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Leptogenesis in a nutshell
The Universe is matter dominated,  

the Standard Model cannot account for the observed BAU

Y�B = (8.6± 0.01)⇥ 10�11 (1)
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This result calls for physics beyond the SM

Sphalerons: non-perturbative solutions of the SM

Δ(B - L) = 0 B + L

degenerate in energy and which cannot be deformed into each other by a gauge rotation.
In the SM a transition between two different SU(2) vacua induces a violation of the B+L
charge. However at zero temperature, the transition can only happen via tunnelling and
is characterised by the amplitude

� ' e
� 16⇡

2

g

2 , (3.88)

which is completely negligible given the electroweak gauge coupling g. Tunnelling is
however not the only way to connect inequivalent vacua: it has been shown that there
exists a configuration of the Higgs and of the electroweak gauge boson fields that is
associated to a saddle point in the energy separating two inequivalent vacua [233]. These
solutions, called sphalerons3, are unstable. The sphaleron energy is of the order

Esph(T ) ' 8⇡v(T )

g
, (3.89)

where v(T ) is the Higgs VEV at the temperature T (and thus Esph(0) ⇠ 10 TeV);
if the energy is high enough, the system can move from a vacuum to an inequivalent
one by passing through a sphaleron configuration. It is unclear if a coherent sphaleron
configuration of the fields can be generated in high energy collisions, while it is known
that thermal effects can dramatically enhance the sphaleron transition amplitude [234],
because thermal fluctuations populate high energy configurations and because the Higgs
VEV v(T ) decreases with increasing temperature. Sphaleron transitions are in thermal
equilibrium in the early Universe in the temperature range [234,235]

130 GeV . T . 1012 GeV. (3.90)

Thus, in the above defined range of temperatures, any B + L asymmetry is effectively
erased by sphalerons, while the latter do not affect the B � L charge.

Regarding the last Sakharov’s condition, the standard cosmological model provides
several departures from thermal equilibrium [180], as for instance in the BBN process,
the CMB decoupling or the kinematical decoupling when the temperature drops below
the mass of a given particle. Among these there is one departure that can generate a
net baryon asymmetry, which is the electroweak phase transition if it is of first order. In
this case there exists a temperature Tc at which the Higgs potential has two degenerate
minima: one at v 6= 0 that will evolve to the zero temperature (“true”) vacuum state, and
one at v = 0 that will evolve to a local maximum. Around the temperature Tc the Higgs
field can tunnel between the two energetically equivalent minima, however when the
temperature decreases, the true minimum becomes energetically more favourable. The
symmetry breaking takes place via the formation of bubbles in the primordial plasma
where v 6= 0 (bubble nucleation), that are surrounded by an unbroken phase where v = 0.
The bubbles expand, eventually filling the whole Universe; as a bubble expands the field
configuration on the bubble wall rapidly changes, resulting in a departure from thermal
equilibrium [236].

3From the classical Greek ��↵�✏⇢o&, “ready to fall”.
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While sphalerons in thermal equilibrium

they convert any lepton asymmetry into a net baryon asymmetry

Baryogenesis via leptogenesis

M. B. Gavela, P. Hernandez, J. Orloff and O. Pene, hep-ph/9312215
 P. Huet and E. Sather, hep-ph/9404302
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Neutrino masses and leptogenesis

Type-I seesaw mechanism: SM + gauge singlet fermions NI

Parameter |Ye|⇥ |Yµ| |Ye|� |Yµ| m1 [eV] ⇤ [GeV] Phases Osc. data

Range (0, 10�4) (�0.1, 0.1) (10�5
, 1) (103, 104) (0, 2⇡) fixed

Table 1: The 9 free parameters of our scan: the modulus and phase of the electron and muon
Yukawas |Ye|, |Yµ|, ↵e and ↵µ, the Majorana mass scale ⇤, the absolute neutrino mass m1 and
the 3 yet unknown CP-violation phases (Dirac and Majorana) in the PMNS mixing matrix: �, ↵1

and ↵2. The PMNS mixing angles and mass splittings are fixed to their best fit from the global
analysis in Ref. [?].
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After electroweak phase transition < Φ > = v ≃ 174 GeV

