
Overview of leptogenesis

• leptogenesis from out-of-equilibrium decays (thermal leptogenesis): 
heavy Majorana neutrinos / scalar electroweak triplet

• resonant leptogenesis

• leptogenesis from sterile neutrino oscillations (ARS leptogenesis)

• in passing: is there a link with CP violation at low energy ? how to 
probe these scenarios ?
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Introduction
The baryon asymmetry of the universe (BAU)

                                             

must be explained by some dynamical mechanism ⇒ baryogenesis

Sakharov’s conditions :

(1) and (2) are present in the SM

(1) B+L anomaly ⇒ transitions between vacua with different (B+L) possible
at T≳Mweak, where nonperturbative (B+L)-violating processes (electroweak 
sphalerons) are in equilibrium

Electroweak baryogenesis fails in the SM because (3) is not satisfied [also 
CP violation is too weak] ⇒ need either new physics at Mweak to modify 
the dynamics of the EWPT, or generate a (B-L) asymmetry at T > TEW

(1) B violation
(2) C and CP violation
(3) departure from thermal equilibrium

<latexit sha1_base64="uDebd4d/GccQmrtxNLw38U5CNxk="></latexit>nB � nB̄

n�
' nB

n�
= (6.12± 0.04)⇥ 10�10 (Planck 2020)



Leptogenesis (generation of a L asymmetry above TEW, which is partially 
converted into a B asymmetry by EW sphalerons) belongs to the second class

Main motivation for leptogenesis: neutrino masses, which strongly suggest 
lepton number violation

Attractive mechanism since connects neutrino masses to the BAU :
the B-L asymmetry is generated in out-of-equilibrium decays and/or oscillations 
of heavy states involved in neutrino mass generation, such as the heavy 
Majorana neutrinos of the (type I) seesaw mechanism

                                                  ⇒

This mechanism contains all ingredients for baryogenesis (L violation due to 
heavy Majorana mass, CP violation due to complex heavy neutrino couplings)

Leptogenesis is also possible with an EW scalar triplet (type II seesaw) or with 
EW fermion triplets (type III seesaw)
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Thermal leptogenesis with heavy Majorana neutrinos

Generate a B-L asymmetry through the out-of-equilibrium decays of the 
heavy Majorana neutrinos responsible for neutrino mass

Seesaw mechanism:

                                     ⇒

                           (Majorana) ⇒ decays both into l⁺ and l⁻

(Mν)αβ = −
∑

i

YiαYiβ

Mi
v
2 (v = 〈H〉)

Lseesaw = −
1

2
MiN̄iNi −

(

N̄iYiαLαH + h.c.
)

Γtree(Ni → LH) = Γtree(Ni → L̄H
!) =

Mi

16π
(Y Y

†)ii

N
c

i ≡ CN̄
T

i = Ni

[Fukugita, Yanagida ‘86]



CP asymmetry due to interference between tree and 1-loop diagrams:

                     ⇒

CP asymmetry in N1 decays (hierarchical case                       ) ⇒ generation

of a lepton asymmetry proportional to

The generated asymmetry is partly washed out by L-violating processes:

Γ(Ni → LH) "= Γ(Ni → L̄H
!) Covi, Roulet, Vissani ’96

Buchmüller, Plümacher ‘98

• inverse decays
• ΔL=2 N-mediated scatterings

• ΔL=1 scatterings involving the top or gauge bosons

LH ! N1

LH ! L̄H̄ , LL ! H̄H̄
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Figure 6.1: Diagrams for various 2 ↔ 2 scattering processes: (a) scatterings with the top-quarks, (b), (c)
scatterings with the gauge bosons (A = B, Wi with i = 1, 2, 3), (d) ∆L = 2 scatterings mediated by N1.

6.3 The O(h2
tλ

2) and O(h2
t λ

4) terms

In this section, we include processes involving the top Yukawa coupling ht. Processes involving gauge
bosons can be included in a similar way and we add them in our final expressions.

We denote the left-handed third-generation quark doublet by q3, and the SU(2)-singlet top by t. The
inclusion of 1 ↔ 3 decays and inverse decays such as N1 ↔ !αq̄3t, and of N1!α ↔ q3t̄ scatterings mediated
by Higgs exchange, follows lines analogous to those presented in the previous section. For the O(h2

tλ
2)

contributions to the evolution of the N1 density, we obtain:
(
ẎN1

)

II
= −(yN1 − 1)

[
γN→3 + γ2↔2

top

]
. (6.32)

Here,

γN→3 ≡
∑

β

(γN1

#β q̄3t + γN1

#̄βq3t̄
), (6.33)
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The generated asymmetry is partly washed out by L-violating processes.
Its evolution is described by the Boltzmann equation

Typical evolution:Maximal Temperature of the Early Universe 17
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Fig. 10. Evolution of heavy neutrino abundance NN1 and lepton asymmetry NB�L

for typical leptogenesis parameters: M1 = 1010 GeV, em1 = 8⇡�1(vEW)/M1)2 eV,
✏1 = 10�6; the inverse temperature z = M1/T is the time variable. The dashed
(full) lines correspond to thermal (vacuum) initial conditions for the heavy neutrino
abundance; the dotted line represents the equilibrium abundance. From Ref. [47].

Here the dilution factor d ⇠ 0.01 accounts for the increase of the photon
number density between leptogenesis and today, and the e�ciency factor
f ⇠ 10�2 is a consequence of washout e↵ects due to lepton number chang-
ing scatterings in the plasma.

It turns out that for the relevant range of neutrino masses, the final
baryon asymmetry is determined by decays and inverse decays of the heavy
neutrinos [46]. In the “one-flavour” approximation, where one sums over
lepton flavours in the final state, the Boltzmann equations take the simple
form

dnN

dt
+ 3HnN = �

�
nN � neq

N

�
�N , (5.8)

dnL

dt
+ 3HnL = �✏1

�
nN � neq

N

�
�N . (5.9)

Here nN (neq

N
) and nL (neq

L
) are the (equilibrium) number densities2 of heavy

neutrinos and leptons, respectively. Note that the CP asymmetry ✏1 results
from a quantum interference. On the contrary, washout terms, which are
neglected in Eqs. (5.8) and (5.9), are tree level proesses.

