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Abstract. We briefly review the scenario of baryogenesis through leptogenesis. Leptogenesis
is an appealing scenario that may relate the observed baryon asymmetry in the Universe to
the low-energy neutrino data. Particular emphasis will be laid on recent developments on the
field, such as the flavourdynamics of leptogenesis, resonant leptogenesis near the electroweak
phase transition and thermal effects. It is illustrated how these recent developments enable the
modelling of phenomenologically predictive scenarios that can directly be tested at the LHC
and indirectly in low-energy experiments of lepton-number and lepton-flavour violation.

1. Introduction

An elegant framework to consistently address the observed Baryon Asymmetry in the Universe
(BAU) [1, 2] is leptogenesis [3]. According to the standard paradigm of leptogenesis [4], minimal
extensions of the Standard Model (SM) realize heavy Majorana neutrinos of masses related to
the Grand Unified Theory (GUT) scale Mgyt ~ 10¢ that decay out of equilibrium and create a
net excess of lepton number (L). This excess in L gets then reprocessed into the observed baryon
number (B), through the (B + L)-violating sphaleron interactions [5]. The attractive feature of
such a scenario is that the GUT-scale heavy Majorana neutrinos could also explain the observed
smallness in mass of the SM light neutrinos by means of the so-called seesaw mechanism [6].

The original GUT-scale leptogenesis scenario, however, runs into certain difficulties, when
one attempts to explain the flatness of the Universe and other cosmological data [2] within
supergravity models of inflation. To avoid overproduction of gravitinos G whose late decays
may ruin the successful predictions of Big Bang Nucleosynthesis (BBN), the reheat temperature
Tren of the Universe should be lower than 10°-10% GeV, for me = 8.0-0.2 TeV [7]. This implies

that the heavy Majorana neutrinos should accordingly have masses as low as Tien S 107 GeV,
thereby rendering the relation of these particles with GUT-scale physics less natural. On the
other hand, it proves very difficult to directly probe the heavy-neutrino sector of such a model
at high-energy colliders, e.g. at the LHC or ILC, or in any other foreseeable experiment.

A potentially interesting solution to the above problems may be obtained within the
framework of resonant leptogenesis (RL) [8]. The key aspect of RL is that self-energy effects
dominate the leptonic asymmetries [9], when two heavy Majorana neutrinos happen to have
a small mass difference with respect to their actual masses. If this mass difference becomes
comparable to the heavy neutrino widths, a resonant enhancement of the leptonic asymmetries
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takes place that may reach values O(1) [8, 10]. An indispensable feature of RL models is
that flavour effects due to the light-to-heavy neutrino Yukawa couplings [11, 12, 14] play a
dramatic role and can modify the predictions for the BAU by many orders of magnitude [11, 12].
Most importantly, these flavour effects enable the modelling [12, 13] of minimal RL scenarios
with electroweak-scale heavy Majorana neutrinos that could be tested at the LHC [15, 16, 17]
and in other non-accelerator experiments, while maintaining agreement with the low-energy
neutrino data. Many variants of RL have been proposed in the literature [18, 19], including soft
leptogenesis [20] and radiative leptogenesis [21].

In this review we give a brief exposition of selected topics related to recent advancements
of the field. In detail, in Section 2, we remind ourselves about Sakharov’s basic conditions
for baryogenesis and list a few classical scenarios that have been suggested in the literature,
including leptogenesis. In Section 3 we discuss the importance of the various sources of flavour
effects on leptogenesis. Section 4 presents the field theory of RL, including a discussion of
its flavourdynamics and thermal effects. Section 5 discusses the potential particle-physics
implications of RL. Finally, Section 6 summarizes the main points of this review.

2. Matter—Antimatter Asymmetry and Leptogenesis

There are two pieces of observational evidence that establish the domination of the observable
matter over antimatter in our Universe. The first stems from the analysis of the power spectrum
of the cosmic microwave background [2]. In particular, the baryon-to-photon ratio np of number
densities is found to be

nMB = DB — 61708 % 10710 (1)

Ny

The second piece of evidence originates from the concordance of the light elements and big bang
nucleosynthesis, which gives [22]

nEBN = 3.4-6.9 x 10710, (2)

In spite of their different origin, the two deduced values for np are in good agreement with one
another.

