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1. Introduction

Leptogenesis is a viable mechanism that provides an answer to the observed matter-antimatter
asymmetry of the Universe[1],[2]. A final lepton asymmetry is produced by the asymmetric de-
cay of a heavy particle to lepton and antileptons, which is then converted into a baryon asymmetry
through sphaleron interactions. The heavy particle must decay out-of-equilibrium in a CP-violating
way, thus satisfying all of the conditions established long ago by Sakharov [3]. One of the many
advantages of leptogenesis is that it is occuring in the same framework that generates neutrino
masses. Thus contributing simultaneously to the explanation of two important experimental ob-
servations. However, the main drawback to leptogenesis is precisely that it is very hard to verify
experimentally.

The generic characteristics that are required for the leptogenesis mechanism to work are:

• to have mixing/interference between (at least) two different states. Typically flavour, CP
eigenstates, etc.

• in general all possible mechanisms of CP violation can be implemented

• the careful consideration of the background dynamics of the expanding Universe

• the relevance of B and B-L conserving processes to determine the asymmetric densities of
the different species

• the explicit incorporation of L, C and CP violation is model dependent.

Keeping these features in mind there is a plethora of possible models such as [2]: Standard
Model (SM) + see-saw [4] (with 3 hierarchical right-handed neutrinos) and the corresponding su-
persymmetric version; Resonant leptogenesis, Soft Leptogenesis, Dirac Leptogenesis, Scalar/Fermion
Triplet Leptogenesis, Electromagnetic Leptogenesis, etc.

In the minimal model the Lagrangian is given by:

LNP = λαi`αφNi +h.c.+MiNiNi (1.1)

An initial lepton asymmetry is generated in the out-of-equilibrium decays of heavy singlet
Majorana neutrinos, and is then partially converted in a baryon asymmetry by anomalous sphaleron
interactions [5]. Heavy Majorana singlet neutrinos are also a fundamental ingredient of the seesaw
model [4], that provides an elegant explanation of the suppression of neutrino masses with respect
to all other Standard Model (SM) mass scales. In the case of SM + see-saw, a relevant bound is
placed on the net CP-asymmetry produced in the decay of the lightest right-handed neutrino[10]:

|εN1 | ≤
3

16π

mN1

v2 mν3 . (1.2)

and the final lepton asymmetry is given by

Y` = ηεN1 (1.3)
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where η is the efficiency parameter which is controlled by the washout regime. These are the two
main parameters that determine the final value of the lepton asymmetry.

Spectator Effects We consider processes in the thermal bath of the early Universe that conserve
B− L. For a given temperature T , from chemical equilibrium considerations we require: Total
isospin, hypercharge and color must be zero, flavor changing interactions involving the quarks
are in equilibrium, Yukawa interactions are equilibrium, electroweak and QCD sphalerons are in
equilibrium, and in a supersymmetric model additionally particles in same multiplet have φ̃ = φ .
Thus, we can then solve for B, L, B−L in terms of a chemical potential, say `.

2. Lepton Flavour Issues

Given that he,hµ ,hτ are small and the lepton asymmetry is obtained from a trace in flavour
space how can flavour matter? However, as flavour distinguishes mass eigenstates, this has some
unforeseen consequences [7]. For temperatures where Γτ ,Γµ � H then it is cleat that the charged
lepton Yukawas have no effect of the CP asymmetry but the dynamical process of right-handed
neutrinos decay and production and the corresponding lepton asymmetry is distributed among dis-
tinguishable flavours. In this way, we see that charged lepton Yukawa interactions have the effect
of projectors, asymmetries in each flavour are washed out differently, contributing with different
weights in the expression for the total asymmetry.

2.1 Purely Flavour Leptogenesis

In this type of models it is possible to generate the baryon asymmetry even in the case in which
∑α εα = 0 without lepton number violation in decay [12]. In this case the Boltzmann equations for
lepton flavour asymmetries in general present different washouts in the different flavours so.....
YB−L ∝ ∑ηαεα 6= 0. We rely on the condition that the dynamics of the different lepton flavors are
decoupled at the leptogenesis temperature. Most importantly, CP violation can originate from the
non leptonic sector/lepton number conserving loop. A specific case is a model with lepton flavour
violation (LFV). There is no need to have lepton number violation in the loop, lepton number
violation only via the washout processes.

2.2 Lepton Flavour Equilibration

Most extensions of the SM, and most noticeably among these
the Supersymmetric Standard Model (SSM), include new sources of Lepton Flavor Violation

(LFV). If leptogenesis occurs at temperatures when these new sources mediate reactions that are in
chemical equilibrium, then there are no flavor effects in leptogenesis. With Lepton Flavor Equili-
bration (LFE) [18], we refer to the effect of reactions that would bring the different lepton doublets
`α (α = e,µ,τ) into chemical equilibrium. The main points to keep in mind are:

• In the presence of LFV, fast `α → `β transitions effectively eliminate all dynamical flavor
effects.

• If at TLG the LFV processes are in chemical equilibrium then there are no flavour effects and
the one-flavour approximation correctly describes the production of the lepton asymmetry.
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• Must be included in the chemical equilibration/BEs and Spectator processes become more
relevant.

• In general, models of new physics have new sources of LFV, so it is not immediate that
flavour effects will survive.

We will use as a general and most interesting example the SSM where, in the basis in which the
charged lepton Yukawa couplings are diagonal, a source of LFV from soft supersymmetry breaking
masses is generally present:

Lsoft ⊃ m̃2
αβ

˜̀†
α

˜̀
β . (2.1)

Here ˜̀
α are the superpartners of the SU(2) lepton doublets. The terms in 2.1 affect the flavor

composition of the mass eigenstates, and as a result the `α
˜̀(int)
α G̃ vertex for the sleptons gauge

eigenstates (where G̃ = W̃a, B̃ represent a SU(2) or U(1) gaugino) involve a unitary rotation to the
slepton mass eigenstates:

˜̀(int)
α = Rαβ

˜̀
β , Rαβ ∼ δαβ +O(

m̃2
αβ

h2
αT 2 ), (2.2)

where hα > hβ is the relevant charged lepton Yukawa coupling that determines at leading order the
(thermal) mass splittings of the sleptons.

A supersymmetric model with soft supersymmetry-breaking mass terms m2
αβ

gives rise to new
diagrams that could contribute to a lepton asymmetry via PFL à la soft leptogenesis.

• Flavour CP asymmetries which are enhanced as ∝ g2λ , but ε = ∑α εα = 0.

• However, these are ineffective because lepton flavour densities equilibrate very fast, so ...LG
described by single flavour approximation, which cannot be sourced by the type of diagram
above.

3. Conclusions

Extensions of the Standard Model can provide the necessary ingredients for successful im-
plementation of the leptogenesis mechanism. A careful treatment of the lepton flavour basis in
relevant for the final quantitative results. Although detailed quantitative results can be obtained the
more difficult aspect of the leptogenesis mechanism is currently its testability.
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