The Lagrangian provides the ingredients for leptogenesis too

Sakharov 
conditions 

• Complex Yukawa couplings Y as a source of CP

• B from sphaleron transitions until TEW ≃ 140 GeV

• sterile neutrinos deviations from thermal equilibrium
{ (1)
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Thermal leptogenesis
Sterile neutrinos in thermal equilibrium if 
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the 3 yet unknown CP-violation phases (Dirac and Majorana) in the PMNS mixing matrix: �, ↵1

and ↵2. The PMNS mixing angles and mass splittings are fixed to their best fit from the global
analysis in Ref. [?].
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Thermal leptogenesis: sterile neutrinos in equilibrium at large temperatures

Generation of a lepton asymmetry due to the Majorana character of the particles

M > 108 GeV to reproduce observed BAU
(relaxed to M > TeV for degenerate masses)

Prohibitive to test
in laboratory

Y

x=m/T

Yeq

decoupling

x

out of equilibrium
decay before TEW

M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45

S. Davidson, E. Nardi and Y. Nir, arXiv:0802.2962 [hep-ph]
A. Abada, S. Davidson, A. Ibarra, F.-X. Josse-Michaux, M. Losada and A. Riotto, hep-ph/0605281

A. Pilaftsis and T. E. J. Underwood, hep-ph/0309342
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ARS mechanism

Sterile neutrinos out of equilibrium at large temperatures

deviation from 
equilibrium
before TEW

Y

x=m/T

Yeq

TEW

E. K. Akhmedov, V. A. Rubakov and A. Y. Smirnov, hep-ph/9803255

From the seesaw 
relation
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M ~ GeV to reproduce ν masses Testable
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Flavoured leptogenesis
M ~ GeV ≪ T

Negligible Majorana character → total lepton number is conserved
How do the mechanism work?

generation of
sterile neutrinos

Figure 2: Feynman diagrams for scattering processes of production and destruction rates.

Fig. 2. Here QL and tR denote left-handed quark doublet of third generation and right-handed

top quark. We then divide the rates into three parts:

Γd,p
N (kN) = Γd,p (A)

N (kN) + Γd,p (B)
N (kN) + Γd,p (C)

N (kN) . (5)

The destruction rates of each process are found to be
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where we have used Eq. (2) in the last equality. On the other hand, the production rates are
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Figure 1: Feynman diagram for self energy of sterile neutrinos.

3 Kinetic Equations

Now we are at the position to derive the kinetic equations for ρN,N̄ and ρL,L̄. First of all, let

us consider the time evolution of ρN . Our construction is based on Ref. [15] (as in [4, 7]) and

starts with

dρN(kN)

dt
= −i

[

HN(kN), ρN(kN)
]

−
1

2

{

Γd
N(kN), ρN(kN)

}

+
1

2

{

Γp
N(kN), 1− ρN (kN)

}

, (3)

where 1 denotes the unit matrix with appropriate dimensions.#1 HN is the effective Hamilto-

nian, HN = H0
N +VN , where the free part is [H0

N(kN)]IJ = ENI
δIJ with ENI

=
√

k2
N +M2

I and

VN is the effective potential induced by the medium effects. Γd
N and Γp

N are the destruction

and production rates of NI . From now on we shall apply the approximation of the Boltzmann

statistics and replace the third term of Eq. (3) as 1
2{Γ

p
N , 1− ρN} → Γp

N .

The first term of Eq. (3) describes the coherent evolution of ρN and the oscillation of sterile

neutrinos occurs due to the off-diagonal elements of VN , which is essential for baryogenesis

under consideration. It is found from the self energy for sterile neutrinos at finite temperatures

in Fig. 1 that the effective potential for the mode k = kN is given by [19]

[

VN(kN)
]

IJ
=

NDT 2

16 kN

[

F †F
]

IJ
, (4)

where we disregard the correction to VN from the asymmetries in active leptons.#2

In the estimation of VN (as well as Γd,p
N below) all masses including MI are neglected since

they are irrelevant for temperatures of interest. (Note, however, that we keep MI in H0
N because

they are crucial for the oscillation of sterile neutrinos.) Further, we first calculate them in the

basis where neutrino Yukawa matrix is diagonal, and then find the expression in the original

basis shown in Eq. (1).

Let us then estimate the destruction and production rates of NI with momentum kN . In

the considering temperatures the dominant contributions come from the scattering processes

(A) NI + QL ↔ Lα + tR, (B) NI + t̄R ↔ Lα + Q̄L, and (C) NI + L̄α ↔ tR + Q̄L [4], shown in

#1 We have neglected the non-linear effects of ρN since the interaction rates between sterile neutrinos are
sufficiently small. Otherwise, see Ref. [17, 18].
#2 We have numerically confirmed that the change of the final baryon asymmetry by this effect is negligibly

small.