2 Note that in Fig. 10 number densities NN1 and NB�L are plotted for a portion of
comoving volume that contains one photon.

[Buchmüller, Di Bari, Plümacher ’02]
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Thermal leptogenesis can explain the observed baryon asymmetry

    (assuming                       )

  region of successful leptogenesis
  in the                plane

                            controls washout

                      

⇒                                              depending on the initial conditions 

Case                : if                        , the self-energy part of εN1 has a resonant 
behaviour, and                        is compatible with successful leptogenesis 
(“resonant leptogenesis”)
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Figure 9: Allowed range of m̃1 and mN1
for leptogenesis in the SM and MSSM assuming

m3 = max(m̃1, matm) and ξ = m3/m̃1. Successful leptogenesis is possible in the area inside
the curves (more likely around the border).

In fact, even if N1 initially has a thermal abundancy ρN1
/ρR ∼ gN1

/g∗ " 1, its contribution
to the total density of the universe becomes no longer negligible, ρN1

/ρR ∼ (gN1
mN1

)/(g!T ),
if it decays strongly out of equilibrium at T " mN1

. For the reasons explained above, this
effect gives a suppression of η (rather than an enhancement), and for very small m̃1 the
case (1) and (∞) give the same result.

The lower panel of fig. 8 contains our result for the efficiency |η| of thermal leptogenesis
computed in cases (0), (1) and (∞) as function of both m̃1 and mN1

. At mN1
>∼ 1014 GeV

non-resonant ∆L = 2 scatterings enter in thermal equilibrium strongly suppressing η.
Details depend on unknown flavour factors.

Our results in fig. 8 can be summarized with simple analytical fits

1

η
≈

3.3 × 10−3 eV

m̃1

+

(

m̃1

0.55 × 10−3 eV

)1.16

in case (0) (40)

valid for mN1
" 1014 GeV. This enables the reader to study leptogenesis in neutrino mass

models without setting up and solving the complicated Boltzmann equations.

Implications

Experiments have not yet determined the mass m3 of the heaviest mainly left-handed
neutrino. We assume m3 = max(m̃1, matm). Slightly different plausible assumptions are
possible when m̃1 ≈ matm, and very different fine-tuned assumptions are always possible.

20

M1 ≥ (0.5 − 2.5) × 109 GeV

|M1 − M2| ∼ Γ2

M1 ! 10
9
GeV

M1 �M2

Covi, Roulet, Vissani ’96
Pilaftsis ’97

[Giudice, Notari, Raidal, Riotto, Strumia ’03]

m̃1 ⌘ (Y Y †)11v2

M1

(m̃1,M1)

M1 ⌧ M2,M3

[Davidson, Ibarra ’02]



Flavour effects in leptogenesis

“One-flavour approximation” (1FA): leptogenesis described in terms of a single 
direction in flavour space, the lepton       to which N1 couples

This is valid as long as the charged lepton Yukawas λα are out of equilibrium

At                      ,  λτ is in equilibrium and destroys the coherence of            
⇒ 2 relevant flavours:      and a combination     of     and 

At                    , λτ and λµ are in equilibrium ⇒ must distinguish     ,      and

➞ depending on the temperature regime, must solve Boltzmann equations 
for 1, 2 or 3 lepton asymmetries (                     in the 3-flavour regime, 
with                                  )

[a more rigorous treatment involves a 3x3 matrix in flavour space, the “density matrix”, 
describing the flavour asymmetries and their quantum correlations]

Barbieri, Creminelli, Strumia, Tetradis ’99
Endoh et al. ’03 - Nardi et al. ’06 - Abada et al. ’06
Blanchet, Di Bari, Raffelt ’06 - Pascoli, Petcov, Riotto ’06

T � 1012 GeV

T � 109 GeV

`N1

`N1

`⌧ `a `e `µ

`e `µ `⌧

X

↵

Y1↵ N̄1`↵H ⌘ yN1N̄1`N1H
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Flavour effects lead to quantitatively different results from the 1FA

Spectacular enhancement of the final asymmetry in some cases, such as 
N2 leptogenesis (N2 generate an asymmetry in a flavour that is only mildly 
washed out by N1)  [Vives ’05 - Abada, Hosteins, Josse-Michaux, SL ’08 - Di Bari, Riotto ’08]

[Abada, Josse-Michaux ’07]

red:  1FA
black: flavoured case
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Figure 4: Evolution of the asymmetries as a function of z = M1/T in the (+, +,−) solution, with the off-diagonal
entries of the A matrix included (left panel) and omitted (right panel). The thin lines represent the three lepton
flavour asymmetries: Y∆e in blue (medium grey), Y∆µ in green (light grey), Y∆τ in purple (dark grey), while the
thick red (medium grey) and black lines stand for YB and Y 1F A

B−L
, respectively. The input parameters are chosen

as in Fig. 2, and the B − L breaking scale is vR = 1014 GeV.

matrix. Neglecting the off-diagonal entries of the A matrix for the moment, and omitting for simplicity
the scattering terms in W1(z), one obtains:

Y d
∆α

" e
3π
4 Aαακ1α (Y∆α)

N2
, (59)

where we have used
∫∞
0 dz z3K1(z) = 3π/2. Since κ1e # 1 # κ1µ(τ), the asymmetry in the electron

flavour is almost unaffected by N1-induced washout, while (Y∆µ)
N2

and (Y∆τ )
N2

are exponentially

diluted, namely by a factor of order 10−11. The final baryon asymmetry is14:

YB "
10

31
Y d

∆e
"

10

31
0.92 (Y∆e)N2

" −1.2 × 10−10 , (60)

in good agreement with the numerical result. In the one-flavour approximation instead, the B − L
asymmetry generated in N2 decays is completely washed out by N1-related processes:

Y 1F A
B−L " e−

3π
4 κ1 (Y 1F A

B−L)
N2

" 6 × 10−35 (Y 1F A
B−L)

N2
, (61)

so that the dominant contribution to Y 1F A
B−L actually comes from N1 decays, in spite of the smallness of

ε1 (an analogous statement can be made about Y∆µ and Y∆τ in the flavour-dependent treatment). All
these results are illustrated in the right panel of Fig. 4.