More than fifty years ago [1], Sakharov has studied the conditions for which a baryon
asymmetry may successfully be generated. These basic conditions are:

e the theory should have B-violating interactions.
e the interactions should violate both C and CP.

e the processes of a net baryon-number generation should have a degree of irreversibility due
to an out-of-thermal equilibrium dynamics.

There are many scenarios that have been proposed in the existing literature. A few classical
examples are:

e Baryogenesis through the decay of a heavy particle. This scenario is based on the out-
of-equilibrium B-violating decay of a heavy GUT particle, e.g. in SO(10) theory [23].
Serious constraints on these scenarios come from the stringent lower limit on proton’s long
lifetime [22] and the sphaleron erasure, as the dominant decay modes usually violate (B+L)-
number as well (see also discussion below). The latter problem might be circumvented by
introducing a certain set of non-renormalizable operators into the GUT theory [24].

e Baryogenesis at the electroweak phase transition. In this scenario, BAU is generated by
(B + L)-violating sphaleron interactions at 7' ~ T, ~ 140 GeV, through a first order
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Figure 1. Feynman diagrams contributing to the L-violating decays of heavy Majorana
neutrinos, N, — L¢® where L and ® represent lepton and Higgs-boson iso-doublets,
respectively: (a) tree-level graph, and (b) self-energy and (c) vertex graph.

phase transition [5]. However, such a scenario cannot be realized within the Standard
Model (SM) [25], since the phase transition is not sufficiently strong enough given the
current observation of the Higgs-boson H with mass My ~ 126 GeV. This last feature
changes drastically in the MSSM [26]. However, the present limits on the Thalium, neutron
and Mercury Electric Dipole Moments [27], as well as constraints on squark and slepton
masses, significantly squeeze the allowed parameter space for electroweak baryogenesis in
the MSSM [28].

e Baryogenesis through leptogenesis. This scenario combines the two key ideas of the above
two scenarios. Leptogenesis is based on the out-of-equilibrium L-violating decays of heavy
Majorana neutrinos. These decays produce a net lepton asymmetry, which is converted into
the observed BAU through (B + L)-violating sphaleron interactions [3].

Several variants of leptogenesis have been discussed so far in the literature [29]. These include
scenarios of hierarchical leptogenesis [30], Dirac leptogenesis [31], non-thermal leptogenesis [32],
Affleck-Dine and spontaneous leptogenesis [33, 34], and RL which will be discussed more
extensively in Section 4.

3. The Flavourdynamics of Leptogenesis

It is important to appreciate the special role that flavour effects can play in leptogenesis. This
special role of flavour effects on scenarios of baryogenesis is not new [35] and has already been
recognized in the past [36, 37]. The key observation here is that sphalerons do not only conserve
B — L, but also the individual quantum numbers:

%B —Le s -
Thus, a generated baryon asymmetry can be protected from erasure if a particular lepton flavour
combination or an individual lepton number L. , - is out of thermal equilibrium. For instance,
this idea has been used in [36] to show how specific R-parity-violating supersymmetric scenarios
do not wash out any baryon asymmetry that could eventually account for the observed matter—
antimatter asymmetry in the Universe.

