xe´ipxφ̄pxq (E.14)
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and we obtain the effective action in Eq. E.4 as

Γrφ̄s “

8
ÿ

n“0

ż n
ź

i“1

«

d4pi
p2πq4

φ̃p´piq

ff

p2πq4δp4qpp1 ` ...` pnqΓpnqpp1, ..., pnq. (E.15)

Recaling Eq. E.6 and by removing an overall factor of space-time volume, we define the effective potential
Veff pφcq as

Γrφcs “ ´

ż

d4xVeff pφcq. (E.16)

Since Γ represents an effective action, it contains both the classical and quantum parts of the action.
Therefore, Veff contains quantum corrections of all orders to the original classical potential. However,
it does not have a closed form and for this reason its structure has to be studied order by order in
perturbation theory. A perturbative expansion is in terms of the number of loops of a Feynman diagram
which also coincides with an expansion in powers of ~. In particular, the zero-loop contribution is simply
the classical (tree-level) potential. The one-loop contribution can be written in closed form for any field
theory containing spinless particles, spin 1{2 fermions and gauge bosons, but we will focus on scalar
fields.

E.2 One-loop potential
The perturbative expansion of the potential at one-loop order can be written as

Veff “ V0 ` ~V1 `Op~2q. (E.17)

We will follow Ref. [98] and we will calculate the one loop corrections to the effective potential in a way
that generalizes to the case of finite temperature. We consider the simplest model of a real scalar field
φ and let us assume that φ0 represents a solution of the tree level Euler-Lagrange equation1

δSJpφq

δφpxq

ˇ

ˇ

ˇ

ˇ

φ“φ0

“ 0, (E.18)

which implies
δS

δφpxq
“ ´Jpxq. (E.19)

Therefore, we can expand the field variables around this classical solution as

φpxq “ φ0pxq `
?
~χpxq, (E.20)

correspondingly, the classical action would have the expansion around φ “ φ0

SJpφq “ SJpφ0 `
?
~χq “ SJpφ0q ´

~
2

ż

d4xd4yχpxqG´1px, yqχpyq ` ... (E.21)

where the linear term in χ vanishes since we have used Eq. E.18 and since the source terms in SJ are
linear in the field variables, they do not contribute to the second derivative terms and we have defined

G´1px, yq “ ´
δ2SJ

δφpxqδφpyq

ˇ

ˇ

ˇ

ˇ

φ0

“ ´
δ2S

δφpxqδφpyq

ˇ

ˇ

ˇ

ˇ

φ0

, (E.22)

1We call SJ “ Srφs `
ş

d4xφpxqjpxq
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which is the inverse of a propagator in the presence of a background field and would correspond to
a propagator with an effective mass. Substituting the expansion in the expression for the generating
functional and we integrate over the quantum part χ by keeping the background field φ0 fixed, we get

Zrjs “

ż

Dχei{~S
J

pφ0`
?
~χq

“e
i
~S

J
pφ0q

ż

Dχe´ i
2

ş

d4xd4yχpxqG´1
px,yqχpyq

“e
i
~S

J
pφ0qrdetpG´1qs´1{2

(E.23)

Therefore we also have

W rjs “ SJpφ0q `
~
i
ln rdetG´1s´1{2 “ SJpφ0q `

i~
2
Tr lnG´1 (E.24)

Considering now the effective action, we note that the mean field φc can also be expanded in powers of
~. But, since it satisfies the classical equation in the limit ~ Ñ 02, we can write its expansion as

φcpxq “ φ0pxq ` φ1pxq ` ... (E.25)

With this we note that

Spφcq „ Spφ0 ` φ1q

“ Spφ0q `

ż

d4xφ1
δS

δφpxq

ˇ

ˇ

ˇ

ˇ

φ0

`Op~2q

“ Spφ0q ´

ż

d4xJpxqφ1pxq

(E.26)

where we have used Eq. E.19 and have neglected higher order terms. It follows that the effective action
at one-loop order has the form

Γrφcs “ W rjs ´

ż

d4xφcpxqjpxq

“ SJpφ0q `
i~
2
Tr lnG´1 ´

ż

d4xpφ0 ` φ1qj

“ Spφ0q `

ż

d4xφoj `
i~
2
Tr lnG´1 ´

ż

d4xpφo ` φ1qj

“ Spφcq `
i~
2
Tr lnG´1.

(E.27)

For constant field configurations from Eq. E.16 we write the effective action as

Γpφcq “ ´ΩV pφcq “ ´ΩV 0pφcq `
i~
2
Tr lnG´1, (E.28)

where we have called Ω “
ş

d4x, and we obtain

V pφcq “ V 0pφcq ´
i~
2
Ω´1Tr lnG´1 (E.29)

2Since all connected diagrams can either be computed with W rjs using Srφs to all orders in ~, or they can be computed
with the equivalent of W rjs constructed using Γrφs instead of Srφs in the ~ Ñ 0 limit [37]
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Therefore the one loop contribution to the effective potential is given by

V 1pφcq “ ´
i~
2
Ω´1Tr lnG´1. (E.30)

Now, as we have seen in Eq. E.22 G behaves as a propagator with an effective mass. In fact, if we consider
as an example an action given by S “

ş

d4xp1{2BµφBµφ´m2φ2{2´λφ4{4!q and we compute the inverse
propagator by taking the second derivative of the action we find G´1px, yq “ p�`m2 `λ{2φ2cqδ4px´yq

and we can define the effective mass m2
eff “ m2 ` λ{2φ2c . Therefore, in general we obtain

G´1px, yq “ p� `m2
eff qδ4px´ yq. (E.31)

Going in momentum space we find

G´1pk, k1q “ p´k2 `m2
eff qδ4pk ´ k1q. (E.32)

We can now obtain

Tr lnG´1 “

ż

d4xxx| lnG´1|xy

“

ż

d4xd4kd4k1xx|kyxk| lnG´1|k1yxk1|xy

“

ż

d4xd4kd4k1 e
´ipk´k1

q¨x

p2πq4
ln p´k2 `m2

eff qδ4pk ´ k1q

“ Ω

ż

d4k

p2πq4
ln p´k2 `m2

eff q.

(E.33)

Therefore, we can identify

V 1pφcq ´
i~
2

ż

d4k

p2πq4
ln p´k2 `m2

eff q. (E.34)

Now that we have found an expression for the effective potential at one-loop order, we will illustrate a
method to calculate it, by following Ref. [64]. This method consists in computing the derivative of the
effective potential in the shifted theory and then integrating. Given a scalar theory with a Lagrangian
L, we define another Lagrangian L̂ in this way:

ż

d4xL̂pφc;φpxqq ” Srφc ` φs ´ Srφcs ´ φ
δSrφcs

δφc
. (E.35)

The second term makes the vacuum energy equal to zero and the third term is there to cancel the
tadpole part of the shifted action. Now we denote

iD´1pφc, x´ yq “
δ2Srφs

δφpxqδφpyq

ˇ

ˇ

ˇ

ˇ

φ“φc

(E.36)

and by iD´1pφc, pq its Fourier transform, the effective potential is found to be given by

Veff pφcq “ V 0pφcq ´
i

2

ż

d4p

p2πq4
ln pdet iD´1pφc, pqq ` i

B

exp

«

i

ż

d4xL̂Ipφc, φpxqq

ff

F

. (E.37)

The first term is the classical tree-level potential, the second term is the one-loop potential, where the
determinant operates on any possible internal indices defining the propagator, and the last term denotes
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higher order loops. As an example we can consider again the Lagrangian L “ 1{2BµφBµφ ´ m2φ2{2 ´

λφ4{4! and by applying the definition in Eq. E.35 we find V̂ “ 1{2m2pφcqφ
2 ` λ{3!φcφ

3 ` λ{4φ4 where
the shifted mass m2pφcq coincides with the effective mass m2

eff “ m2 ` λ{2φ2c . Therefore the shifted
propagator will coincide with the one in Eq. E.31 and we obtain the same result as in Eq. E.34 for
the one-loop effective potential. To conclude, we can notice that the "field-shifting" method is identical
to the background field method, where we write the classical action S as a function of the field φ
plus an arbitrary background φc field. With this shifting we find a new generating functional ZB and,
consequently, the effective action ΓB . By employing the definiton φ “ φc `φ ad by shifting the variable
of integration in ZB and ΓB as φ Ñ φ´ φc (see Ref. [99] for details) we find that ΓBrφ;φcs “ Γrφ` φcs
and, by taking φ “ 0 we find Γrφcs “ ΓBr0;φcs. Therefore, we find that the background effective action
is just a conventional effective action computed in the presence of a background field. Now, ΓBr0;φcs
has no dependence on the field φ so it generates no graphs with external lines. The background field
method allows to calculate the effective action by summing only vacuum graphs. Therefore, from the
Eq. E.16 we see that we can compute the effective potential by computing the sum sum of 1PI diagrams
in the presence of the background field.

One-loop effective potential at finite temperature

At this point we can construct the one-loop effective potential at finite temperature and we will do that
by using imaginary time formalism. We need to consider quantum field theory at finite temperature as
in the early stages of the universe, at high temperatures, the environment had a non-negligible matter
and radiation density. Therefore, we need to consider the background state as a thermal bath. In
order to do that we first recall some concepts from statistical mechanics. The statistical behaviour
of a quantum mechanical system, in thermal equilibrium, is studied thorugh an appropriate ensemble,
where an ensemble is a collection of an infinitely large number of identical and independent systems. In
general, a density matrix for the ensemble is defined as

ρpβq “
e´βH

Zpβq
, (E.38)

where β represents the inverse of the equilibrium temperature β “ T´1 andHis an appropriate Hamilto-
nian for the particular ensemble. Zpβq is a normalization factor and is known as the partition function
of the ensemble. In the most general case we have

H “ H ´ µN ´
ÿ

i

µQiQi, (E.39)

where H denotes the conventional dynamical Hamiltonian, N represent the number operator, µ cor-
responds to the chemical potential and µQi represent the totality of all characteristics of equilibrium
besides the temperature T , i.e. they are the equilibrium state properties. From Eq. E.38 we can define
the ensemble average of any observable O as

xOy ” TrpOρq, (E.40)

which satisfies the property x1y “ 1. Similarly, the thermal average of the correlation function of any
two operators A and B, with different coordinates can similarly be written as

xABy “ TrpρpβqABq “ Z´1pβqTrpe´βHABq (E.41)
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E.2.1 Generating functionals
As in reference [64] we consider the case of a real scalar field φpxq, carrying no charges, with vanishing
chemical potential and with Hamiltionian H i.e.

φpxq “ eitHφp0, ~xqe´itH , (E.42)

where the time x0 “ t is analitically continued to the complex plane. We define the thermal Green
function as the average of the ordered product of the n field operators

Gpcqpx1, ..., xnq ” xTCφpx1q, ..., φpxnqy, (E.43)

where the TC ordering means that fields should be ordered along the path C in the complex t-plane, i.e.

Tcφpxqφpyq “ θCpx0 ´ y0qφpxqφpyq ` θCpy0 ´ x0qφpyqφpxq (E.44)

if we parametrize C as t “ xpτq, where τ P <, TC ordering means standard ordering along τ . Therefore
the step delta functions can be given as θCptq “ θpτq, δCptq “ pBz{Bτq´1δpτq. The rules of the functional
formalism can be applied as usual, with the prescription δjpyq{δjpxq “ δCpx0 ´ y0qδp3qp~x´ ~yq, and the
generating functional becomes

Zβrjs “

8
ÿ

n“0

in

n!