Let us now add the effect of the off-diagonal entries in the A matrix. The contribution to Y∆α of the
second term in the right-hand side of Eq. (57) has been evaluated in Ref. [51], in the non-supersymmetric
case:

Y od
∆α

"
1.3κ1α

1 + 0.8(−Aαακ1α)1.17

∑

β #=α

AαβY d
∆β

. (62)

This flavour mixing does not affect Y∆e , but prevents the complete depletion of Y∆µ and Y∆τ :

Y od
∆µ(τ)

" 0.12Y d
∆e

" −4.4 × 10−11 . (63)

The final baryon asymmetry is only marginally affected, reaching YB " −1.5 × 10−10. These analytic
estimates are confirmed by the numerical results shown in the left panel of Fig. 4.

14As explained earlier in this section, the sign of YB is not relevant since it can be reverted by changing the sign of Φu
2

(if one neglects the small contribution of δCKM to YB).

18

[Abada, Hosteins, Josse-Michaux, SL ’08]

if the total wash-out is strong, we can still have flavours that are weakly washed-out, hence dominating the
baryon asymmetry and allowing a successfull leptogenesis. Thus, by the inclusion of flavour in leptogenesis
no upper-bound on m̃ can be derived.
Notice that for m̃(m1) ! atm in figure 8(9), the points drop below the upper-bound MN1

! 5× 1011 GeV.
Indeed, as m1 ! atm , mmax ! m1 ! m2 ! m3, and the upper-bound on MN1

scales as 1/m1, c.f eq. (32).
In the one flavour approximation, a bound on the light neutrino mass was derived in [7], and this no
longer holds when flavours are accounted for [10]. However, in [13] a bound on the neutrino mass scale of
about 2 eV is derived in the flavoured leptogenesis context in the strong wash-out regime and hierarchical
wash-out factors 1 # κα # κβ and equal CP-asymmetries. In this work, we impose mν to be lighter than
the cosmological bound

∑

mν " 1 eV and we do not explore configurations leading to higher mν . This can
be seen in figure 9, which represents the allowed parameter space (MN1

-m1 ) in different cases. The black
points are the result when flavours are included, whereas red ones represent the one-flavour approximation.
We clearly see that the cosmological bound is saturated when flavours are considered, and this does not
occur in the one-flavour approximation. In figure 9, for m1 above matm , the solutions have in general a
specific flavour alignement: the flavoured CP-asymmetries are almost equal εe+µ ∼ ετ and the individual
wash-out factors are hierarchical 1 # κα

<∼ 10κβ and the total wash-out is strong. It is well known that
such configurations of wash-out parameters achieve sucessfull leptogenesis in the flavoured case whereas
the unflavoured one fails. For such specific configurations, effect of the off-diagonal terms of the A-matrix
on YB is maximisal (c.f fig 7) but nevertheless is only a correction without important impact.

10!6 10!5 10!4 10!3 10!2 10!1 1

m 1 !eV"

109

1010

1011

1012

M
1
!G
e
V
"

m
s
o
l

m
a
t
m

10!6 10!5 10!4 10!3 10!2 10!1 1

m 1 !eV"

108

109

1010

1011

1012

M
1
!G
e
V
"

m
s
o
l

m
a
t
m

Figure 9:
Successfull leptogenesis: M1-m1 space, in the dynamical case (left panel) and in the thermal case (right panel).
The vertical lines represent

p

∆m2
atm (in blue) and

p

∆m2
sol (in green).

5 Conclusion

The behaviour of individual lepton asymmetries in the case of vanishing initial N1 abundance has been
analysed in [11]. In this study we give semi-analytical results including fine-tuning corrections that depend
on flavour alignment. We extend the study to the case of N1 initially in thermal equilibrium, and confirm
that in this case, when off-diagonal entries of the conversion B/3 − Lα ↔ L are neglected, the efficiency
factor for a given flavour is independent of the wash-out of other flavours.
Independently of the thermal history of the decaying right-handed neutrino, we observed that misalignment
of flavours can greatly enhance the baryon asymmetry, when compared to the one-flavour approximation,
for an identical wash-out strenght.We also include off-diagonal entries of the B/3 − Lα ↔ L conversion
that couple flavours among themselves. Even if this inclusion only modifies the baryon asymmetry by a
few percent, thus allowing to safely disregard these terms for YB computation, we nevertheless stressed
that the individual lepton asymmetries are very sensitive to such interdependencies. Finally, we studied
the lower bound on the N1 mass and the leptogenesis allowed parameter space. We confirm the lower
bound to be ∼ 4 × 108(9) GeV for a thermal (vanishing) initial N1 abundance. We have also shown that
the parameter space is enlarged, as the flavour (mis)alignment allows for higher values of the wash-out (or
equivalently of m̃).
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leptogenesis:                                                 depends on the phases of 

low-energy CP violation:  phases of UPMNS

➞ are they related?

➞ leptogenesis only depends on the phases of R = high-energy phases

⇒ unrelated to CP violation at low-energy, except in specific scenarios
     [e.g. Frampton, Glashow, Yanagida ’02]

Is leptogenesis related to low-energy CP violation? (1FA argument)
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However, if lepton flavour effects play an important role, the high-energy and 
low-energy phases both contribute to the CP asymmetry and cannot be 
disentangled. Leptogenesis possible even if all high-energy phases (in R) vanish

Updated analysis in arXiv:1809.08251 (Moffat, Pascoli, Petcov, Turner): successful 
leptogenesis solely from Dirac (δ) or Majorana PMNS phases can be achieved 
without tuning in the whole range 

➞ (it is fair to say that) the discovery of CP violation in neutrino oscillations 
would not test directly leptogenesis, but would give some support to it