5

asymmetries in individual
flavours arise

oscillation of
sterile neutrinos

ΔL=0

Active leptonsSterile neutrinos

ΔB≠0

Baryons

ΔL=0

Active leptonsSterile neutrinos

ΔB≠0

Baryons

Sphalerons

E. K. Akhmedov, V. A. Rubakov and A. Y. Smirnov, hep-ph/9803255
T. Asaka and M. Shaposhnikov, hep-ph/0505013

M. Shaposhnikov, arXiv:0804.4542 [hep-ph]
T. Asaka and H. Ishida, arXiv:1004.5491 [hep-ph]

T. Asaka, S. Eijima and H. Ishida, arXiv:1112.5565 [hep-ph]
L. Canetti, M. Drewes and M. Shaposhnikov, arXiv:1204.4186 [hep-ph]

L. Canetti, M. Drewes, T. Frossard and M. Shaposhnikov, arXiv:1208.4607 [hep-ph]
P. Hernández, M. Kekic, J. López-Pavón, J. Racker and N. Rius, arXiv:1508.03676 [hep-ph]



Naturalness argument
Need a pair of degenerate neutrinos or hierarchical yukawas:

fine-tuning or symmetry

Approximate lepton number at the origin of  
mass degeneracy

degenerate pseudo-Dirac pairs 
of sterile neutrinos

Y�B = (8.6± 0.01)⇥ 10�11
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Viable mechanisms (minimal setup)

Toy model
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Requirements

out of equilibrium

relativistic

degenerate

sterile neutrinos

Need a pair of
� ) (8)

m
⌫

&
q
�m2

atm ' 5 ⇥ 10�2
eV (9)

y <
p
2 ⇥ 10�7

(10)

(11)

100 MeV  M2,3 . 20 GeV (12)

(13)

�M32 . 100 keV (14)

M2,3 ' (15)

$ (16)

2

� ) (8)

m
⌫

&
q
�m2

atm ' 5 ⇥ 10�2
eV (9)

y <
p
2 ⇥ 10�7

(10)

(11)

100 MeV  M2,3 . 20 GeV (12)

(13)

�M32 . 100 keV (14)

M2,3 ' (15)

$ (16)

2

BBN bound

Only ISS: too large mass splitting or too small neutrino masses
Only linear: no mass splitting when Higgs VEV v=0
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Linear + inverse seesaw perturbations 

SM + 2 RH neutrinos with opposite lepton number 

“Minimal flavour seesaw”

ζ ≪ 1 ⇒ small mass splitting

ε ≪ 1 ⇒ large mixing angle
Sterile neutrino oscillations { (1)
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The minimal framework

M. B. Gavela, T. Hambye, D. Hernandez and P. Hernandez, arXiv:0906.1461 [hep-ph]
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Weak washout regime: analytical solution

reduce the number of free parameters by imposing the correct values for the neutrino masses

(as can be inferred by the atmospheric and solar mass squared di↵erences) through the ex-

pressions (22). We can, for example, determine ✏ by imposing a normal hierarchy for the light

neutrino masses5 leading to:

✏ =
2 m

3

|⇤|
yy0 (1 + ⇢) v2

. (25)

The last line in Eq. (21) implies that only of the two parameters ⇠ and k is a free parameter,

which we choose to be k. We thus generate a set of models by scanning over y, y0,⇤, k within

the following ranges:

100 MeV < |⇤| < 40 GeV ,

10�10 < y, y0 < 1

10�10 < k < 100 , (26)

where, in the spirit of the model, we chose y and y0 to be of the same order of magnitude for

each generated realisation (see Section 2.1). All the generated points are required, besides

complying with the correct neutrino mass and mixing pattern [39], to satisfy bounds from

direct laboratory searches of sterile fermions and BBN. The bounds used in our numerical

study are based on Ref. [27].