ż

C

d4x1, ..., d
4xnjpx1q...jpxnqGpCqpx1, ..., xnq ” exp piW βrjsq, (E.45)

which is normalized to Zβr0s “ x1y “ 1 and where the integral along t is supposed to follow the path C
in the complex plane. Similarly, the generating functional fot the 1PI Green functions Γβrφ̄s is defined
by the Legendre transformation

Γβrφ̄s “ W βrjs ´

ż

C

d4x
δW βrjs

δjpxq
jpxq, (E.46)

where the classical field φ̄pxq “ δW βrjs{δjpxq. It follows that δΓβrφ̄s{δφ̄pxq “ ´jpxq and φ̄pxq “ xφpxqy

is the average of the field. As in the previous section, we have that when j “ 0, φ̄ “ φc, where φc is
a constant. In this case, by removing the overall factor of space-time volume arising in each term of
Γβrφcs, we can define the effective potential at finite temperature as

Γβrφcs “ ´

ż

d4xV βeff pφcq (E.47)

and symmetry breaking occurs whenn
BV βeff pφcq

Bφc
“ 0 (E.48)

for φc ­“ 0.

Green functions

From Eqs. E.44 and E.43 we can write the two-point Green function as

GpCqpx´ yq “ θCpx0 ´ y0qG`px´ yq ` θCpy0 ´ x0qG´px´ yq (E.49)

where
G`px´ yq “ xφpxqφpyqy, G´px´ yq “ G`py ´ xq. (E.50)
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Not all contours are allowed if we require Green functions to be analytic with respect to t. In order to
find a condition on t, we take the complete set of states |ny with eigenvalues En; H|ny “ En|ny and we
can compute G`px´ yq at the point ~x “ ~y “ 0 as

G`px0 ´ y0q “ TrrZ´1pβqe´βHφp0qφp0qs

“ Z´1pβq
ÿ

m

xm|e´βHφp0qeβHe´βHφp0q|my

“ Z´1pβq
ÿ

n,m

xm|e´βHeitHφp0qe´itHeβH |nyxn|e´βHφp0q|my

“ Z´1pβq
ÿ

n,m

eiEmpt`iβqxm|φp0q|nye´iEnpt`iβqe´Enβxn|φp0q|my

“ Z´1pβq
ÿ

n,m

xn|φp0q|my˚xn|φp0q|mye´iEnteiEmpt`iβq

“ Z´1pβq
ÿ

m,n

|xm|φp0q|ny|2e´iEnpx0
´y0qeiEmpx0

´y0`iβq

(E.51)

where we have used Eqs. E.41, E.42 and the completeness relation
ř

n |nyxn| “ 1. The convergence of
the sum implies that ´β ď Impx0 ´ y0q ď 0, which requires θCpx0 ´ y0q “ 0 for Impx0 ´ y0q ą 0.
Similarly, from the condition in Eq. E.50 we find that for the convergence of G´px0 ´ y0q the condition
0 ď Impx0 ´ y0q ď β must be satisfied. This requires that θCpx0 ´ y0q “ 0 for Impx0 ´ y0q ă 0, and
the final condition for the convergence of the complete Green function is

´β ď Impx0 ´ y0q ď β (E.52)

and we define θCptq such that θCptq “ 0 for Im ą 0, which implies that C must be such that a
point moving along it has a monotically decreasing or constant imaginary part. From the definitions in
Eq. E.50 we can deduce (by using Eqs. E.41, E.42) and the cyclic permutation property of the trace)
the so called Kubo-Martin-Schwinger (KMS) relation:

G`pt´ iβ, ~xq “ G´pt, ~xq. (E.53)

This relation leads to periodicity and anti-periodicity properties in bosonic and fermionic two point
Green’s functions at finite temperature.

Imaginary time formalism

The computation of the propagators depends on the chosen path C going from an initial arbitrary time
t to t ´ iβ, provided by the periodicity properties of Green functions. The simplest path is to take a
straight line along the imaginary axis t “ ´iτ . Therefore we can perform a Wick rotation, i.e. send
t Ñ iτ (Euclidean time) and we see that the condition in Eq. E.52 becomes ´β ď pτ ´ τ 1q ď β. Since
the Green functions are defined within a finite time interval and are periodic for bosons (anti-periodic
for fermions) thanks to the KMS relation, they can be written as a Fourier series involving only discrete
frequencies:

Gβpτq “
1

β

ÿ

n

eiωnτGβpωnq. (E.54)

For periodic boundary conditions (for bosons), the Green function has to satisfy (see Eq. E.53)

Gβp0q “ Gβpβq (E.55)
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or,
1

β

ÿ

n

Gβpωnq “
1

β

ÿ

n

eiωnβGβpωnq, (E.56)

which determines
ωn “

2nπ

β
, n “ 0,˘1,˘2, ... (E.57)

These frequencies are called the Matsubara frequencies. The inverse transform of Eq. E.54 can be
obtained

Gβpωnq “

ż β

´β

dτe´iωnτGβpτq. (E.58)

In contrast to the imaginary time variable τ at finite temperature taking values in a finite interval in
the Green function Gβpτq, the spatial coordinates have an infinite range. Therefore, putting in all the
coordinates, we can write

Gβpτ, ~xq “
1

β

ÿ

n

ż

d3~k

p2πq3
eipωnτ`~k¨~xqGβpωn,~kq; (E.59)

Gβpωn,~kq “

ż β

´β

dτ

ż

d3xe´ipωnτ`~k¨~xqGβpτ, ~xq. (E.60)

Therefore, for taking the Fourier transformation of the propagator in going from Minkowski space to
finite temperature Euclidean space we need to substitute:

ż 8

´8

dk0

2π
Ñ

1

β

8
ÿ

n“´8

,

ż 8

´8

d3k

p2πq3
Ñ

ż 8

´8

d3k

p2πq3
.

(E.61)

Therefore we can derive the form of the propagator for a bosonic theory at finite temperature3. For
example, we consider the free Klein-Gordon theory of a massive real scalar field φ and the Green function
satisfies

pB2
t ´ ∇2 `m2qGpxq “ ´δ4pxq. (E.62)

The momentum space Green function, in this case, has the form

Gpk0,~kq “
1

k20 ´ ~k2 ´m2
. (E.63)

Going in imaginary time, i.e. by rotating x0 “ t Ñ ´iτ , k0 “ k0 Ñ ik4 “ iωn and G Ñ ´Gβ we obtain
ˆ

B2

Bτ2
` ∇2 ´m2

˙

Gβpτ, ~xq “ ´δpτqδ3pxq, (E.64)

and, from Eq. E.63

Gpk0,~kq “
1

k20 ´ ~k2 ´m2
Ñ

1

´ω2
n ` ~k2 ´m2

“ ´Gβpωn,~kq. (E.65)

3The same considerations are valid also for fermionic theory, but here we focus on a scalar theory since we are interested
only in computing the effective potential.
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Now that we have find the expression for the propagator and by using the rules in Eq. E.61 we can derive
an expression for the one-loop effective potential at finite temperatures. Indeed, by going in imaginary
time and recalling Eqs. E.33 and E.65 we find

V 1pφcq “
1

2β

8
ÿ

n“´8

ż

d3k

p2πq3
ln pω2

n ` ω2q, (E.66)

where ωn are the Matsubara frequencies and

ω2 “ ~k2 `m2
eff pφcq. (E.67)

The sum over n diverges, but the infinite part does not depend pm φc. The finite part can be computed
by the following method [64]. Define

vpωq “

8
ÿ

n“´8

ln pω2
n ` ω2q, (E.68)

then
Bv

Bω
“

8
ÿ

n“´8

2ω

ω2
n ` ω2

. (E.69)

Using the identity

fpyq “

8
ÿ

n“1

y

y2 ` n2
“ ´

1

2y
`
π

2
coth pπyq “ ´

1

2y
`
π

2
` π

e´2πy

1 ´ e´2πy
, (E.70)

with y “ βω{2π we obtain
Bv

Bω
“ 2β

„

1

2
`

e´βω

1 ´ e´βω



(E.71)

and
vpωq “ 2β

„

ω

2
`

1

β
ln p1 ´ e´βωq



` ω ´ ind.terms. (E.72)

Substituting this result in Eq. E.66 we finally obtain

V β1 pφcq “

ż

d3k

p2πq3

„

ω

2
`

1

β
ln p1 ´ e´βωq



. (E.73)

One can prove that the first integral is the one-loop effective potential at zero temperature (see Ref. [64]
for details). Therefore we focus on the temperature dependent part that can be written as

1

β

ż

d3k

p2πq3
ln p1 ´ e´βωq “

1

2π2β4
JBrm2pφcqβ

2s, (E.74)

where the thermal bosonic function JB is defined as

JBrm2β2s “

ż 8

0

dxx2 ln
“

1 ´ e´
a

x2`β2m2‰

(E.75)
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E.2.2 Symmetry restoration

As we have seen in the previous sections when the mass term has a negative sign a non trivial vacuum
exists leading to a spontaneous breaking of the symmetry. On the other hand, we expect that if a particle
moves in a hot medium, it must pick up a temperature dependent effective mass, and this temperature
corrections come with a positive sign. Therefore, we expect that above a certain temperature, this
temperature correction will take over the tree level negative mass squared term and symmetry will
be restored. The main point is that at finite temperature, the equilibrium value of the scalar field φ,
xφpT qy, does not correspond to the minimum of the effective potential V T“0

eff pφq at zero temperature,
but to the minimum of the finite temperature effective potential V βeff pφq. Thus, even if the minimum of
the V T“0

eff pφq occurs ar xφy “ v ­“ 0, for sufficiently large temperatures, the minimum of V βeff pφq occurs
at xφpT qy “ 0. This phenomenon is known as symmetry restoration at high temperature and gives rise
to the phase transition from φpT q “ 0 to φ “ v. The cosmological scenario can be drawn as follows:
In the theory of the Hot Big Bang, the universe is initially at very high temperature and it can be in
the symmetric phase xφpT qy “ 0, i.e. φ “ 0 can be the stable absolute minimum. At some critical
temperature Tc the minimum φ “ 0 becomes metastable and the phase transition may proceed.

E.3 Derivation of thermal mass of the scalar singlet
As we have seen in Sec. E.2 we expect that if a particle moves in a hot medium, it must pick up a
temperature dependent effective mass. Therefore, to compute the one-loop correction to the mass of
the scalar singlet Φ we can first compute the one-loop effective potential and then by taking its second
derivative we will find the effective mass. First we parametrize the Higgs doublet and the scalar singlet
in terms of real scalar fields

H “
1

?
2

„

χ1 ` iχ2

h` iχ3



(E.76)

Φ “
1

?
2

pφ` iθq. (E.77)

With these parametrizations, the potential in Eq. (5.43) becomes

V 0 “ ´
µ2
φ

2
pφ2 ` θ2q `

λφ
4

pφ2 ` θ2q2 ´
µ2
H

2
pχ2

1 ` χ2
2 ` χ2

3 ` h2q

`
λH
4

pχ2
1 ` χ2

2 ` χ2
3 ` h2q2 `

λHφ

4
pφ2 ` θ2qpχ2

1 ` χ2
2 ` χ2

3 ` h2q

(E.78)

To compute the effective potential we use Eq. E.35 and we shift the scalar fields as

h Ñhc ` h

φ Ñφc ` φ

θ Ñθ

χi Ñχi i “ 1, 2, 3

(E.79)

where hc and φc are constant backgrounds. We have chosen this shift since we know that after SSB the
field θ will be the Goldstone boson and after EWSB we have 3 Goldstone bosons χi i “ 1, 2, 3. With
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this shifting, the quadratic part of the V̂ (see Eq. E.35) will become4

Vquad “ ´
µ2
φ

2
pφ2 ` θ2q `

3

2
λφφ

2
cφ

2 `
λφ
2
φ2cθ

2 ´
µ2
φ

2
pχ2

1 ` χ2
2 ` χ2

3 ` h2q

`
3

2
λHh

2
ch

2 `
λH
2
h2cpχ2

1 ` χ2
2 ` χ2

3q `
λHφ
4
φ2cpχ2

1 ` χ2
2 ` χ2

3q

`
λHφ
4
φ2ch

2 `
λHφ
4
h2cφ

2 `
λHφ
4
h2cθ

2.