[Pascoli, Petcov, Riotto ’06]

leptogenesis from 
the PMNS phase δ 
(all other phases are 
assumed to vanish)

coincides with the m̃1 parameter defined for the one-
single flavour case. Solving the Boltzmann equations
for each flavour one finds Yα ! (εα/g∗)η (m̃α) [15–17].
The way the total baryon asymmetry depends upon the
individual lepton asymmetries is a function of tempera-
ture. For instance, for (109 ∼< T ∼ M1 ∼< 1012) GeV,
only the interactions mediated by the τ Yukawa cou-
pling are in equilibrium and the final baryon asymmetry
is YB = −(12/37g∗) (ε2η (0.7 m̃2) + ετη (0.67 m̃τ)), where
ε2 = εe + εµ, m̃2 = m̃e + m̃µ, Y2 = Ye+µ [17]. As the
CP asymmetry in each flavour is weighted by the corre-
sponding wash out parameter, YB is generically not pro-
portional to ε1, but depends on each εα. The dependence
on the PMNS matrix elements in (4) is such that non-
vanishing low energy leptonic CP-violating phases imply,
in the context of leptogenesis and barring accidental can-
cellations, a nonvanishing baryon asymmetry [16,17].
We can go even further. CP invariance would corre-

spond to a real matrix R provided that the CP-parities
of the heavy and light Majorana neutrinos are equal to
+i [19]. In this case the low energy Majorana phases
vanish (modulo 2π) and δ = 0 (modulo π). R real
[16,17] corresponds to the class of models where CP is
an exact symmetry in the RH neutrino sector [17]. In
this case, the flavour CP asymmetries and the baryon
asymmetry depend exclusively on the low energy phases
in the PMNS matrix. Consequently, leptogenesis is
maximally connected to the low energy leptonic CP-
violation. This conclusion is clear from the expression of
the flavour CP asymmetries in terms of a real R matrix,

εα ∝
∑

β,ρ>β
√
mβmρ(mρ − mβ)R1βR1ρIm

(
U∗
αβUαρ

)
.

Notice that ε1 = 0 if R is real and εα = 0 if R is real and
diagonal. Once flavour effects are taken into account, a
baryon asymmetry is generically generated from nonzero
phases in the PMNS matrix.
To illustrate better this point, we provide two examples

where the baryon asymmetry is generated uniquely by
the CP phases in the PMNS matrix. We will consider
the range of values

(
109 ∼< M1 ∼< 1012

)
GeV, for which

it is sufficient to consider ετ , being ε2 = −ετ . In the
first example, we consider the NH spectrum. In the limit
M1 & M2 & M3, we obtain

ετ !
3M1

16πv2
(∆m2

"∆m2
⊕)

1/4R12R13√
∆m2

"/∆m2
⊕R

2
12 +R2

13

c13

×
(
1

2
c12 sin 2θ23 sin

α32

2
− s12c

2
23s13 sin

(
δ −

α32

2

))
, (5)

where cij = cos θij and sij = sin θij . Only the Majorana
phase α32 = α31−α21 plays a role being the contribution
of m1 negligible. With these expressions, it is straighfor-
ward to compute the final baryon asymmetry solving the
flavoured Boltzmann equations of Ref. [17]. In the IH
case, a similar expression holds for ετ , but is suppressed
for real R with respect to the one in the NH case by a fac-

tor ∼ (∆m2
"/∆m2

⊕)
3/4, leading generically to an asym-

metry which is small. A sufficiently large asymmetry
can be recovered in the case of purely imaginary product
R11R12 or in the supersymmetric version of leptogene-
sis [19]. In the expression (5) the dominant contribution
comes from the Majorana CP-violating phase, while the
effects due to δ are suppressed by sin θ13. The Majorana
phase α32 appears in the expression for the effective Ma-
jorana mass 〈mν〉. The baryon asymmetry depends also
on the combination sin θ13 sin δ, which enters in the CP-
asymmetry measurable in future long baseline oscillation
experiments.
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FIG. 1. The invariant JCP versus the baryon asymmetry
varying (in blue) δ = [0, 2π] in the case of hierarchical RH
neutrinos and NH light neutrino mass spectrum for s13 = 0.2,
α32 = 0, R12 = 0.86, R13 = 0.5 and M1 = 5×1011 GeV . The
red region denotes the 2σ range for the baryon asymmetry.
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Majorana mass in neutrinoless double beta decay, 〈mν〉, in the
case of Majorana CP-violation, hierarchical RH neutrinos and
IH light neutrino mass spectrum, for δ = 0, s13 = 0, purely
imaginary R11R12, |R11| = 1.05 and M1 = 2×1011 GeV. The
Majorana phase α21 is varied in the interval [−π/2, π/2].

We consider the tri-bimaximal mixing case and take
c23 = s23 = 1/

√
2, s12 = 1/

√
3. In Fig. 1 we show the

correlation between the baryon asymmetry and the CP
invariant JCP for a given choice of the parameters and
varying the Dirac phase δ. Most values of JCP consistent
with the observed baryon asymmetry lie well within the
sensitivity reachable by superbeam and betabeam exper-
iments and future neutrino factory. In Fig. 2 we show the
correlation between YB and 〈mν〉 in the case of IH light
neutrino mass spectrum and purely imaginary product
R11R12 (see ref. [19] for details).
The second example we discuss is for QD neutrinos. To

avoid excess of fine-tuning, we choose quasi-degenerate

3
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We consider the tri-bimaximal mixing case and take
c23 = s23 = 1/

√
2, s12 = 1/

√
3. In Fig. 1 we show the

correlation between the baryon asymmetry and the CP
invariant JCP for a given choice of the parameters and
varying the Dirac phase δ. Most values of JCP consistent
with the observed baryon asymmetry lie well within the
sensitivity reachable by superbeam and betabeam exper-
iments and future neutrino factory. In Fig. 2 we show the
correlation between YB and 〈mν〉 in the case of IH light
neutrino mass spectrum and purely imaginary product
R11R12 (see ref. [19] for details).
The second example we discuss is for QD neutrinos. To
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Resonant leptogenesis

When                                                          , the CP asymmetries εN1 and 
εN2 are dominated by the self-energy diagram :
  
                                                  

⇒ resonant enhancement of εN1, 2 allows to evade the Davidson-Ibarra bound,
which relies on                                 , valid for 

Successful resonant leptogenesis possible at the TeV scale at the price of a 
strong mass degeneracy, e.g.