The new aspect of flavourdynamics in leptogenesis is that the BAU can now be both generated
from and protected in a single lepton flavour [11], e.g. in the 7-lepton number L. In order to
better understand this, we need first to clarify the two sources of flavour effects:

o flavour effects due to charged-lepton Yukawa couplings he, . These effects are related to
the interactions mediated by charged-lepton Yukawa couplings [38]. If these interactions
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Figure 2. Numerical estimates for a scenario with my, = 10 GeV, my, = 2mpy,,
mpy, = 3mpy; .

are in or out of thermal equilibrium at the scale, at which leptogenesis takes place, then
the predicted value for the BAU gets modified significantly, typically up to one order of
magnitude [39]. Thus, if the leptogenesis scale is higher than 10° TeV, then all charged-
lepton Yukawa interactions are out of thermal equilibrium, whereas if the scale is below
10 TeV, all charged-lepton Yukawa couplings are in thermal equilibrium [37] and their full
impact on the BAU needs be taken into account [12].

o flavour effects due to heavy-neutrino Yukawa couplings hj,. These effects are governed
by heavy-neutrino Yukawa-coupling interactions [11, 14]. In this case, one may consider
scenarios that would generate an excess in an individual lepton number, e.g. L., and
protect the resulting asymmetry from potentially large wash-out effects due to sphalerons.
For example, one could arrange the neutrino Yukawa couplings h;,, such that all heavy
Majorana neutrinos Ny 93 decay out of equilibrium in L,, Ny decays out of equilibrium in
L., ., but Na3 could decay very rapidly into L. ,. In Fig. 2, we give predictions for an
hierarchical scenario with and without neutrino Yukawa coupling effects included [12, 14].
The two predictions can differ by up to one order of magnitude. As we will discuss in
Section 4, however, flavour effects due to hj, may modify the BAU predictions by many
orders of magnitude, e.g. bigger than 10°, in RL models, thereby rendering their inclusion
indispensable [11, 12].

We close this section by mentioning that flavour effects do also play an important role in
collision terms of the Boltzmann equations that describe scatterings [10, 12]. These are AL =1
Yukawa and gauge-mediated scatterings, as well as AL = 0,2 scatterings mediated by heavy
Majorana neutrinos.



DISCRETE 2012 — Third Symposium on Prospects in the Physics of Discrete Symmetries IOP Publishing
Journal of Physics: Conference Series 447 (2013) 012007 doi:10.1088/1742-6596/447/1/012007

Figure 3. LSZ-type approach to mixing and decay of heavy Majorana neutrinos

4. Resonant Leptogenesis

A scenario inspired by the dynamics of the K°KY system [40] is resonant leptogenesis [8, 10].
Resonant leptogenesis is based on the observation that self-energies dominate the lepton
asymmetries if [my, —mp,| < mpy;, [9]. However, as we will see below, the proper inclusion of
heavy-neutrino width effects is necessary in order to obtain a non-singular well-behaved analytic
expression for the leptonic asymmetries.

The are several variants of RL:

e Soft RL [20]. In this scenario, leptogenesis results from sneutrino decays in the MSSM.
CP-violating soft SUSY-breaking parameters may split the degeneracy within a single
generation of right-handed sneutrino states, which leads to a resonant enhancement of
the leptonic asymmetries.

e Radiative RL [21]. In this case, the heavy Majorana neutrinos are exactly degenerate at
the GUT scale. Then, small mass differences among the heavy Majorana neutrino states
are generated via renormalization group (RG) running from the GUT scale down to the
leptogenesis scale. These small mass differences give rise to RL.

e Coherent RL (via sterile neutrino oscillations) [41, 42]. This scenario relies on the
possibility that sterile neutrinos with masses well below the critical temperature of the
electroweak phase transition, e.g. of order 10 GeV, maintain the coherence of their CP
asymmetric oscillations and can thus produce an enhanced leptonic asymmetry of the
amount needed to create the observed BAU.

We will now briefly review the field theory developed in [8, 10] for thermal RL. This is based
on an effective LSZ-type formalism [43] with the aim to incorporate both the mixing and the
decay of the heavy Majorana neutrinos. As shown in 3, one needs to resum self-energy graphs,
whose absorptive parts regularize the tree-level mass singularity when my, — my,. For a
two-generation heavy-neutrino model, the resummed propagator matrix reads:

(F—mm S0P S1s(#) B
Swl#) = (P o e ) ?