(E.80)

We can rewrite this potential as

Vquad “
1

2
M2
φφ

2 ` `
1

2
M2
θ θ

2 `
1

2
M2
χ1
χ2
1 `

1

2
M2
χ2
χ2
2 `

1

2
M2
χ3
χ2
3 `

1

2
M2
hh

2 (E.81)

where

M2
φ “ ´µ2

φ ` 3λφφ
2
c `

λHφ
2
h2c

M2
θ “ ´µ2

φ ` λφφ
2
c `

λHφ
2
h2c

M2
χ1

“ ´µ2
h ` λhh

2
c `

λHφ
2
φ2c

M2
χ2

“ ´µ2
h ` λhh

2
c `

λHφ
2
φ2c

M2
χ3

“ ´µ2
h ` λhh

2
c `

λHφ
2
φ2c

M2
h “ ´µ2

h ` 3λHh
2
c `

λHφ
2
φ2c

(E.82)

and we see that these masses correspond to the effective (or shifted) masses. At this point the effective
potential at one loop can be written as (see Eq. E.34)

V 1pφc, hcq “ ´
i

2

ż

d4k

p2πq4

„

ln p´k2 `M2
φq ` ln p´k2 `M2

χi
q ` ln p´k2 `M2

θ q ` ln p´k2 `M2
hq



. (E.83)

To find the one-loop potential at finite temperature T we need to go in imaginary time, and, in order
to do that we have to rotate to Euclidean space with the energies taking discrete values (Matsubara
frequencies) and the integration over energy will be replaced by a sum. Thus the effective potential
becomes

V 1pφc, hcq “
1

2β

ÿ

n

ż

d3k

p2πq3

„

ln pω2
n ` ω2

φq ` ln pω2
n ` ω2

θq ` ln pω2
n ` ω2

χi
q ` ln pω2

n ` ω2
hq



, (E.84)

where with ωn we indicate the Matsubara frequencies, which, in the case of bosons are ωn “ 2nπ{β; and
with ωi “ ~k2 `M2

i , with i “ φ, θ, h, χ1, χ2, χ3. In order to find an expression for the effective potential,
we evaluate a generic expression of the form [98]:

IpMq “
1

2β

ÿ

n

ż

d3k

p2πq3
ln

ˆˆ

2nπ

β

˙2

` ~k2 `M2

˙

“

ż

d3k

p2πq3
Ĩpωq

(E.85)

4We consider only the quadratic part since we are interested in computing the thermal masses only.
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where ω2 “ ~k2 `M2. Taking the derivative of Ĩpωq with respect to ω, we obtain

BĨpωq

Bω
“

1

β

ÿ

n

ω

ω2 ` p2nπ{βq2
(E.86)

This sum can be evaluated by using the identities:
8
ÿ

n“´8

1

n2 ` y2
“
π

y
coth pπyq (E.87)

coth pβxq “ 1 ` 2nBp2xq (E.88)

where nb is the Bose-Einstein distribution function nB “ 1
eβx´1

. Therefore we obtain

BĨpωq

Bω
“

1

2
`

1

eβω ´ 1
(E.89)

Finally, by integrating we obtain
ż

dω
BĨpωq

Bω
Ñ Ĩpωq “

ω

2
`

1

β
ln p1 ´ e´βωq (E.90)

Therefore we can write
IpMq “

ż

d3k

p2πq3

ˆ

ω

2
`

1

β
ln p1 ´ eβωq

˙

(E.91)

From this expression we can notice that for vanishing temperatures, i.e. β Ñ 8, only the first term con-
tributes and it corresponds to the one-loop effective potential at zero temperature. Instead, the second
term (which will be indicated as IβpMq in the integrand represents the true temperature corrections.
This term cannot, in general, be evaluated in closed form. However, the first few dominant term can
be calculated and is enough to give an approximate critical temperature for symmetry restoration. In
fact, we can notice that

IβpMq

ˇ

ˇ

ˇ

ˇ

M2“0

“
1

2π2β4

ż 8

0

dxx2 ln p1 ´ e´xq “ ´
π2

90β4
(E.92)

BIβpMq

BM2

ˇ

ˇ

ˇ

ˇ

M2“0

“
1

4π2β2

ż 8

0

dx
x

ex ´ 1
“

1

24β2
(E.93)

Therefore we can write
IβpMq “ ´

π2

90β4
`

M2

24β2
` ... (E.94)

At this point we can put everything in in Eq. E.84 to compute the integral, and we can write

V pφc, hcq “V p0qpφc, hcq ` V p1qpφc, hcq

“V p0qpφc, hcq ´
6π2

90β4
`
M2
φ `M2

θ `M2
χi

`M2
h

24β2

(E.95)

The second derivative of the zero temperature effective potential V p0q would give the renormalized mass
of the theory, while the thermal masses will be obtained by computing the second derivative of the
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one-loop potential in the minimum of the theory. Notice that at high temperature we have a symmetry
restoration (see Subsec. E.2.2), therefore the minimum will be given by φc “ 0 and hc “ 0.

B2V p1qpφc, hcq

Bφ2c

ˇ

ˇ

ˇ

ˇ

φc“0,hc“0

“
1

24β2
p8λφ ` 4λHφq (E.96)

B2V p1qpφc, hcq

Bh2c

ˇ

ˇ

ˇ

ˇ

φc“0,hc“0

“
1

24β2
pλHφ ` 6λHq (E.97)

Therefore we can write the thermal mass of the scalar Φ as

M2
φpT q “ ´M2p0q `

T 2

12
p4λφ ` 2λHφq (E.98)

where M2p0q is the renormalized tree level mass. Notice that from this derivation we can also find the
thermal corrections to the mass of the Higgs scalar. It is important to notice that, since we have shifted
the scalars as in Eq. E.79, the Majoron with this choice does not get a thermal mass.



Appendix F

New interactions computation

In this appendix we present the computations that led to the thermal averaged rates presented in the
main text in Sec. 5.2.1.

F.1 Scalar decay

First, we consider the scalar decay φ Ñ NN

Φ

Nj

Ni

p1

p3

p2

First, we compute the square amplitude of this process

xNiNj |T

ˆ

´
´i

2
?
2

ż

d4xφN̄ cN

˙

|φy

“xNiNj |T

ˆ

´i

2
?
2

ż

d4xφN̄ cCN̄T

˙

|φy

“ ´
i

2
?
2
yN ūjCū

T
i ˆ 2

“
´i

2
?
2
yN ūjvi,

(F.1)

126
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where in the first line we have used N c “ N and N c “ CN̄T , while in the last step we multiplied by 2
since we can exchange i Ø j in the RHNs in the final state and we have used the relation vi “ CūTi .

|Mpφ Ñ NiNjq|2unpol “
ÿ

s

1

2
y2N pv̄iuj ūjviq “

1

2
y2NTrpv̄iuj ūjviq

“
1

2
y2NTr

`

p�pj `mN qp�pi ´mN q
˘

“
y2N
2
Tr

`

�p3�p2 ´m2
N

˘

“ 2y2N pp3 ¨ p2 ´m2
N q.

(F.2)

In the center of mass frame we have that the decaying particle is still, thus we have that the four-
momentum is

Pφ “

„

Mφ

0



, (F.3)

and from momentum conservation we have Pφ “ P2 `P3, so Mφ “ P2 `P3. From this relation, we can
derive an expression for the scalar product p2 ¨ p3 “

M2
φ´2m2

N

2 . Finally, the square amplitude is

|Mpφ Ñ NiNjq|2unpol “ y2N
`

M2
φ ´ 4m2

N

˘

. (F.4)

At this point, we can compute the decay rate width:

dΓ “
1

2M
|M|2unpoldΠ2, (F.5)

where M is the energy in the center of mass frame, which corresponds to the mass of the decaying
particle, and dΠ2 is the two-dimensional phase space element in the center of mass frame

ż

dΠ2 “

ż

dΩ
1

16π2

|~p|f

Ecm
“

ż

dΩ
1

16π2

|~p|f

Mφ
. (F.6)

We can find the expression for |~pf | by considering the four-momenta: P “ pMφ, ~0qT and p2 “

pE2, ~p2qT .So, we obtain

P ¨ p2 “ Mφ ¨ E2 Ñ E2 “
pp2 ` p3q ¨ p2

Mφ
“
m2
N `

M2
φ´2m2

N

2

Mφ
“
Mφ

2
, (F.7)

and, from the mass-shell relation |~pf | “
a

E2
2 ´m2

N we finally obtain

|~pf | “

d

M2
φ

4
´m2

N “
Mφ

2

d

1 ´
4m2

N

M2
φ

. (F.8)

Therefore, the integrated 2-phase space element becomes
ż

dΠ2 “

ż

dΩ
1

16π2

Mφ

2

d

1 ´
4m2

N

M2
φ

1

Mφ
“

1

8π

d

1 ´
m2
N

M2
φ

. (F.9)

Finally the decay rate width is

Γ “
1

2M2
φ

y2N pM2
φ ´ 4m2

N q
1

8π

d

1 ´
4m2

N

M2
φ

“
y2N
16π

Mφ

ˆ

1 ´
4m2

N

M2
φ

˙3{2

. (F.10)
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At this point we consider the thermal averaged decay rate:

xΓφÑNN y “

ř

spins

ş

dΠ1dΠ2dΠ3|M1Ñ23|2p2πq4δp4qppfin ´ pinqfeqφ
neqφ

. (F.11)

First, we focus on the numerator and, from Eq. F.11 and by taking f eqφ “ e´Eφ{T we can compute

Num “

ż

d3~p1
p2πq32E1

d3~p2
p2πq32E2

d3~p3
p2πq32E3

y2NM
2
φ

ˆ

1 ´
4m2

N

M2
φ

˙

p2πq4δp4qpp1 ´ p2 ´ p3qe´E1{T

“

ż

d3~p1
p2πq32E1

d3~p2
p2πq32E2

d3~p3
p2πq32E3

y2NM
2
φ

ˆ

1 ´
4m2

N

M2
φ

˙

p2πq4δp0qpE1 ´ E2 ´ E3q

δp3qp~p1 ´ ~p2 ´ ~p3qe´E1{T ,

(F.12)

now we integrate over the 3-delta using the fact that in the center of mass frame pφ “ pMφ, ~0q

“

ż

d3~p1
p2πq32E1

d3~p2
p2πq32E22E3

y2NM
2
φ

ˆ

1 ´
4m2

N

M2
φ

˙

p2πq4δp0qpE1 ´ E2 ´ E3qe´E1{T |~p2“´~p3 , (F.13)

now we go in polar coordinates d3~p2 “ |~p|2dp sin θdθdφ and, from the condition |~p2| “ |~p3| “ ~p and the
fact that m2 “ m3 “ mN we have E2 “ E3 “ EN