⇒ can be tested via direct production of heavy Majorana neutrinos at colliders   
+ contributions to flavour violating processes in the charged lepton sector

[note : this assumes cancellations in the seesaw formula, such that the heavy neutrino 
couplings are larger than suggested by the SM neutrino masses, namely                       
rather than                                  ]

[Dev, Millington, Pilaftsis, Teresi ’14]
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A recent study :  “tri-resonant leptogenesis”

Assumes three nearly degenerate heavy Majorana neutrinos with mass differences 
comparable to their widths (motivated by SO(3) and Z6 symmetries)

Results in the (M1, light-heavy mixing^2) plane :

Left plot (cLFV) : solid = current bound, dashed = future bounds

Right plot (colliders) : reach of LHC14 with                                                 
and of FCC-ee

Successful leptogenesis possible with M1 as light as 50 GeV

[Candia da Silva, Karamitros, McKelvey, Pilaftsis ’22]

Allowed parameter space from cLFV processes and Colliders
[P. Candia da Silva, D. Karamitros, T. McKelvey, A.P., arXiv:2206.08352.]

Blα !
(
MD

)
lα
m−1

Nα
: light-to-heavy neutrino mixings

Hypothesis: Democratic flavour models based on ∼Z3 or ∼Z6 symmetries.

INVISIBLES ’22 Leptogenesis and Charged LFV A. Pilaftsis
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Type II seesaw mechanism:

                                             electroweak triplet

generates a neutrino mass matrix

Also leads to leptogenesis provided another heavy state couples to lepton 
doublets ⇒ generation of a CP asymmetry in triplet decays possible

Scalar triplet leptogenesis
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Type I+II seesaw mechanism:

Right-handed neutrino mass matrix: 

     vR ≡〈ΔR〉 scale of B-L breaking

    ΔR = SU(2)R triplet with couplings fRij to right-handed neutrinos

vL is small since it is an induced vev: 

In a broad class of theories with underlying left-right symmetry (such as    
SO(10) with a        ), one has             and             

������������ left-right symmetric seesaw mechanism

ΔL = SU(2)L triplet with
couplings fLij to lepton doublets

vL ≡ 〈∆L〉 ∼ v2vR/M2
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Figure 1: Tree-level and one-loop Feynman diagrams responsible for the flavored CP asym-

metry ✏
`i
�↵

in the pure type-II seesaw scenario.

the interference between the tree-level and wave-function corrections shown in Fig. 1, it
therefore consists of two pieces: a lepton number and flavor violating one (scalar loops)
and a purely flavor violating part (lepton loops). The total flavored CP asymmetry in �↵

decays can then be written as

✏
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with

g(x) =
x(1� x)

(1� x)2 + xy
(16)

and y = (�Tot
��

/m��
)2. Note that the CP asymmetry in Eq. (14) is in-line with what

has been found in [19]. This piece, which we refer to as purely flavored CP violating
asymmetry, satisfies the total lepton number conservation constraint

X

i
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= 0 , (17)

and so the total CP asymmetry can consequently be written as
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In terms of triplet decay observables the total flavored asymmetries can be recasted ac-
cording to
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Figure 2: Tree-level and one-loop Feynman diagrams accounting for the flavored CP asym-

metry ✏
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in scenarios featuring type-I and type-II interplay.
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If flavor e↵ects are operative, that is to say if leptogenesis takes place below 1013 GeV,
the purely flavored CP asymmetry in (15) will play a role in the generation of the B � L

asymmetry. These asymmetries, conserving total lepton number, involve only the Y↵

Yukawa couplings and not the lepton number violating parameter µ�↵ . Hence, as also
noted in Ref. [19], they are not necessarily suppressed by the smallness of the neutrino
masses. As can be seen by comparing (14) and (15), when the condition

µ
⇤
�↵

µ��
⌧ m

2
�↵

Tr[Y↵Y
†
� ] (20)

is satisfied, the purely flavored CP asymmetry overshadows the lepton number violating
piece, therefore leading to a regime where leptogenesis is entirely driven by flavor dy-
namics. In terms of scalar triplet interactions, this means that a purely flavored scalar
triplet leptogenesis scenario naturally emerges whenever the triplets couple substantially
less to SM scalars than to leptons, B↵

` � B
↵
� for at least one value of ↵. Note that

although PFL scenarios in type-I seesaw can be defined as well, they di↵er significantly
from the purely flavored scalar triplet leptogenesis scenario in that the latter just require
suppressed lepton number violation in a single triplet generation i.e. suppression of lepton
number breaking interactions in the full Lagrangian is not mandatory, as can be seen by
noting that condition (20) can be satisfied even if µ�↵/m�↵ ⌧ Y↵ for a single value of ↵.

We now turn to the case where the new states beyond the scalar triplet are RH
neutrinos. In these scenarios the tree-level triplet decay involves only a vertex one-loop
correction as shown in Fig. 2. The interference between the tree and one-loop level
diagrams leads to the following CP asymmetry [14, 15]:
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Here the triplet generation index, being superfluous, has been dropped. In contrast to
what has been found in the previous case, the resulting flavored CP asymmetry violates
lepton flavor as well as lepton number. So, unless a specific (and somehow arbitrary)
flavor alignment is assumed, so that

P
i ✏

`i
� = 0, in these “hybrid” schemes PFL scenarios

are not definable.