Detailed discussion of this formalism may be found in [8, 10].
Making use of the corresponding K°K° terminology, there are two types of CP violation in
the leptonic decays of the heavy Majorana neutrinos:

e c'-type CP violation. In this case, the required CP violation arises from the interference of
the tree-level graph with the absorptive of the self-energy effects.

P Tm (h”f h”)iﬁ Ty f m?\fﬁ (4)
No — (hzf[ hy)aa (hsz hu)ﬁﬁ mNﬁ m%\[a 3
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Figure 4. ¢- and &/-type contributions to the leptonic asymmetries in a model with two heavy
Majorana neutrinos, with oy, , & en, , + €, , and oy = dn; + On,.

where ()
hV h/V 6/6
I'n, = ey W
is the tree-level decay width of Ng, and f(z) = /z[1 — (1 +)In(1 +1/2)] is the Fukugita-
Yanagida loop function [3].

e c-type CP wviolation.

B Im (T h¥)2 5 ( Ty, ) (Mm%, —miy,) mn, my, )
(

ENo = (hl/‘i‘ h”)aa (hVT h")ﬁﬁ MNg m?va - mNﬁ) + mNaF?Vﬂ

Note that e, dominate over the &’ N, whenmpy, —mpy, < mp, ,. In the limit my, — mny,,
the would-be singularity is regularized by the decay width of the heavy neutrino Ng.
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From (5), the following two conditions for O(1) leptonic asymmetries may be obtained [8]:
Im (BT h¥)2 5
(WV R )aa (BT H") 55
Figure 4 shows the impact of the above two conditions on the leptonic asymmetries for a low-

scale seesaw model. The generic feature of the resonant conditions remains valid even in the
presence of flavour effects [12].

(i) mn, —mn; ~ 5 N, (ii) ~ 1. (6)

2

As was already mentioned in Section 3, flavour effects due to neutrino Yukawa couplings play
an important role in models of RL. As an illuminating example, we will consider a scenario of
RL, which uses the 7-lepton number to generate the BAU and has the potential to be directly
tested as we will see in the next section. In such a model, the smallness of the light neutrinos is
not due to the usual seesaw mechanism [6], but thanks to the approximate breaking of lepton
flavour symmetries [44, 45, 15, 11, 13]. In detail, the heavy neutrino sector is initially assumed
to be SO(3), and gets broken down to the identity I via the neutrino Yukawa couplings in two
steps [13]:

SOB) ™3 UM)pn, xU1), s 1.
As a consequence, the neutrino Yukawa-coupling matrix h” takes on the general form
Ee ae /4 aeim/4
Y = | e, be im/4 beim/4 , (7)

Er K1 6_7:(7‘—/4_'71) K9 ei(w/4_72)

with @ ~ b ~ 1072 ~ h, and lee 7| ~ 10~ ~ h, and K12 < a, b. RG effects violate the SO(3)-
invariant form of the Majorana mass matrix mp;(Myx) = my1s by the 3-by-3 matrix Amys. In
the leading-log approximation, the SO(3)-breaking matrix Amj; receives the following radiative

corrections: M
m
Amay =~ 25 (m—jj) Re [l (M )* (My)] - (8)
In Fig. 5, we give numerical estimates of the baryon asymmetry np for different initial
conditions in the resonant 7-leptogenesis (R7L) model described above. The heavy Majorana
mass scale is my = 250 GeV. Our results show that the baryon asymmetry np is almost
independent on the initial conditions. This property is a consequence of the fixed-point dynamics
which exhibits a system that is in quasi-thermal equilibrium. As can be seen from the lower panel
in Fig. 5, this almost independence of np on the initial conditions persists, even if the heavy
Majorana mass my is as low as 100 GeV, even though this feature becomes less pronounced and
the dynamics of leptogenesis at the electroweak phase transition needs to be carefully considered.
In this case, one should take into consideration contributions to the leptonic asymmetries that
originate from the transverse polarizations of the W- and Z-boson gauge fields [47].