“

ż

d3~p1
p2πq32E1

|~p|2dp

4πE2
N

y2NM
2
φ

ˆ

1 ´
4m2

N

M2
φ

˙

δp0qpE1 ´ 2EN qe´E1{T , (F.14)

to integrate over the delta we use the property

δpgpxqq “
ÿ

k

δpx´ xkq

|g1pxq|
, (F.15)

and we obtain
ż

p2dp

E2
N

δ

ˆ

p´
Eφ

2

c

1 ´
4m2

N

M2
φ

˙

pEφ

E2
N

“
1

2

d

1 ´
4m2

N

M2
φ

, (F.16)

by inserting in Eq. F.14

“

ż

d3~p1
p2πq32E1

1

4π
y2NM

2
φ

ˆ

1 ´
4m2

N

M2
φ

˙

1

2

d

1 ´
4m2

N

M2
φ

e´E1{T

“

ż

p21dp1
p2πq32E1

y2NM
2
φ

2

ˆ

1 ´
4m2

N

M2
φ

˙3{2

e´E1{T

“

ż

E1p1dE1

p2πq32E1

y2NM
2
φ

2

ˆ

1 ´
4m2

N

M2
φ

˙3{2

e´E1{T

“

ż

b

E2
1 ´M2

φdE1

p2πq34
y2NM

2
φ

ˆ

1 ´
4m2

N

M2
φ

˙3{2

e´E1{T

“
y2N
32π3

M2
φ

ˆ

1 ´
4m2

N

M2
φ

˙3{2 ż 8

M2
φ

b

E2
1 ´Mφe

´E1{T dE1,

(F.17)
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where we have used the fact that pdp “ EdE and p “
?
E2 ´m2. Now to integrate over the energy we

use the identity
xK1pxq “

ż 8

x

a

z2 ´ x2e´zdz, (F.18)

and, by changing variables z “ E1{T in Eq. F.17 we finally obtain

Num “
y2N
32π3

TM3
φ

ˆ

1 ´
4m2

N

M2
φ

˙3{2

K1

ˆ

Mφ

T

˙

. (F.19)

Now, we can compute the denominator:

nφeq “

ż

d3pφ
p2πq3

fφeq “

ż

d3pφ
p2πq3

e´Eφ{T . (F.20)

Going in polar coordinates we find

nφeq “
1

2π2

ż

b

E2
φ ´M2

φEφe
´Eφ{T dEφ. (F.21)

This integral can be solved by considering the integral representation of Bessel functions [100]:

Kνpzq “

`

z
2

˘ν
Γ

`

1
2

˘

Γ
`

ν ` 1
2

˘

ż 8

1

e´ztpt2 ´ 1qν´1{2dt. (F.22)

For ν “ 2 we obtain:

K2pzq “

`

z
2

˘2
Γ

`

1
2

˘

Γp2 ` 1
2

˘

ż 8

1

e´ztpt2 ´ 1q3{2dt, (F.23)

by changing coordinates tz “ x and by performing an integration by parts we finally find:

K2pzq “
1

z2

ż

e´xx
a

x2 ´ z2dx. (F.24)

Therefore Eq. F.21 becomes

nφeq “
T 3

2π2

ż 8

Mφ{T

d

z2 ´
M2
φ

T 2
ze´zdz “

TM2
φ

2π2
K2

ˆ

Mφ

T

˙

, (F.25)

where we have performed a change of variable Eφ{T “ z. From these considerations we conclude that

xΓφÑNN y “ MφpT q

ˆ

1 ´
4m2

N

MφpT q2

˙3{2K1pMφpT q{T q

K2pMφpT q{T q
. (F.26)

F.2 2 Ñ 2 process
Now we consider the φφ Ñ NN process. To compute the amplitude we follow the method illustrated
in Ref. [101] and we fix a fermion flow in this way: The amplitude of this diagram is given by:

iM “ ´
λφvφyN

2
?
2

ūi
i

s´M2
φ

vj ´ i
y2N
8
ūi

­ p1´ ­ p3 `mN

t´m2
N

vj ` i
y2N
8
ūi

p­ p1´ ­ p4q `mN

u´m2
N

. (F.27)
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p2

p1
p1 + p2

p4

p3

N

φ

φ

Ni

Nj

p2

p1

p4

p1 − p3

p3

N

φ

φ

Ni

Nj

p2

p1

p3

p1 − p4

p4

φ

φ

Ni

Nj

We have chosen the reference order of the external fermions to be (i, j). At this point we can compute the
square amplitude. The trace contractions have been computed with the Mathematica package FeynCalc
[102–105]. The square amplitude is:

|M|2 “ |M1|2 ` |M2|2 ´ |M3|2 ` 2<pM˚
1M2q ´ 2<pM˚

1M3q ´ 2<pM˚
2M3q (F.28)

and we obtain the following expression1, which has already been simplified using the identity of Man-
delstam variables s` t` u “ 2m2

N ` 2M2
φ:

|M|2 “
1

32
y2N

ˆ

8λ2φv
2
φps´ 4m2q

pM2 ´ sq2
´

8
?
2λφmvφyN

`

8m4 ´ 2m2ps` 4uq ` 2su` pt´ uq2
˘

pm2 ´ tqpm2 ´ uqpM2 ´ sq

`
y2N p´16m8 ` 4m6ps` 8uq ´m4p8su` 3t2 ´ 6tu` 19u2qq

pm2 ´ tq2pm2 ´ uq2

`
y2N pm2

`

4su2 ´ t3 ` 5t2u´ 7tu2 ` 3u3
˘

` pt´ uq2ptu´M4qq

pm2 ´ tq2pm2 ´ uq2

˙

.

(F.29)

To determine the cross section we consider the process in the c.o.m. frame and we assume that the
collision axis is parallel to the z axis, therefore

p1

»

—

—

–

E1

0
0
p

fi

ffi

ffi

fl

, p2 “

»

—

—

–

E2

0
0

´p

fi

ffi

ffi

fl

, p3 “

»

—

—

–

E3

0
p1 sin θ
p1 cos θ

fi

ffi

ffi

fl

, p4 “

»

—

—

–

E4

0
´p1 sin θ
´p1 cos θ

fi

ffi

ffi

fl

, (F.30)

where we assumed ~p3 to be in the yz-plane, and, since ~p4 “ ~p1 ` ~p2 ´ ~p3, ~p4 must be in the same
plane. We have p “ |~p1| “ |~p2|, since in the c.o.m. we have ~p1 ` ~p2 “ ~0, θ is the scattering angle and
p1 “ |~p3| “ |~p4|. To derive the cross section we first derive the differential cross section with the usual
formula in the c.o.m. frame:

dσ

dΩ
“

1

64π2s

pfin
pin

|M|2, (F.31)

where dΩ “ 2πd cos θ. From the Mandelstam variables definition we can substitute

t “m2
1 `m2

3 ´ 2p1 ¨ p3 “ M2 `m2 ´ 2pE1E3 ´ pp1 cos θq; (F.32)
u “m2

1 `m2
4 ´ 2p1 ¨ p4 “ M2 `m2 ´ 2pE1E4 ` pp1 cos θq; (F.33)

and, using the mass-shell relation: p21 “ E2
1 ´ p2, we get

pin “ p “

a

pE2 ´ pm1 `m2q2pE2 ´ pm1 ´m2q2q

2E
, (F.34)

1To simplify the notation we will wrtie mN “ m and MφpT q “ M
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and similarly for p1 “ pfin. From this relation, and taking into account the fact that m1 “ m2, m3 “ m4

and that in the c.o.m frame Ei “ Ef “ Ecm{2 “
?
s{2, we finally obtain:

pin “

c

Ecm
2

´M2 pfin “

c

Ecm
2

´m2. (F.35)

By substituting these relations in Eq. F.31 we obtain the differential cross section, which can be inte-
grated to obtain the final cross section:

σ “ 2π

ż 1

´1

dσ

dΩ
d cos θ (F.36)

σ “
1

1024π
y2

c

ps´ 4m2qps´ 4M2q

s

ˆ

16λ2v2ps´ 4m2q

pM2 ´ sq2

`

64
?
2λmvy

ˆ 4p2m2
´M2

q coth´1

ˆ

2ps´2M2q
b

ps´4m2qps´4M2q

˙

a

ps´4m2qps´4M2q
´ 1

˙

s´M2

´
1

ps´ 2M2q
a

ps´ 4m2qps´ 4M2q p4m2ps´ 4M2q ` 16M4 ´ 12M2s` 3s2q

ˆ

ˆ

4y2p´2p2M2 ´ sq
a

ps´ 4m2qps´ 4M2qp64m4 `m2p4s´ 48M2q ` 3p8M4 ´ 4M2s` s2qq

` 2
`

16m4p8M4 ´ 6M2s` s2q ´ 8m2p28M6 ´ 31M4s` 13M2s2 ´ 2s3q

` 96M8 ´ 136M6s` 82M4s2 ´ 24M2s3 ` 3s4
˘

log
´

´
a

ps´ 4m2qps´ 4M2q ´ 4M2 ` 2s
¯

´ 2
`

16m4p8M4 ´ 6M2s` s2q ´ 8m2p28M6 ´ 31M4s` 13M2s2 ´ 2s3q ` 96M8

´ 136M6s` 82M4s2 ´ 24M2s3 ` 3s4
˘

log
´

a

ps´ 4m2qps´ 4M2q ´ 4M2 ` 2s
¯

˙˙

.

(F.37)
To find the thermal averaged cross section, defined as

xσv12y “

ş

d3p1d
3p2f

eq
1 feq2 σ12v12

ş

d3p1d3p2f
eq
1 feq2

, (F.38)

we follow Ref. [106] and we cast the numerator in a covariant form:

Num “

ż

d3p1
p2πq32E1

d3p2
p2πq32E2

feq1 feq2 W12, (F.39)

where we have assumed that the scalar φ follows a Maxwell-Boltzmann distribution, thus feq1 “ e´E1{T

and feq2 “ e´E2{T . W12 is the unpolarized annihilation rate per unit volume corresponding to the
covariant normalization of 2E colliding particles per unit volume and is related to the cross section
through:

W12 “ 4p12
?
sσ “ 4σ

b

pp1 ¨ p2q2 ´m2
1m

2
2 “ 4E1E2σv12, (F.40)

where p12 “ p, see Eq. F.34 and v12 is the relative velocity, defined as

v12 “

a

pp1 ¨ p2q2 ´m2
1m

2
2

E1E2
“

1

s{2

c

sps´ 4M2q

4
. (F.41)
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The integral in Eq. F.39 can be reduced by rewriting the momentum volume element as

d3 ~p1d
3 ~p2 “ 4π|~p1|E1dE14π|~p2|E2dE2

1

2
d cos θ, (F.42)

where θ is the angle between ~p1 and ~p2 and the integration region is E1 ą m1, E2 ą m2, | cos θ| ă 1.
Now we can change variables by defining:

E` “ E1 ` E2

E´ “ E1 ´ E2

s “pp1 ` p2q2 “ m2
1 `m2

2 ` 2E1E2 ´ 2|~p1||~p2| cos θ,

(F.43)

and the integration region becomes

s ě pm2
1 `m2

2q ě 4m2

E` ě
?
s

|E´ ´ E`

m2
2 ´m2

1

s
| ď 2p12

c

E2
` ´ s

s
,

(F.44)

Finally, we can find the new integration variables by considering the Jacobian

J “ det

ˆ

Byi
Bxj

˙

“ ´
1

4|~p1||~p2|
(F.45)

where yi “ E`, E´, s and xj “ E1, E2, cos θ. So we have found

d3~p1
p2πq32E1

d3~p2
p2πq32E2

“
1

8

1

p2πq4
dE`dE´ds. (F.46)

Now the product of the equilibrium distribution functions depends only on E` and not on E´ and the
invariant rate W12 depends only on s. Therefore, the integral over dE´ is trivial and led to

ż

dE´ “ 4p12

c

E` ´ s

s
. (F.47)

The volume element becomes

d3p1
p2πq32E1

d3p2
p2πq32E2

“
1

p2πq4

p12
2

c

E2
` ´ s

s
dE`ds. (F.48)

We can notice that the solution of the integral over dE` can be written in terms of the modified Bessel
functions of the second kind K1, i.e.

xK1pxq “

ż 8

x

a

z2 ´ x2e´zdz. (F.49)

So the numerator in Eq. F.39 becomes

T

32π4

ż 8

4M2

dsW12p12K1

ˆ?
s

T

˙

. (F.50)

For what concerns the denominator, we use Eq. F.25. Finally, to obtain the cross section rate ΓφφÑNN “

nφeqxσv12y. This expression has been numerically integrated and the results are shown in Fig. 5.4 in
Chapt. 5.2.1.