6

RH neutrinos

additional triplets
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Main differences with leptogenesis with heavy Majorana neutrinos:

(i) the heavy decaying state is not self-conjugate ⇒ the lepton asymmetry 
arises from                                       (CP asymmetry)

(ii) the triplet has gauge interactions ⇒ competition between annihilations
                  and decays                                   (2 decay modes)    

The triplet must decay before annihilating, which requires one of the decay 
modes to be in equilibrium; however, the third Sakharov condition is still 
satisfied if the other decay mode is slow enough

First quantitive study of scalar triplet leptogenesis by Hambye, Raidal and 
Strumia ’05 (without flavour effects)

Can reproduce the observed BAU for

      = size of the triplet contribution to neutrino masses

��̄ ! XX̄ � ! ¯̀
↵
¯̀
� , � ! HH
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M� > 2.8⇥ 1010 GeV (m̄� = 0.001 eV)

M� > 1.3⇥ 1011 GeV (m̄� = 0.05 eV)

m̄�
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Figure 11: Isocurves of the baryon-to-photon ratio nB/nγ in the (λ",M∆) plane obtained
performing the full computation, assuming Ansatz 1 (left panel) or Ansatz 2 with (x, y) =
(0.05, 0.95) (right panel). The coloured regions indicate where the observed baryon asymmetry
can be reproduced in the full computation (light red shading) or in the single flavour approxi-
mation with spectator processes neglected (dark blue shading). The solid black line corresponds
to B" = BH . Also shown are the regions where λH is greater than 1 or 4π.

spectator processes and including flavour effects gives a much more accurate result than
doing the opposite. In Fig. 10, the triplet mass is M∆ = 1011 GeV, hence the B − L
asymmetry is essentially generated in the temperature regime 109 GeV < T < 1012 GeV
where the tau Yukawa coupling is in equilibrium, but the muon Yukawa coupling is not.
For Ansatz 1, the 2-flavour calculation turns out to be a rather good approximation to
the flavour-covariant computation, while neglecting spectator processes gives a very bad
estimate, except for small or large values of λ". For Ansatz 2, on the contrary, both flavour
covariance and spectator processes have a significant impact on the baryon-to-photon ratio
(except again for extreme values of λ"), and neglecting one of them underestimates the
result by up to a factor 2. The 2-flavour approximation without spectator processes
actually gives a much larger disagreement with the full computation.

Finally, we study in Fig. 11 the dependence of the generated baryon asymmetry on λ"
and M∆, both for Ansatz 1 and for Ansatz 2 with (x, y) = (0.05, 0.95). The computation
is performed assuming that the third generation Yukawa couplings as well as the charm
Yukawa coupling are in equilibrium, which strictly speaking is true only in the temperature
range 109 GeV < T < 1012 GeV. From Fig. 11 one can conclude that successful scalar
triplet leptogenesis is possible for a triplet mass as low as 4.4× 1010 GeV, to be compared
with 1.2 × 1011 GeV in the approximation where flavour effects and spectator processes
are neglected. Other assumptions about the flavour structure of the triplet couplings
to leptons may allow for a lighter scalar triplet. For comparison, we quote the lower
bounds found by Ref. [26] in the single flavour approximation with spectator processes

36

m� = im⌫ m�i 6= m⌫i

M� > 4.4⇥ 1010 GeV (1.2⇥ 1011 GeV without flavour e↵ects)
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[SL, Schmauch ’15]

Inclusion of flavour effects in scalar triplet leptogenesis



Non-standard SO(10) model that leads to pure type II
seesaw mechanism ⇒ neutrinos masses proportional to
triplet couplings to leptons:

This model also contains heavy (non-standard) leptons that induce a CP 
asymmetry in the heavy triplet decays

The SM and heavy lepton couplings are related by the SO(10) gauge symmetry, 
implying that the CP asymmetry in triplet decays can be expressed in terms of 
neutrino parameters (masses, mixing angles, Majorana phases)

    ➞ important difference with other triplet leptogenesis scenarios

A predictive scheme for scalar triplet leptogenesis

Type I+II seesaw mechanism:

Right-handed neutrino mass matrix: 

     vR ≡〈ΔR〉 scale of B-L breaking

    ΔR = SU(2)R triplet with couplings fRij to right-handed neutrinos

vL is small since it is an induced vev: 

In a broad class of theories with underlying left-right symmetry (such as    
SO(10) with a        ), one has             and             

������������ left-right symmetric seesaw mechanism

ΔL = SU(2)L triplet with
couplings fLij to lepton doublets

vL ≡ 〈∆L〉 ∼ v2vR/M2
∆L

MR = fRvR

Mν = fLvL −

v2

vR

Y T f−1

R
Y ≡ M II

ν + M I
ν

SO(10) models with a left-right symmetric seesaw

Y = Y
T

126H fL = fR � f

(M⌫)↵� =
�Hf↵�
2M�

v2

[Frigerio, Hosteins, SL, Romanino ’08]
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the total width of � and its branching ratios are now given by

�� = 1
32fi2
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1
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The two new scalar S and T decay into a Standard Model lepton and a heavy an-
tilepton L̄, or the CP-conjugate state. These decays preserve the total lepton number
as defined in table 3.2, and the corresponding widths are

�S = 1
4fi

c2

SMS⁄2

S , (3.3.12)

�T = 1
8fi

c2

T MT ⁄2

T , (3.3.13)

⁄� =
ı̂ıÙÿ
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––

A

1 ≠ M2
–

M2

�

B

◊ (M� ≠ M–) , � = S, T . (3.3.14)
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Figure 3.10: Diagrams contributing to the violation of CP in the decay of � at one
loop. � denotes one of the two scalars S or T .

Only � has couplings that violate the total lepton number, therefore it appears as
the best candidate for leptogenesis. Let us compute the CP asymmetry in its decay
into leptons, which is defined like in eq. (3.2.8). The diagrams involved are displayed
in fig. 3.10. Summing over flavour, we get

‘� = BL

4fi⁄2
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ÿ
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,
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,

(3.3.15)

� = S, T 2 54
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Parameter space allowed by successful leptogenesis: normal hierarchy
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➞ excludes a quasi-degenerate spectrum [SL, Schmauch]



10 - 4 10 - 3 10 - 2 10 -1
10 - 4

10 - 3

10 - 2

10 -1

m n1 H eV L

si
n
2
q 1

3

Baryon asymmetry n B ê n g

10 -10

10 - 9

10 -11

10 - 4 10 - 3 10 - 2 10 -1
10 - 4

10 - 3

10 - 2

10 -1

m n1 H eV L

si
n
2
q 1

3

Baryon asymmetry n B ê n g

10
-
10

10 - 9

10
-
11

θ13 dependence

(3σ range)