There have been a number of studies in the recent literature that go beyond the classical
approach to Boltzmann equations, introducing thermal effects [48] and aspiring to describe
transport phenomena from first principles [49, 50, 51]. The aim of the recent studies is to derive
thermally-corrected Boltzmann equations for leptogenesis from the Kadanoff-Baym equations
in the Schwinger-Keldysh Closed Time Path (CTP) formalism. Particular approximations
and certain assumptions were made to define particle number densities and solve the quantum
transport equations, such as the quasi-particle approximation and gradient expansion. In this
context, it is worth mentioning a new formalism for a perturbative non-equilibrium thermal field
theory [52], which makes use of physically meaningful particle number densities that are directly
derivable from the Noether charge. The formalism also enables to resum all orders of gradients,
thus capturing more accurately the early non-Markovian regime of non-equilibrium dynamics.
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Figure 5. np versus z = my, /T in the RTL model with my = 250 GeV (upper panel) and
mpy = 100 GeV (lower panel).

5. Particle-Physics Phenomenology of Resonant Leptogenesis

RL models can give rise to a number of phenomenologically testable signatures. Here, we will
present the generic predictions of R7L models for the Ov38 decay, and for processes of lepton
flavour violation (LFV), such as yu — ey, u — eee and p — e conversion in nuclei. Finally, we
give numerical estimates of production cross sections of heavy Majorana neutrinos at the LHC.

5.1. OvBB Decay

Neutrinoless double beta decay (0v33) corresponds to a process in which two single 3 decays [53]
occur simultaneously in one nucleus. As a consequence of this, a nucleus (Z, A) gets converted
into a nucleus (Z + 2, A), i.e.

24X — 4.,X + 2.

Evidently, this process violates L-number by two units and can naturally take place in minimal
RL models, in which the observed light neutrinos are Majorana particles. The observation of
such a process would provide further information on the structure of the light neutrino mass
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matrix m”. In particular, the transition rate of OvG3 decay is governed by the effective Majorana
neutrino mass (m). For the R7L model with inverted hierarchy, the effective neutrino mass is
given by

2
v Ampy
omN 2 2

[(m)] = [(m")ec| = e

where Amy = 2(Ampr)as + i[(Amar)ss — (Ampr)ee].  Such a prediction lies within the
reach of future experiments which will be sensitive to values of |(m)| of order 1072, such as
SuperNEMO [54].

~ 0.01
v | 0.013 eV, 9)

5.2. i — ey, p— eee and | — e conversion

Quantum effects due to heavy Majorana neutrinos may induce LF'V couplings to the photon ()
and the Z boson. These couplings give rise to LFV decays, such as u — ey [55], p — eee [56]
and p — e conversion [57]. More details on the actual calculation of these processes may be
found in [56, 58]. Also, related phenomenological analyses of LFV effects in the SM with singlet
neutrinos may be found in [59, 60, 61, 62].

Let us first consider the decay p — e7. In the R7L model, the branching fraction for y — ey
is given by
2 1312
B(p—ey) = 9-107* x M : (10)
my
The theoretical prediction should be contrasted with the experimental upper limit [22]:

Bexp(pp — ey) < 2.4 x 10712, (11)

For the particular scenario considered in Section 4, we find B(u — ey) ~ 10712, which falls well
within reach of the sensitivity reported by the MEG collaboration at the 107 level [63]. In
Fig. 6, we exhibit the allowed parameter space of a Minimal R7L model studied in [13], where
the required mass splitting among the three heavy neutrinos was induced by RG effects [21]
from the GUT scale down to the heavy Majorana mass scale my = 120 GeV.

We then consider the decay g — eee. Assuming an electroweak-scale Majorana mass
my = 250 GeV, its branching ratio B(y — eee) may be related to B(u — e7y) through [56]:

B(p—eee) ~ 1.4-1072 x B(p — ey) ~ 1.4-1071 (12)

This value is a factor ~ 70 below the present experimental bound [22]: Bexp(pn — eee) <
1.0x 10712, It would be therefore encouraging, if higher sensitivity experiments could be designed
to further probe this observable.