Bibliography

[1] Georges Aad et al. “Observation of a new particle in the search for the Standard Model Higgs
boson with the ATLAS detector at the LHC”. In: Phys. Lett. B 716 (2012), pp. 1–29. doi:
10.1016/j.physletb.2012.08.020. arXiv: 1207.7214 [hep-ex].

[2] Serguei Chatrchyan et al. “Observation of a New Boson at a Mass of 125 GeV with the CMS
Experiment at the LHC”. In: Phys. Lett. B 716 (2012), pp. 30–61. doi: 10.1016/j.physletb.
2012.08.021. arXiv: 1207.7235 [hep-ex].

[3] Peter J. Mohr, David B. Newell, and Barry N. Taylor. “CODATA recommended values of the
fundamental physical constants: 2014”. In: Rev. Mod. Phys. 88 (3 Sept. 2016), p. 035009. doi:
10.1103/RevModPhys.88.035009. url: https://link.aps.org/doi/10.1103/RevModPhys.
88.035009.

[4] S. Navas et al. “Review of Particle Physics”. In: Phys. Rev. D 110 (3 Aug. 2024), p. 030001. doi:
10.1103/PhysRevD.110.030001. url: https://link.aps.org/doi/10.1103/PhysRevD.110.
030001.

[5] B. Aharmim et al. “Combined analysis of all three phases of solar neutrino data from the Sudbury
Neutrino Observatory”. In: Phys. Rev. C 88 (2 Aug. 2013), p. 025501. doi: 10.1103/PhysRevC.
88.025501. url: https://link.aps.org/doi/10.1103/PhysRevC.88.025501.

[6] G. Danby et al. “Observation of High-Energy Neutrino Reactions and the Existence of Two Kinds
of Neutrinos”. In: Phys. Rev. Lett. 9 (1 July 1962), pp. 36–44. doi: 10.1103/PhysRevLett.9.36.
url: https://link.aps.org/doi/10.1103/PhysRevLett.9.36.

[7] K. Kodama et al. “Observation of tau neutrino interactions”. In: Phys. Lett. B 504 (2001), pp. 218–
224. doi: 10.1016/S0370-2693(01)00307-0. arXiv: hep-ex/0012035.

[8] Y. Fukuda et al. “Evidence for Oscillation of Atmospheric Neutrinos”. In: Phys. Rev. Lett. 81 (8
Aug. 1998), pp. 1562–1567. doi: 10.1103/PhysRevLett.81.1562. url: https://link.aps.
org/doi/10.1103/PhysRevLett.81.1562.

[9] Ettore Majorana. “Teoria simmetrica dellelettrone e del positrone”. In: Nuovo Cim. 14 (1937),
pp. 171–184. doi: 10.1007/BF02961314.

[10] Paul A. M. Dirac. “The quantum theory of the electron”. In: Proc. Roy. Soc. Lond. A 117 (1928),
pp. 610–624. doi: 10.1098/rspa.1928.0023.

[11] Carl D. Anderson. “The Positive Electron”. In: Phys. Rev. 43 (6 Mar. 1933), pp. 491–494. doi:
10.1103/PhysRev.43.491. url: https://link.aps.org/doi/10.1103/PhysRev.43.491.

[12] A. G. Cohen, A. De Rújula, and S. L. Glashow. “A MatterAntimatter Universe?” In: The Astro-
physical Journal 495.2 (Mar. 1998), pp. 539–549. issn: 1538-4357. doi: 10.1086/305328. url:
http://dx.doi.org/10.1086/305328.

133

https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://doi.org/10.1103/RevModPhys.88.035009
https://link.aps.org/doi/10.1103/RevModPhys.88.035009
https://link.aps.org/doi/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/PhysRevD.110.030001
https://link.aps.org/doi/10.1103/PhysRevD.110.030001
https://link.aps.org/doi/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevC.88.025501
https://doi.org/10.1103/PhysRevC.88.025501
https://link.aps.org/doi/10.1103/PhysRevC.88.025501
https://doi.org/10.1103/PhysRevLett.9.36
https://link.aps.org/doi/10.1103/PhysRevLett.9.36
https://doi.org/10.1016/S0370-2693(01)00307-0
https://arxiv.org/abs/hep-ex/0012035
https://doi.org/10.1103/PhysRevLett.81.1562
https://link.aps.org/doi/10.1103/PhysRevLett.81.1562
https://link.aps.org/doi/10.1103/PhysRevLett.81.1562
https://doi.org/10.1007/BF02961314
https://doi.org/10.1098/rspa.1928.0023
https://doi.org/10.1103/PhysRev.43.491
https://link.aps.org/doi/10.1103/PhysRev.43.491
https://doi.org/10.1086/305328
http://dx.doi.org/10.1086/305328


134 BIBLIOGRAPHY

[13] Murray Gell-Mann, Pierre Ramond, and Richard Slansky. “Complex Spinors and Unified Theo-
ries”. In: Conf. Proc. C 790927 (1979), pp. 315–321. arXiv: 1306.4669 [hep-th].

[14] Osamu Sawada and Akio Sugamoto, eds. Proceedings: Workshop on the Unified Theories and
the Baryon Number in the Universe: Tsukuba, Japan, February 13-14, 1979. Tsukuba, Japan:
Natl.Lab.High Energy Phys., 1979.

[15] Maurice Lévy et al., eds. QUARKS AND LEPTONS. PROCEEDINGS, SUMMER INSTITUTE,
CARGESE, FRANCE, JULY 9-29, 1979. Vol. 61. NATO Science Series B: Springer, 1980. isbn:
978-0-306-40560-0, 978-1-4684-7199-1, 978-1-4684-7197-7. doi: 10.1007/978-1-4684-7197-7.

[16] Rabindra N. Mohapatra and Goran Senjanovi . “Neutrino Mass and Spontaneous Parity Non-
conservation”. In: Phys. Rev. Lett. 44 (14 Apr. 1980), pp. 912–915. doi: 10.1103/PhysRevLett.
44.912. url: https://link.aps.org/doi/10.1103/PhysRevLett.44.912.

[17] M. Fukugita and T. Yanagida. “Baryogenesis Without Grand Unification”. In: Phys. Lett. B 174
(1986), pp. 45–47. doi: 10.1016/0370-2693(86)91126-3.

[18] W. Buchmüller, P. Di Bari, and M. Plümacher. “Leptogenesis for pedestrians”. In: Annals of
Physics 315.2 (Feb. 2005), pp. 305–351. issn: 0003-4916. doi: 10.1016/j.aop.2004.02.003.
url: http://dx.doi.org/10.1016/j.aop.2004.02.003.

[19] Laura Covi, Esteban Roulet, and Francesco Vissani. “CP violating decays in leptogenesis scenar-
ios”. In: Physics Letters B 384.14 (Sept. 1996), pp. 169–174. issn: 0370-2693. doi: 10.1016/0370-
2693(96)00817-9. url: http://dx.doi.org/10.1016/0370-2693(96)00817-9.

[20] Sacha Davidson, Enrico Nardi, and Yosef Nir. “Leptogenesis”. In: Physics Reports 466.45 (Sept.
2008), pp. 105–177. issn: 0370-1573. doi: 10.1016/j.physrep.2008.06.002. url: http:
//dx.doi.org/10.1016/j.physrep.2008.06.002.

[21] A. D. Sakharov. “Violation of CP Invariance, C asymmetry, and baryon asymmetry of the uni-
verse”. In: Pisma Zh. Eksp. Teor. Fiz. 5 (1967), pp. 32–35. doi: 10.1070/PU1991v034n05ABEH002497.

[22] V.A. Kuzmin, V.A. Rubakov, and M.E. Shaposhnikov. “On anomalous electroweak baryon-
number non-conservation in the early universe”. In: Physics Letters B 155.1 (1985), pp. 36–
42. issn: 0370-2693. doi: https://doi.org/10.1016/0370-2693(85)91028-7. url: https:
//www.sciencedirect.com/science/article/pii/0370269385910287.

[23] Sacha Davidson and Alejandro Ibarra. “A lower bound on the right-handed neutrino mass from
leptogenesis”. In: Physics Letters B 535.14 (May 2002), pp. 25–32. issn: 0370-2693. doi: 10.
1016/s0370-2693(02)01735-5. url: http://dx.doi.org/10.1016/S0370-2693(02)01735-5.

[24] Laurent Canetti and Mikhail Shaposhnikov. “Baryon asymmetry of the Universe in the MSM”.
In: Journal of Cosmology and Astroparticle Physics 2010.09 (Sept. 2010), pp. 001–001. issn:
1475-7516. doi: 10.1088/1475-7516/2010/09/001. url: http://dx.doi.org/10.1088/1475-
7516/2010/09/001.

[25] Apostolos Pilaftsis and Thomas E.J. Underwood. “Resonant leptogenesis”. In: Nuclear Physics
B 692.3 (Aug. 2004), pp. 303–345. issn: 0550-3213. doi: 10.1016/j.nuclphysb.2004.05.029.
url: http://dx.doi.org/10.1016/j.nuclphysb.2004.05.029.

[26] Mathias Garny, Alexander Kartavtsev, and Andreas Hohenegger. “Leptogenesis from first prin-
ciples in the resonant regime”. In: Annals of Physics 328 (Jan. 2013), pp. 26–63. issn: 0003-4916.
doi: 10.1016/j.aop.2012.10.007. url: http://dx.doi.org/10.1016/j.aop.2012.10.007.

[27] E. Kh. Akhmedov, V. A. Rubakov, and A. Yu. Smirnov. “Baryogenesis via Neutrino Oscillations”.
In: Physical Review Letters 81.7 (Aug. 1998), pp. 1359–1362. issn: 1079-7114. doi: 10.1103/
physrevlett.81.1359. url: http://dx.doi.org/10.1103/PhysRevLett.81.1359.

https://arxiv.org/abs/1306.4669
https://doi.org/10.1007/978-1-4684-7197-7
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://link.aps.org/doi/10.1103/PhysRevLett.44.912
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/j.aop.2004.02.003
http://dx.doi.org/10.1016/j.aop.2004.02.003
https://doi.org/10.1016/0370-2693(96)00817-9
https://doi.org/10.1016/0370-2693(96)00817-9
http://dx.doi.org/10.1016/0370-2693(96)00817-9
https://doi.org/10.1016/j.physrep.2008.06.002
http://dx.doi.org/10.1016/j.physrep.2008.06.002
http://dx.doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/https://doi.org/10.1016/0370-2693(85)91028-7
https://www.sciencedirect.com/science/article/pii/0370269385910287
https://www.sciencedirect.com/science/article/pii/0370269385910287
https://doi.org/10.1016/s0370-2693(02)01735-5
https://doi.org/10.1016/s0370-2693(02)01735-5
http://dx.doi.org/10.1016/S0370-2693(02)01735-5
https://doi.org/10.1088/1475-7516/2010/09/001
http://dx.doi.org/10.1088/1475-7516/2010/09/001
http://dx.doi.org/10.1088/1475-7516/2010/09/001
https://doi.org/10.1016/j.nuclphysb.2004.05.029
http://dx.doi.org/10.1016/j.nuclphysb.2004.05.029
https://doi.org/10.1016/j.aop.2012.10.007
http://dx.doi.org/10.1016/j.aop.2012.10.007
https://doi.org/10.1103/physrevlett.81.1359
https://doi.org/10.1103/physrevlett.81.1359
http://dx.doi.org/10.1103/PhysRevLett.81.1359


BIBLIOGRAPHY 135

[28] Takehiko Asaka and Mikhail Shaposhnikov. “The MSM, dark matter and baryon asymmetry of
the universe”. In: Physics Letters B 620.12 (July 2005), pp. 17–26. issn: 0370-2693. doi: 10.1016/
j.physletb.2005.06.020. url: http://dx.doi.org/10.1016/j.physletb.2005.06.020.