M� = 1.5⇥ 1012 GeV M� = 5⇥ 1012 GeV

�H = 0.2

[SL, Schmauch]



 ➞ inverted hierarchy disfavoured
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Thermal leptogenesis does not work for GeV-scale sterile neutrinos (they 
would decay after sphaleron freeze-out), but their CP-violating oscillations   
can produce a lepton asymmetry above the electroweak phase transition  
(ARS mechanism)

This is how the baryon asymmetry of the Universe is produced in the   MSM, 
where N1 is a keV sterile neutrino that constitutes dark matter, while N2 and 
N3 have GeV-scale masses

However, large lepton asymmetries are needed to resonantly produce N1
Can be due to N2 and N3 decays after sphaleron freeze-out                       ,
but requires extreme fine-tuning:

(other parameters must also be precisely tuned)

In addition, as a warm dark matter candidate, N1 is strongly constrained by 
structure formation

Leptogenesis from sterile neutrino oscillations

[Akhmedov, Rubakov, Smirnov ’98]

[Asaka, Shaposhnikov ’05]
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[Canetti et al. ’12]
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Out-of-equilibrium condition:  due to their small couplings to the SM leptons, 
GeV-scale sterile neutrinos typically do not reach thermal equilibrium before 
sphaleron freeze-out ⇒ « freeze-in leptogenesis »

                           sterile neutrino production rate, with

              ⇒ 

The CP-violating oscillations of sterile neutrinos generate asymmetries in the 
different sterile neutrino flavours (neutrinos and antineutrinos oscillate with 
different probabilities), which are transferred to the active sector by the SM 
leptons / sterile neutrino interactions. Eventually net lepton asymmetries 
develop in the active and in the sterile sectors (which sum up to zero if lepton 
number violating processes are negligible)

Sphalerons convert part of the SM lepton asymmetry into a baryon asymmetry, 
which is frozen below the electroweak phase transition (even if the lepton 
asymmetry continues to evolve)

Key points of the ARS mechanism
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Not only is              very small, but its value (as well as the value of other 
parameters) must be adjusted with a precision of order 
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Figure 2: Points satisfying the increasingly stringent constraints indicated by the legend (cf. sec. 4.1),

in the plane of Re z and∆M (left: normal hierarchy, right: inverted hierarchy). The narrow axis ranges

illustrate the extraordinary degree of fine-tuning that is needed for realizing the desired scenario.

be tuned to produce the correct baryon asymmetry at T ∼ 130 GeV.

4.2. Analytic estimates

The purpose of this section is to show that the features observed in figs. 1–3 can be understood

analytically. To this end, let us start by noting that eqs. (3.1)–(3.3) involve summations

over the active flavour a of a combination of Yukawa couplings and the rates 〈U+
(a)H〉1 and

〈Q±
(a)H〉1. At vanishing chemical potentials, only the masses of the charged leptons can

lead to a-dependence. In the temperature range that we are interested in, this effect is

in principle substantial for the τ -lepton, however it originates through thermal corrections,

which are suppressed. Therefore it is a good first approximation to treat the rates as flavour-

independent. Then the active flavour sum over the neutrino Yukawas takes the form
∑

a

h
Iah

∗
Ja = (4.4)

1

v2

{
M2 [−δm cos(2Re z) + m̄ cosh(2 Im z)]

√
M2M3 [δm sin(2Re z) + im̄ sinh(2 Im z)]√

M2M3 [δm sin(2Re z)− im̄ sinh(2 Im z)] M3 [δm cos(2Re z) + m̄ cosh(2 Im z)]

}

IJ

,

where

m̄ ≡
√

∆m2
31 +

√
∆m2

21 , δm ≡
√

∆m2
31 −

√
∆m2

21 (NH) , (4.5)

m̄ ≡
√

∆m2
23 +

√
∆m2

23 −∆m2
21 , δm ≡

√
∆m2

23 −
√

∆m2
23 −∆m2

21 (IH) . (4.6)
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The price of minimality: fine-tuning in the   MSM  [Ghiglieri, Laine ’20]<latexit sha1_base64="3Ji3Rds0p3gW/+eJz7EF6sJYiPk="></latexit>⌫
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If do not require N1 to constitute the dark matter, the strong fine-tuning of  
the MSM is relaxed

Under suitable conditions on the sterile neutrino couplings, ARS leptogenesis  
is even possible for M as large as 100 TeV

Large values of the active-sterile neutrino mixing U arise when some tuning is 
present in the sterile neutrino couplings (can be justified by symmetries)

<latexit sha1_base64="zIhcaHd+WBr3Ci3O673InOlReVQ="></latexit>⌫ [Antusch et al. ’17]
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FIG. 9. The range of the total mixing angle U2 consistent with both the seesaw mechanism and

leptogenesis as a function of HNLs’ mass MN . The black solid lines show the results obtained

with the full kinetic equations and vanishing initial conditions for HNLs. The blue, dashed lines

correspond to thermal initial conditions. In this regime the freeze-in does not contribute to the

asymmetry generation. The red, dotted line corresponds to neglecting the e↵ect of the expansion

of the Universe on the distribution of the heavy neutrinos. In this case the freeze-out cannot

contribute and the asymmetry is generated during freeze-in. The color contours represent the

largest allowed value of the mass splitting �M/M . Within the white regions the mass splitting is

smaller than 10�6. The left (right) panel shows the case of normal (inverted) hierarchy.