Finally, one of the most sensitive experiments to probe LFV is the coherent conversion of
p — e in nuclei. Specifically, for the 33Ti case, Be(26,22) can be also directly linked to
B(p — ey) through the relation [64, 65]:

Be(26,22) ~ 5 x B(u—ev), (13)

for my = 250 GeV.
On the experimental side, the upper bound on the y — e conversion rate in 557Ti [66] is

BO®(26,22) < 4.3 x 1072, (14)

at the 90% CL. However, the proposed experiment PRISM/PRIME [67] will be sensitive to
conversion rates of order 10718, Hence, the prediction in (13) falls well within reach of the
sensitivity proposed by the PRISM/PRIME collaborations.
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Figure 6. Contour plots of k1 versus k9 in a Minimal R7L model, with my = 120 GeV [13].

As opposed to other scenarios of baryogenesis, leptogenesis models in general do not
suffer from predicting a too large contribution to the electron electric dipole moment (EDM).
This is because EDM effects first arise at two loops and are suppressed either by higher
powers of small Yukawa couplings and/or by small factors, such as (my, — mn,,)/my in RL
models [8, 68]. Finally, other manifestations of heavy Majorana neutrino effects are LFV and
universality-breaking effects in the Z-boson decays [60, 61] and non-unitarity effects in neutrino
oscillations [69].

5.3. Heavy Majorana Neutrino Production at the LHC

Electroweak-scale RL models, such as the R7L model, predict heavy Majorana neutrinos with
masses and couplings within the range that could be produced at the LHC. The dominant
production channel is through the W*-boson exchange graph shown in Fig. 7 [15, 16, 70, 71, 72].
The characteristic signature is the observation of like-sign dileptons with no missing transverse
momentum [73].

According to the recent studies [70, 71|, the LHC may be rather sensitive to the light-to-
heavy neutrino mixing expression b?v?/(2m%;) ~ 1073-1074, for my = 100-150 GeV. A recent
experimental analysis [74] confirms this expectation. Hence, a possible discovery of heavy
Majorana neutrinos at the LHC will unravel the scale of lepton-flavour violation, thus putting
the predictions of R7L models into direct test. Finally, low-scale seesaw models of the type
considered here could also predict sizeable signatures of simultaneous lepton flavour and lepton
number violation, such as pp — etu™, e"pu~, e 77 ..., as well as resonantly enhanced O(1)
CP asymmetries [75]. Thus, a complete exploration of the phenomenological consequences of
RL models would be interesting.

10
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Figure 7. Production and decay of heavy Majorana neutrinos at the LHC.

6. Conclusions

Leptogenesis provides an interesting mechanism for explaining our observable matter—antimatter
asymmetric Universe, which may relate to the origin of the neutrino mass. In this brief
review, we have paid particular attention to the recent developments on the field, such as the
flavourdynamics of leptogenesis and resonant leptogenesis near the electroweak phase transition.
In particular, flavourdynamics plays an important role in the predictions for the BAU and in the
model-building of phenomenologically testable scenarios. It has been explicitly demonstrated
how the observed matter—antimatter asymmetry in the Universe may be successfully explained
by thermal resonant leptogenesis at the electroweak scale, independently of any non-zero
primordial baryon asymmetry. In fact, any primordial baryon asymmetry will be erased and
the actual value of the BAU will be set by the actual mechanism itself, as a consequence of the
quasi-in-thermal equilibrium conditions that govern resonant leptogenesis.

Models of resonant leptogenesis may have rich collider phenomenology. Electroweak-mass
heavy Majorana neutrinos may give rise to observable signatures of lepton number and lepton
flavour violation at the LHC. There may also give rise to correlated predictions for low-energy
observables, such as B(u — ey), coherent u — e conversion in nuclei, B(u — eee) and the
effective neutrino mass in the Ov(0 decay. Thus, an exciting era of new discoveries at the LHC
and in other low-energy experiments may lie just ahead of us, revealing a greater picture that
unifies particle physics and cosmology.
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