[29] M. Drewes et al. “ARS leptogenesis”. In: International Journal of Modern Physics A 33.05n06
(Feb. 2018), p. 1842002. issn: 1793-656X. doi: 10.1142/s0217751x18420022. url: http://dx.
doi.org/10.1142/S0217751X18420022.

[30] Asli M Abdullahi et al. “The present and future status of heavy neutral leptons”. In: Journal
of Physics G: Nuclear and Particle Physics 50.2 (Jan. 2023), p. 020501. issn: 1361-6471. doi:
10.1088/1361-6471/ac98f9. url: http://dx.doi.org/10.1088/1361-6471/ac98f9.

[31] C. Antel et al. Feebly Interacting Particles: FIPs 2022 workshop report. 2023. arXiv: 2305.01715
[hep-ph]. url: https://arxiv.org/abs/2305.01715.

[32] Juraj Klaric, Mikhail Shaposhnikov, and Inar Timiryasov. “Reconciling resonant leptogenesis and
baryogenesis via neutrino oscillations”. In: Physical Review D 104.5 (Sept. 2021). issn: 2470-0029.
doi: 10.1103/physrevd.104.055010. url: http://dx.doi.org/10.1103/PhysRevD.104.
055010.

[33] Julian Heeck and Daniele Teresi. “Leptogenesis and neutral gauge bosons”. In: Physical Review
D 94.9 (Nov. 2016). issn: 2470-0029. doi: 10.1103/physrevd.94.095024. url: http://dx.
doi.org/10.1103/PhysRevD.94.095024.

[34] Andrea Caputo, Pilar Hernandez, and Nuria Rius. “Leptogenesis from oscillations and dark
matter”. In: Eur. Phys. J. C 79.7 (2019), p. 574. doi: 10.1140/epjc/s10052-019-7083-y.
arXiv: 1807.03309 [hep-ph].

[35] Miguel Escudero and Samuel J. Witte. “The hubble tension as a hint of leptogenesis and neutrino
mass generation”. In: The European Physical Journal C 81.6 (June 2021). issn: 1434-6052. doi:
10.1140/epjc/s10052-021-09276-5. url: http://dx.doi.org/10.1140/epjc/s10052-021-
09276-5.

[36] Chris Quigg. Gauge Theories of the Strong, Weak, and Electromagnetic Interactions: Second
Edition. USA: Princeton University Press, Sept. 2013. isbn: 978-0-691-13548-9, 978-1-4008-4822-
5. doi: 10.1515/9781400848225.

[37] Matthew D. Schwartz. Quantum Field Theory and the Standard Model. Cambridge University
Press, Mar. 2014. isbn: 978-1-107-03473-0, 978-1-107-03473-0.

[38] Andrea Romanino. “The Standard model of particle physics”. In: 9th Baikal Summer School on
Physics of Elementary Particles and Astrophysics. 2009.

[39] A. Ceccucci, Z. Ligeti, and Y. Sakai. “The CKM quark-mixing matrix”. In: (2008).
[40] A. Arbey and F. Mahmoudi. “Dark matter and the early Universe: A review”. In: Progress in

Particle and Nuclear Physics 119 (July 2021), p. 103865. issn: 0146-6410. doi: 10.1016/j.ppnp.
2021.103865. url: http://dx.doi.org/10.1016/j.ppnp.2021.103865.

[41] R. Essig et al. Dark Sectors and New, Light, Weakly-Coupled Particles. 2013. arXiv: 1311.0029
[hep-ph]. url: https://arxiv.org/abs/1311.0029.

[42] Jim Alexander et al. Dark Sectors 2016 Workshop: Community Report. 2016. arXiv: 1608.08632
[hep-ph]. url: https://arxiv.org/abs/1608.08632.

[43] Theodota Lagouri. “Review on Higgs hidden-dark sector physics”. In: Phys. Scripta 97.2 (2022),
p. 024001. doi: 10.1088/1402-4896/ac42a6.

https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1016/j.physletb.2005.06.020
http://dx.doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1142/s0217751x18420022
http://dx.doi.org/10.1142/S0217751X18420022
http://dx.doi.org/10.1142/S0217751X18420022
https://doi.org/10.1088/1361-6471/ac98f9
http://dx.doi.org/10.1088/1361-6471/ac98f9
https://arxiv.org/abs/2305.01715
https://arxiv.org/abs/2305.01715
https://arxiv.org/abs/2305.01715
https://doi.org/10.1103/physrevd.104.055010
http://dx.doi.org/10.1103/PhysRevD.104.055010
http://dx.doi.org/10.1103/PhysRevD.104.055010
https://doi.org/10.1103/physrevd.94.095024
http://dx.doi.org/10.1103/PhysRevD.94.095024
http://dx.doi.org/10.1103/PhysRevD.94.095024
https://doi.org/10.1140/epjc/s10052-019-7083-y
https://arxiv.org/abs/1807.03309
https://doi.org/10.1140/epjc/s10052-021-09276-5
http://dx.doi.org/10.1140/epjc/s10052-021-09276-5
http://dx.doi.org/10.1140/epjc/s10052-021-09276-5
https://doi.org/10.1515/9781400848225
https://doi.org/10.1016/j.ppnp.2021.103865
https://doi.org/10.1016/j.ppnp.2021.103865
http://dx.doi.org/10.1016/j.ppnp.2021.103865
https://arxiv.org/abs/1311.0029
https://arxiv.org/abs/1311.0029
https://arxiv.org/abs/1311.0029
https://arxiv.org/abs/1608.08632
https://arxiv.org/abs/1608.08632
https://arxiv.org/abs/1608.08632
https://doi.org/10.1088/1402-4896/ac42a6


136 BIBLIOGRAPHY

[44] Silvia Pascoli. “Neutrino physics”. In: CERN Yellow Rep. School Proc. 6 (2019). Ed. by M.
Mulders and C. Duhr, pp. 213–259. doi: 10.23730/CYRSP-2019-006.213.

[45] Carlo Giunti and Chung W. Kim. Fundamentals of Neutrino Physics and Astrophysics. 2007.
isbn: 978-0-19-850871-7. doi: 10.1093/acprof:oso/9780198508717.001.0001.

[46] B. Pontecorvo. “Mesonium and Antimesonium”. In: Sov. Phys. JETP 6 (1958), pp. 429–431.
[47] Ziro Maki, Masami Nakagawa, and Shoichi Sakata. “Remarks on the unified model of elementary

particles”. In: Prog. Theor. Phys. 28 (1962), pp. 870–880. doi: 10.1143/PTP.28.870.
[48] J. Schechter and J. W. F. Valle. “Neutrino masses in SU(2)

Â

U(1) theories”. In: Phys. Rev. D
22 (9 Nov. 1980), pp. 2227–2235. doi: 10.1103/PhysRevD.22.2227. url: https://link.aps.
org/doi/10.1103/PhysRevD.22.2227.

[49] P. I. Krastev and S. T. Petcov. “Resonance Amplification and t Violation Effects in Three Neu-
trino Oscillations in the Earth”. In: Phys. Lett. B 205 (1988), pp. 84–92. doi: 10.1016/0370-
2693(88)90404-2.

[50] C. Jarlskog, ed. CP Violation. WSP, 1989. isbn: 978-981-4503-28-0, 978-9971-5-0560-8. doi: 10.
1142/0496.

[51] Ivan Esteban et al. “NuFit-6.0: updated global analysis of three-flavor neutrino oscillations”. In:
Journal of High Energy Physics 2024.12 (2024). issn: 1029-8479. doi: 10.1007/jhep12(2024)
216. url: http://dx.doi.org/10.1007/JHEP12(2024)216.

[52] Steven Weinberg. “Baryon- and Lepton-Nonconserving Processes”. In: Phys. Rev. Lett. 43 (21
Nov. 1979), pp. 1566–1570. doi: 10.1103/PhysRevLett.43.1566. url: https://link.aps.
org/doi/10.1103/PhysRevLett.43.1566.

[53] Tsutomu Yanagida. “Horizontal Symmetry and Masses of Neutrinos”. In: Prog. Theor. Phys. 64
(1980), p. 1103. doi: 10.1143/PTP.64.1103.

[54] Peter Minkowski. “µ Ñ eγ at a Rate of One Out of 109 Muon Decays?” In: Phys. Lett. B 67
(1977), pp. 421–428. doi: 10.1016/0370-2693(77)90435-X.

[55] Rabindra N. Mohapatra and Goran Senjanovic. “Neutrino Masses and Mixings in Gauge Models
with Spontaneous Parity Violation”. In: Phys. Rev. D 23 (1981), p. 165. doi: 10.1103/PhysRevD.
23.165.

[56] J.A. Casas and A. Ibarra. “Oscillating neutrinos and e,”. In: Nuclear Physics B 618.12 (Dec.
2001), pp. 171–204. issn: 0550-3213. doi: 10 . 1016 / s0550 - 3213(01 ) 00475 - 8. url: http :
//dx.doi.org/10.1016/S0550-3213(01)00475-8.

[57] Edward W. Kolb and Michael S. Turner. The Early Universe. Vol. 69. 1989. isbn: 978-0-201-
62674-2. doi: 10.1201/9780429492860.

[58] Fabio Iocco et al. “Primordial nucleosynthesis: From precision cosmology to fundamental physics”.
In: Physics Reports 472.16 (Mar. 2009), pp. 1–76. issn: 0370-1573. doi: 10.1016/j.physrep.
2009.02.002. url: http://dx.doi.org/10.1016/j.physrep.2009.02.002.

[59] Gary Steigman. “Primordial Nucleosynthesis in the Precision Cosmology Era”. In: Ann. Rev.
Nucl. Part. Sci. 57 (2007), pp. 463–491. doi: 10.1146/annurev.nucl.56.080805.140437.
arXiv: 0712.1100 [astro-ph].

[60] K. Nakamura et al. “Review of particle physics”. In: J. Phys. G 37 (2010), p. 075021. doi:
10.1088/0954-3899/37/7A/075021.

https://doi.org/10.23730/CYRSP-2019-006.213
https://doi.org/10.1093/acprof:oso/9780198508717.001.0001
https://doi.org/10.1143/PTP.28.870
https://doi.org/10.1103/PhysRevD.22.2227
https://link.aps.org/doi/10.1103/PhysRevD.22.2227
https://link.aps.org/doi/10.1103/PhysRevD.22.2227
https://doi.org/10.1016/0370-2693(88)90404-2
https://doi.org/10.1016/0370-2693(88)90404-2
https://doi.org/10.1142/0496
https://doi.org/10.1142/0496
https://doi.org/10.1007/jhep12(2024)216
https://doi.org/10.1007/jhep12(2024)216
http://dx.doi.org/10.1007/JHEP12(2024)216
https://doi.org/10.1103/PhysRevLett.43.1566
https://link.aps.org/doi/10.1103/PhysRevLett.43.1566
https://link.aps.org/doi/10.1103/PhysRevLett.43.1566
https://doi.org/10.1143/PTP.64.1103
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1016/s0550-3213(01)00475-8
http://dx.doi.org/10.1016/S0550-3213(01)00475-8
http://dx.doi.org/10.1016/S0550-3213(01)00475-8
https://doi.org/10.1201/9780429492860
https://doi.org/10.1016/j.physrep.2009.02.002
https://doi.org/10.1016/j.physrep.2009.02.002
http://dx.doi.org/10.1016/j.physrep.2009.02.002
https://doi.org/10.1146/annurev.nucl.56.080805.140437
https://arxiv.org/abs/0712.1100
https://doi.org/10.1088/0954-3899/37/7A/075021


BIBLIOGRAPHY 137

[61] Wayne Hu and Scott Dodelson. “Cosmic Microwave Background Anisotropies”. In: Annual Review
of Astronomy and Astrophysics 40.1 (Sept. 2002), pp. 171–216. issn: 1545-4282. doi: 10.1146/
annurev.astro.40.060401.093926. url: http://dx.doi.org/10.1146/annurev.astro.40.
060401.093926.