C. Constraints on the heavy neutrino mass splitting

The mass splitting between the heavy neutrinos is one of the most important parameters

for both leptogenesis scenarios. The main reason why leptogenesis is so sensitive to the

mass splitting �M between the heavy neutrinos is that this parameter sets the scale for the

oscillations that violate CP and lead to a lepton asymmetry. The temperature corresponding

to the onset of oscillations depends on the Hubble rate and is given as [21]

Tosc ⇡ (M0M�M)1/3 if Tosc � MN , (52)

where M0 =
p

90/ (8⇡3g⇤)MPl and g⇤ is the e↵ective number of relativistic degrees of free-

dom. For heavier neutrinos, it is possible that the oscillations begin when they are already

non-relativistic, which gives us a di↵erent temperature since the typical HNL energy is M

instead of T

Tosc ⇡ (M0�M)1/2 if Tosc
<
⇠ MN . (53)

[Klaric, Shaposhnikov, Timiryasov ’21]



If the 3 sterile neutrinos contribute to the baryon asymmetry of the Universe, 
only a mild tuning of their masses is required

Successful leptogenesis is possible for values of the sterile neutrino masses and 
of their mixing angles with the active neutrinos that can be probed in particle 
physics experiments 

[Drewes, Georis, Klaric ’21]

4

Figure 1: Allowed parameter space for leptogenesis with 3
heavy neutrinos for vanishing (inside solid black line) and
thermal (inside dashed black line) initial conditions and
mlightest = 0 eV (upper panel) or mlightest = 0.1 eV (lower
panel). The gray area indicates the experimentally excluded
region identified in the global scan [50], complemented by
the updated BBN bounds from [53, 54]. The coloured lines
indicate the estimated sentitivities of the LHC main detec-
tors (taken from [103–105]) and NA62 [102] along with that
of selected planned or proposed experiments (DUNE [106],
FASER2 [44], SHiP [107, 108] MATHUSLA [43], Codex-b [45])
as well as future lepton colliders [109] or proton colliders [30].

been made in [78], where only the freeze-in and M̄ below
50 GeV were considered. Amongst the various di�erences
between n = 2 and n = 3 discussed in [78], two are most
relevant here. i) Lepton asymmetries can be preserved
from large washout by a flavor hierarchical washout, since
the ratios U2

–i/U2
i with n = 3 are much less constrained by

neutrino oscillation data than for n = 2 [50]. ii) Thermal
e�ects can cause a level-crossing between the Ni dispersion
relations (similar to the well-known MSW e�ect) that
resonantly enhances the asymmetry production, which
cannot be realised in the B ≠ L̄ limit for n = 2. For the
freeze-out (where the Ni are non-relativistic) these two
e�ects appear to play a much smaller role since we find
a large population of points that do not satisfy either
of these two criteria. We instead find that a crucial
element in preventing washout is that one direction in

the ‹Ri flavor space can remain weakly coupled and can
have a much more significant deviation from equilibrium.
This is in contrast to the case with n = 2, where both
reach equilibrium soon after they become non-relativistic
because they form a pseudo-Dirac pair. The deviation
from equilibrium during decays is typically of the order
”ni ¥ ṅeq/≈ , where ≈ ¥ ≈1 ¥ ≈2 is the inverse lifetime
of the two neutrinos ‹R1 and ‹R2 that form the pseudo-
Dirac pair with M2 ƒ M3. If we include a third neutrino
‹R3, its lifetime is not necessarily determined by the
mixing angle U2, it can have a much bigger deviation
from equilibrium. If M3 is very di�erent from M2 and
M1, the B ≠ L̄ symmetry dictates that ‹R1 and ‹R2 form
a pseudo-Dirac pair of mass eigenstates Ni (first two
columns in (4)) with mixings of order U2, while the third
mass eigenstate N3 remains feebly coupled (third column
in (4)). However, in the triple mass-degenerate scenario,
‹R3 can mix with the pseudo-Dirac pair through the mass
term. This explains not only point 1), but also point 3)
because smaller mlightest allow for smaller couplings of ‹R3.
Regarding 2), leptogenesis with thermal initial conditions
is possible for M̄ π v because the enhancement of the
asymmetry due to resonant and flavour e�ects can be
su�cient to overcome the suppression by (M̄/T )2 of the
deviation from equilibrium [86, 110–112].9 Finally, point
4) is a result of the well-known fact that the asymmetries
generated during freeze-in and freeze-out have opposite
signs [115] (cf. [116] for a recent discussion) and partially
cancel each other in the case of vanishing initial conditions.

The much larger range of masses and mixings for which
leptogenesis is feasible for n = 3 compared to n = 2
do not only imply considerably better chances for exist-
ing experiments to discover the Ni, but also imply that
a much larger number of them may be observed. The
price at which this comes is the larger number of model
parameters, which makes the model with n = 3 less pre-
dictive than with n = 2, where in principle all model
parameters can be constrained experimentally [99, 100].
In spite of this, with such a large number of events, one
can perform several consistency checks of the hypotheses
that the model (1) can simultaneously generate the light
neutrino masses and the matter-antimatter asymmetry in
the universe. For instance, if U2 happens to lie near the
current experimental limit, we estimate (using the results
of [104]) that the HL-LHC could observe thousands of
displaced vertex events. This would permit a percent
level determination of the fractions U2

–/U2 (cf. appendix
B of [109]). Moreover, the amount of B ≠ L̄ breaking

9 The late decay of the Ni in this scenario could potentially generate
a lepton asymmetry that greatly exceeds the baryon asymmetry,
which can have interesting phenomenological consequences, in-
cluding enhanced singlet fermion DM production [8] and a�ect
the nature of the QCD transition [113] and primordial black hole
production [114].

[Abada et al. ’18]



Conclusions

The observed baryon asymmetry of the Universe requires new physics 
beyond the Standard Model. Leptogenesis, which relates neutrino masses  
to the baryon asymmetry, is a very interesting possibility

Although difficult to test, leptogenesis would gain support from:
- observation of neutrinoless double beta decay: (A,Z) → (A,Z+2) e⁻ e⁻ 
[proof of the Majorana nature of neutrinos - necessary condition]
- observation of CP violation in the lepton sector, e.g. in neutrino 
oscillations [neither necessary nor sufficient]
- non-observation of other light scalars (which are present in many non-
standard electroweak baryogenesis scenarios) than the Higgs boson at 
high-energy colliders; strong constraints on additional CP violation (e.g.   
on the electron EDM)

Scenarios involving sterile neutrinos in the 100 MeV - 1 TeV range 
(resonant and ARS leptogenesis) may be directly probed in particle physics 
experiments (at least part of their parameter space)