[62] Scott Dodelson. Modern Cosmology. Amsterdam: Academic Press, 2003. isbn: 978-0-12-219141-1.
[63] Chee Sheng Fong, Enrico Nardi, and Antonio Riotto. “Leptogenesis in the Universe”. In: Advances

in High Energy Physics 2012 (2012), pp. 1–59. issn: 1687-7365. doi: 10.1155/2012/158303. url:
http://dx.doi.org/10.1155/2012/158303.

[64] Mariano Quiros. Finite temperature field theory and phase transitions. 1999. arXiv: hep-ph/
9901312 [hep-ph]. url: https://arxiv.org/abs/hep-ph/9901312.

[65] G. ’t Hooft. “Symmetry Breaking through Bell-Jackiw Anomalies”. In: Phys. Rev. Lett. 37 (1
July 1976), pp. 8–11. doi: 10.1103/PhysRevLett.37.8. url: https://link.aps.org/doi/10.
1103/PhysRevLett.37.8.

[66] Dietrich Bödeker and Wilfried Buchmüller. “Baryogenesis from the weak scale to the grand
unification scale”. In: Reviews of Modern Physics 93.3 (Aug. 2021). issn: 1539-0756. doi: 10.
1103/revmodphys.93.035004. url: http://dx.doi.org/10.1103/RevModPhys.93.035004.

[67] A. Abada et al. “Flavour Matters in Leptogenesis”. In: JHEP 09 (2006), p. 010. doi: 10.1088/
1126-6708/2006/09/010. arXiv: hep-ph/0605281.

[68] Edward W. Kolb and Stephen Wolfram. “Baryon Number Generation in the Early Universe”. In:
Nucl. Phys. B 172 (1980). [Erratum: Nucl.Phys.B 195, 542 (1982)], p. 224. doi: 10.1016/0550-
3213(82)90012-8.

[69] W. Buchmuller, P. Di Bari, and M. Plumacher. “Cosmic microwave background, matter - anti-
matter asymmetry and neutrino masses”. In: Nucl. Phys. B 643 (2002). [Erratum: Nucl.Phys.B
793, 362 (2008)], pp. 367–390. doi: 10.1016/S0550-3213(02)00737-X. arXiv: hep-ph/0205349.

[70] Chee Sheng Fong and J Racker. “On fast CP violating interactions in leptogenesis”. In: Journal
of Cosmology and Astroparticle Physics 2010.07 (July 2010), pp. 001–001. issn: 1475-7516. doi:
10.1088/1475-7516/2010/07/001. url: http://dx.doi.org/10.1088/1475-7516/2010/07/
001.

[71] Michael E. Peskin and Daniel V. Schroeder. An Introduction to quantum field theory. Reading,
USA: Addison-Wesley, 1995. isbn: 978-0-201-50397-5, 978-0-429-50355-9, 978-0-429-49417-8. doi:
10.1201/9780429503559.

[72] Björn Garbrecht. “Why is there more matter than antimatter? Calculational methods for lep-
togenesis and electroweak baryogenesis”. In: Progress in Particle and Nuclear Physics 110 (Jan.
2020), p. 103727. issn: 0146-6410. doi: 10.1016/j.ppnp.2019.103727. url: http://dx.doi.
org/10.1016/j.ppnp.2019.103727.

[73] Jeffrey A. Harvey and Michael S. Turner. “Cosmological baryon and lepton number in the pres-
ence of electroweak fermion number violation”. In: Phys. Rev. D 42 (1990), pp. 3344–3349. doi:
10.1103/PhysRevD.42.3344.

[74] Steve Blanchet et al. Leptogenesis with heavy neutrino flavours: from density matrix to Boltzmann
equations. 2013. arXiv: 1112.4528 [hep-ph]. url: https://arxiv.org/abs/1112.4528.

[75] Enrico Nardi et al. “The importance of flavor in leptogenesis”. In: Journal of High Energy Physics
2006.01 (Jan. 2006), pp. 164–164. issn: 1029-8479. doi: 10.1088/1126-6708/2006/01/164. url:
http://dx.doi.org/10.1088/1126-6708/2006/01/164.

https://doi.org/10.1146/annurev.astro.40.060401.093926
https://doi.org/10.1146/annurev.astro.40.060401.093926
http://dx.doi.org/10.1146/annurev.astro.40.060401.093926
http://dx.doi.org/10.1146/annurev.astro.40.060401.093926
https://doi.org/10.1155/2012/158303
http://dx.doi.org/10.1155/2012/158303
https://arxiv.org/abs/hep-ph/9901312
https://arxiv.org/abs/hep-ph/9901312
https://arxiv.org/abs/hep-ph/9901312
https://doi.org/10.1103/PhysRevLett.37.8
https://link.aps.org/doi/10.1103/PhysRevLett.37.8
https://link.aps.org/doi/10.1103/PhysRevLett.37.8
https://doi.org/10.1103/revmodphys.93.035004
https://doi.org/10.1103/revmodphys.93.035004
http://dx.doi.org/10.1103/RevModPhys.93.035004
https://doi.org/10.1088/1126-6708/2006/09/010
https://doi.org/10.1088/1126-6708/2006/09/010
https://arxiv.org/abs/hep-ph/0605281
https://doi.org/10.1016/0550-3213(82)90012-8
https://doi.org/10.1016/0550-3213(82)90012-8
https://doi.org/10.1016/S0550-3213(02)00737-X
https://arxiv.org/abs/hep-ph/0205349
https://doi.org/10.1088/1475-7516/2010/07/001
http://dx.doi.org/10.1088/1475-7516/2010/07/001
http://dx.doi.org/10.1088/1475-7516/2010/07/001
https://doi.org/10.1201/9780429503559
https://doi.org/10.1016/j.ppnp.2019.103727
http://dx.doi.org/10.1016/j.ppnp.2019.103727
http://dx.doi.org/10.1016/j.ppnp.2019.103727
https://doi.org/10.1103/PhysRevD.42.3344
https://arxiv.org/abs/1112.4528
https://arxiv.org/abs/1112.4528
https://doi.org/10.1088/1126-6708/2006/01/164
http://dx.doi.org/10.1088/1126-6708/2006/01/164


138 BIBLIOGRAPHY

[76] Asmaa Abada et al. “Flavor issues in leptogenesis”. In: JCAP 04 (2006), p. 004. doi: 10.1088/
1475-7516/2006/04/004. arXiv: hep-ph/0601083.

[77] Bruce A. Campbell et al. “On the baryon, lepton-flavour and right-handed electron asymmetries
of the universe”. In: Physics Letters B 297.12 (Dec. 1992), pp. 118–124. issn: 0370-2693. doi:
10.1016/0370-2693(92)91079-o. url: http://dx.doi.org/10.1016/0370-2693(92)91079-
O.

[78] P. Hernández et al. “Testable baryogenesis in seesaw models”. In: Journal of High Energy Physics
2016.8 (Aug. 2016). issn: 1029-8479. doi: 10.1007/jhep08(2016)157. url: http://dx.doi.
org/10.1007/JHEP08(2016)157.

[79] P. Hernández et al. “Bounds on right-handed neutrino parameters from observable leptogene-
sis”. In: Journal of High Energy Physics 2022.12 (Dec. 2022). issn: 1029-8479. doi: 10.1007/
jhep12(2022)012. url: http://dx.doi.org/10.1007/JHEP12(2022)012.

[80] Brian Shuve and Itay Yavin. “Baryogenesis through neutrino oscillations: A unified perspective”.
In: Physical Review D 89.7 (Apr. 2014). issn: 1550-2368. doi: 10.1103/physrevd.89.075014.
url: http://dx.doi.org/10.1103/PhysRevD.89.075014.

[81] G. Sigl and G. Raffelt. “General kinetic description of relativistic mixed neutrinos”. In: Nuclear
Physics B 406.1 (1993), pp. 423–451. issn: 0550-3213. doi: https : / / doi . org / 10 . 1016 /
0550-3213(93)90175-O. url: https://www.sciencedirect.com/science/article/pii/
055032139390175O.

[82] Takehiko Asaka, Sintaro Eijima, and Hiroyuki Ishida. “Kinetic equations for baryogenesis via
sterile neutrino oscillation”. In: Journal of Cosmology and Astroparticle Physics 2012.02 (Feb.
2012), pp. 021–021. issn: 1475-7516. doi: 10.1088/1475-7516/2012/02/021. url: http:
//dx.doi.org/10.1088/1475-7516/2012/02/021.

[83] I. Ghisoiu and M. Laine. “Right-handed neutrino production rate atTgt; 160 GeV”. In: Journal
of Cosmology and Astroparticle Physics 2014.12 (Dec. 2014), pp. 032–032. issn: 1475-7516. doi:
10.1088/1475-7516/2014/12/032. url: http://dx.doi.org/10.1088/1475-7516/2014/12/
032.

[84] J. Ghiglieri and M. Laine. “GeV-scale hot sterile neutrino oscillations: a derivation of evolution
equations”. In: Journal of High Energy Physics 2017.5 (May 2017). issn: 1029-8479. doi: 10.
1007/jhep05(2017)132. url: http://dx.doi.org/10.1007/JHEP05(2017)132.

[85] Asmaa Abada et al. “Neutrino masses, leptogenesis and dark matter from small lepton number
violation?” In: Journal of Cosmology and Astroparticle Physics 2017.12 (Dec. 2017), pp. 024–024.
issn: 1475-7516. doi: 10.1088/1475-7516/2017/12/024. url: http://dx.doi.org/10.1088/
1475-7516/2017/12/024.

[86] A.D. Dolgov. “Neutrinos in cosmology”. In: Physics Reports 370.45 (Nov. 2002), pp. 333–535. issn:
0370-1573. doi: 10.1016/s0370-1573(02)00139-4. url: http://dx.doi.org/10.1016/S0370-
1573(02)00139-4.

[87] Paolo Gondolo and Graciela Gelmini. “Cosmic Abundances of Stable Particles: improved analy-
sis”. In: Nuclear Physics B - NUCL PHYS B 360 (Aug. 1991), pp. 145–179. doi: 10.1016/0550-
3213(91)90438-4.

[88] A. Granelli et al. “ULYSSES: Universal LeptogeneSiS Equation Solver”. In: Computer Physics
Communications 262 (May 2021), p. 107813. issn: 0010-4655. doi: 10.1016/j.cpc.2020.107813.
url: http://dx.doi.org/10.1016/j.cpc.2020.107813.

https://doi.org/10.1088/1475-7516/2006/04/004
https://doi.org/10.1088/1475-7516/2006/04/004
https://arxiv.org/abs/hep-ph/0601083
https://doi.org/10.1016/0370-2693(92)91079-o
http://dx.doi.org/10.1016/0370-2693(92)91079-O
http://dx.doi.org/10.1016/0370-2693(92)91079-O
https://doi.org/10.1007/jhep08(2016)157
http://dx.doi.org/10.1007/JHEP08(2016)157
http://dx.doi.org/10.1007/JHEP08(2016)157
https://doi.org/10.1007/jhep12(2022)012
https://doi.org/10.1007/jhep12(2022)012
http://dx.doi.org/10.1007/JHEP12(2022)012
https://doi.org/10.1103/physrevd.89.075014
http://dx.doi.org/10.1103/PhysRevD.89.075014
https://doi.org/https://doi.org/10.1016/0550-3213(93)90175-O
https://doi.org/https://doi.org/10.1016/0550-3213(93)90175-O
https://www.sciencedirect.com/science/article/pii/055032139390175O
https://www.sciencedirect.com/science/article/pii/055032139390175O
https://doi.org/10.1088/1475-7516/2012/02/021
http://dx.doi.org/10.1088/1475-7516/2012/02/021
http://dx.doi.org/10.1088/1475-7516/2012/02/021
https://doi.org/10.1088/1475-7516/2014/12/032
http://dx.doi.org/10.1088/1475-7516/2014/12/032
http://dx.doi.org/10.1088/1475-7516/2014/12/032
https://doi.org/10.1007/jhep05(2017)132
https://doi.org/10.1007/jhep05(2017)132
http://dx.doi.org/10.1007/JHEP05(2017)132
https://doi.org/10.1088/1475-7516/2017/12/024
http://dx.doi.org/10.1088/1475-7516/2017/12/024
http://dx.doi.org/10.1088/1475-7516/2017/12/024
https://doi.org/10.1016/s0370-1573(02)00139-4
http://dx.doi.org/10.1016/S0370-1573(02)00139-4
http://dx.doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1016/0550-3213(91)90438-4
https://doi.org/10.1016/0550-3213(91)90438-4
https://doi.org/10.1016/j.cpc.2020.107813
http://dx.doi.org/10.1016/j.cpc.2020.107813


BIBLIOGRAPHY 139

[89] A. Granelli et al. “ULYSSES, universal LeptogeneSiS equation solver: Version 2”. In: Computer
Physics Communications 291 (Oct. 2023), p. 108834. issn: 0010-4655. doi: 10.1016/j.cpc.
2023.108834. url: http://dx.doi.org/10.1016/j.cpc.2023.108834.

[90] Ivan Esteban et al. “The fate of hints: updated global analysis of three-flavor neutrino oscilla-
tions”. In: Journal of High Energy Physics 2020.9 (Sept. 2020). issn: 1029-8479. doi: 10.1007/
jhep09(2020)178. url: http://dx.doi.org/10.1007/JHEP09(2020)178.

[91] Gustavo C. Branco et al. “A bridge between CP violation at low energies and leptogenesis”. In:
Nuclear Physics B 617.13 (Dec. 2001), pp. 475–492. issn: 0550-3213. doi: 10.1016/s0550-
3213(01)00425-4. url: http://dx.doi.org/10.1016/S0550-3213(01)00425-4.

[92] Elizabeth Jenkins and Aneesh V. Manohar. “Rephasing invariants of quark and lepton mixing
matrices”. In: Nuclear Physics B 792.12 (Mar. 2008), pp. 187–205. issn: 0550-3213. doi: 10.1016/
j.nuclphysb.2007.09.031. url: http://dx.doi.org/10.1016/j.nuclphysb.2007.09.031.

[93] Elizabeth E Jenkins and Aneesh V Manohar. “Algebraic structure of lepton and quark flavor
invariants andCPviolation”. In: Journal of High Energy Physics 2009.10 (Oct. 2009), pp. 094–
094. issn: 1029-8479. doi: 10.1088/1126-6708/2009/10/094. url: http://dx.doi.org/10.
1088/1126-6708/2009/10/094.

[94] S. Pascoli, S.T. Petcov, and A. Riotto. “Leptogenesis and low energy CP-violation in neutrino
physics”. In: Nuclear Physics B 774.13 (July 2007), pp. 1–52. issn: 0550-3213. doi: 10.1016/j.
nuclphysb.2007.02.019. url: http://dx.doi.org/10.1016/j.nuclphysb.2007.02.019.

[95] Marco Drewes. On the Minimal Mixing of Heavy Neutrinos. 2019. arXiv: 1904.11959 [hep-ph].
url: https://arxiv.org/abs/1904.11959.

[96] F Hahn-Woernle, M Plümacher, and Y.Y.Y Wong. “Full Boltzmann equations for leptogenesis
including scattering”. In: Journal of Cosmology and Astroparticle Physics 2009.08 (Aug. 2009),
pp. 028–028. issn: 1475-7516. doi: 10.1088/1475-7516/2009/08/028. url: http://dx.doi.
org/10.1088/1475-7516/2009/08/028.

[97] J Garayoa et al. “On the full Boltzmann equations for leptogenesis”. In: Journal of Cosmology and
Astroparticle Physics 2009.09 (Sept. 2009), pp. 035–035. issn: 1475-7516. doi: 10.1088/1475-
7516/2009/09/035. url: http://dx.doi.org/10.1088/1475-7516/2009/09/035.

[98] Ashok K. Das. Finite Temperature Field Theory. New York: World Scientific, 1997. isbn: 978-
981-02-2856-9, 978-981-4498-23-4.

[99] L. F. Abbott. “Introduction to the Background Field Method”. In: Acta Phys. Polon. B 13 (1982),
p. 33.

[100] I. S. Gradshteyn and I. M. Ryzhik. Table of integrals, series, and products. Seventh. Translated
from the Russian, Translation edited and with a preface by Alan Jeffrey and Daniel Zwillinger,
With one CD-ROM (Windows, Macintosh and UNIX). Elsevier/Academic Press, Amsterdam,
2007, pp. xlviii+1171. isbn: 978-0-12-373637-6; 0-12-373637-4.

[101] Ansgar Denner et al. “Feynman rules for fermion number violating interactions”. In: Nucl. Phys.
B 387 (1992), pp. 467–481. doi: 10.1016/0550-3213(92)90169-C.

[102] Vladyslav Shtabovenko, Rolf Mertig, and Frederik Orellana. “New developments in FeynCalc
9.0”. In: Computer Physics Communications 207 (Oct. 2016), pp. 432–444. issn: 0010-4655. doi:
10.1016/j.cpc.2016.06.008. url: http://dx.doi.org/10.1016/j.cpc.2016.06.008.

https://doi.org/10.1016/j.cpc.2023.108834
https://doi.org/10.1016/j.cpc.2023.108834
http://dx.doi.org/10.1016/j.cpc.2023.108834
https://doi.org/10.1007/jhep09(2020)178
https://doi.org/10.1007/jhep09(2020)178
http://dx.doi.org/10.1007/JHEP09(2020)178
https://doi.org/10.1016/s0550-3213(01)00425-4
https://doi.org/10.1016/s0550-3213(01)00425-4
http://dx.doi.org/10.1016/S0550-3213(01)00425-4
https://doi.org/10.1016/j.nuclphysb.2007.09.031
https://doi.org/10.1016/j.nuclphysb.2007.09.031
http://dx.doi.org/10.1016/j.nuclphysb.2007.09.031
https://doi.org/10.1088/1126-6708/2009/10/094
http://dx.doi.org/10.1088/1126-6708/2009/10/094
http://dx.doi.org/10.1088/1126-6708/2009/10/094
https://doi.org/10.1016/j.nuclphysb.2007.02.019
https://doi.org/10.1016/j.nuclphysb.2007.02.019
http://dx.doi.org/10.1016/j.nuclphysb.2007.02.019
https://arxiv.org/abs/1904.11959
https://arxiv.org/abs/1904.11959
https://doi.org/10.1088/1475-7516/2009/08/028
http://dx.doi.org/10.1088/1475-7516/2009/08/028
http://dx.doi.org/10.1088/1475-7516/2009/08/028
https://doi.org/10.1088/1475-7516/2009/09/035
https://doi.org/10.1088/1475-7516/2009/09/035
http://dx.doi.org/10.1088/1475-7516/2009/09/035
https://doi.org/10.1016/0550-3213(92)90169-C
https://doi.org/10.1016/j.cpc.2016.06.008
http://dx.doi.org/10.1016/j.cpc.2016.06.008


140 BIBLIOGRAPHY

[103] R. Mertig, M. Böhm, and A. Denner. “Feyn Calc - Computer-algebraic calculation of Feynman
amplitudes”. In: Computer Physics Communications 64.3 (1991), pp. 345–359. issn: 0010-4655.
doi: https://doi.org/10.1016/0010-4655(91)90130-D. url: https://www.sciencedirect.
com/science/article/pii/001046559190130D.

[104] Vladyslav Shtabovenko, Rolf Mertig, and Frederik Orellana. “FeynCalc 9.3: New features and
improvements”. In: Computer Physics Communications 256 (Nov. 2020), p. 107478. issn: 0010-
4655. doi: 10.1016/j.cpc.2020.107478. url: http://dx.doi.org/10.1016/j.cpc.2020.
107478.

[105] Vladyslav Shtabovenko, Rolf Mertig, and Frederik Orellana. “FeynCalc 9.3: New features and
improvements”. In: Computer Physics Communications 256 (Nov. 2020), p. 107478. issn: 0010-
4655. doi: 10.1016/j.cpc.2020.107478. url: http://dx.doi.org/10.1016/j.cpc.2020.
107478.

[106] Joakim Edsjö and Paolo Gondolo. “Neutralino relic density including coannihilations”. In: Phys-
ical Review D 56.4 (Aug. 1997), pp. 1879–1894. issn: 1089-4918. doi: 10.1103/physrevd.56.
1879. url: http://dx.doi.org/10.1103/PhysRevD.56.1879.

https://doi.org/https://doi.org/10.1016/0010-4655(91)90130-D
https://www.sciencedirect.com/science/article/pii/001046559190130D
https://www.sciencedirect.com/science/article/pii/001046559190130D
https://doi.org/10.1016/j.cpc.2020.107478
http://dx.doi.org/10.1016/j.cpc.2020.107478
http://dx.doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
http://dx.doi.org/10.1016/j.cpc.2020.107478
http://dx.doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1103/physrevd.56.1879
https://doi.org/10.1103/physrevd.56.1879
http://dx.doi.org/10.1103/PhysRevD.56.1879

	Abstract
	Contents
	The Standard Model
	The particle content
	Spontaneous Symmetry Breaking
	Spontaneous breaking of a continuous global symmetry
	Higgs mechanism
	Scalar terms
	Yukawa terms

	Open questions in the Standard Model
	Dark sectors

	Neutrino masses and oscillations
	Leptonic mixing
	Neutrino oscillations
	Oscillation probability in vacuum

	Neutrino masses
	Dirac and Majorana mass terms
	Dirac masses beyond the SM
	Majorana masses and the Weinberg operator

	Seesaw mechanism
	Casas-Ibarra Parametrization


	Baryon asymmetry of the universe
	Observations
	Sakharov conditions

	Leptogenesis models
	Anomalous B+L violation
	Baryon and Lepton number violations in the Electroweak theory
	B+L violating rates
	The relation between Baryon and Lepton asymmetries


	Thermal Leptogenesis
	Thermal leptogenesis in the single flavour regime
	Thermal history of Thermal Leptogenesis
	Out-of-equilibrium dynamics

	Classical Boltzmann equations
	Decays and inverse decays
	Weak washout regime
	Strong washout regime

	CP asymmetry
	Implications of CPT and unitarity for CP violation in decays
	Baryon asymmetry from EW sphaleron
	Davidson-Ibarra Bound

	Flavour Effects
	The effects on CP asymmetry and washout
	Classical flavored Boltzmann Equations

	Resonant Leptogenesis

	ARS Leptogenesis
	Model overview
	Derivation of quantum kinetic equations

	ARS Leptogenesis with additional singlet scalar
	New interactions
	Boltzmann Equation with scalar decay

	Numerical Analysis
	Model parametrization
	The case with M2M31 GeV
	The case with M2M3500 MeV
	The case with M2M310GeV
	Non vanishing initial asymmetry
	Parameter scan


	Conclusions
	Acknowledgements

	Appendices
	Charge conjugation
	Majorana fields

	Derivation of Boltzmann equations
	Decay and inverse decay

	Analytical approximation for the Solutions of BE
	Out-of-equilibrium decays
	Dynamical initial abundance
	Weak washout regime
	Strong washout regime


	CP asymmetry computation
	Wave diagrams contribution
	Vertex diagram contribution

	The effective potential
	The effective potential at zero temperature
	One-loop potential
	Generating functionals
	Symmetry restoration

	Derivation of thermal mass of the scalar singlet

	New interactions computation
	Scalar decay
	22 process