Finally we calculate the baryon asymmetry generated in the oscillations of the sterile

neutrinos (cf. Appendix A)6:

Y
�B

=
n

�B

s
=

945 22/3

2528 31/3 ⇡5/2 �(5/6)
1

g
s

(T
W

)
sin3 �

M
0

T
W

M4/3

0

(�m2)2/3

Tr
h

F †�F
i

, (27)

where F = Y e↵ with Y e↵ defined in Eq. (12), �m2 = M2

2

�M2

1

is the mass squared splitting

of the heavy neutrinos, T
W

is the temperature of the EW phase transition - set to 140 GeV,

M
0

⇡ 7 ⇥ 1017 GeV, sin� ⇠ 0.012 and � = diag(�
↵

) is the CP asymmetry in the oscillations

defined as:

�
↵

=
X

i>j

Im



F
↵i

⇣

F †F
⌘

ij

F †
j↵

�

. (28)

As before the index ↵ corresponds to a flavour index, while the indices i, j run over the

sterile mass eigenstates. The derivation of this expression, firstly introduced in [18, 19]7, is

carefully revisited in the appendix. In the next section, this analytical determination will
5
For simplicity we are reporting just the case of a normal hierarchy regarding the light neutrino mass

spectrum. An analogous procedure has been employed in the case of an inverted hierarchy.

6
We follow the notation of Refs. [19, 21,30] for our expression for the baryon asymmetry.

7
The expression (27) di↵ers by an O(1) factor with respect to the one given in these references. The origin

of these di↵erence will be clarified in Appendix A.
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Weak washout regime: numerical comparison
Sterile neutrino asymmetry

Temperature 
resonance

Lepton flavour asymmetry

Baryon asymmetry

Sterile neutrino abundances



Weak washout: viable solutions

C. Adams et al., arXiv:1307.7335 [hep-ex]
S. Alekhin et al., arXiv:1504.04855 [hep-ph]
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Normal Hierarchy
Inverted Hierarchy

LNV parameters

Sterile fermions 
phenomenology
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Strong washout regime: numerical solution
The analysis is computationally demanding: only a set of benchmark points is solved

Sterile neutrino asymmetry

Temperature 
resonance

Sterile neutrino abundances

Lepton flavour asymmetry
Baryon asymmetry
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Conclusions

Lepton number violation as a key to low scale leptogenesis

Analytical solution in the weak washout regime

Viable leptogenesis in weak washout , but solutions cannot be probed

Viable leptogenesis in strong washout , testable at future facilities
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Strong washout regime: “flavoured” solutions

B.2 Benchmarks in the strong wash-out regime

• First benchmark (Fig. 9):

M = 5.5 GeV, �m = 5.5 keV

Y e↵ =

0

B

B

@

5.78⇥ 10�8 + i 1.39⇥ 10�7 �1.37⇥ 10�7 + i 5.92⇥ 10�8

�1.79⇥ 10�8 � i 1.90⇥ 10�7 1.98⇥ 10�7 � i 1.76⇥ 10�8

�4.54⇥ 10�9 � i 4.58⇥ 10�7 4.63⇥ 10�7 � i 4.45⇥ 10�9

1

C

C

A

(75)

• Second benchmark (Fig. 10):

M = 1.5 GeV, �m = 8.5 keV

Y e↵ =

0

B

B

@

�1.65⇥ 10�7 � i 1.26⇥ 10�7 1.26⇥ 10�7 � i 1.65⇥ 10�7

�8.65⇥ 10�8 + i 2.59⇥ 10�7 �2.61⇥ 10�7 � i 8.62⇥ 10�8

9.37⇥ 10�8 + i 5.16⇥ 10�7 �5.18⇥ 10�7 + i 9.34⇥ 10�8

1

C

C

A

(76)

• Third benchmark (Fig. 11):

M = 4.5 GeV, �m = 2keV

Y e↵ =

0

B

B

@

7.61⇥ 10�7 + i 6.89⇥ 10�7 �6.87⇥ 10�7 + i 7.62⇥ 10�7

4.00⇥ 10�7 + i 2.79⇥ 10�6 �2.79⇥ 10�6 + i 4.00⇥ 10�7

�2.39⇥ 10�7 + i 1.60⇥ 10�6 �1.60⇥ 10�6 � i 2.39⇥ 10�7

1

C

C

A

(77)

• First “flavoured” benchmark (left panels of Fig. 12):

M = 1GeV, �m = 8.5 keV

Y e↵ =

0

B

B

@

�1.51⇥ 10�7 � i 1.30⇥ 10�7 �1.30⇥ 10�7 + i 1.51⇥ 10�7

�6.69⇥ 10�8 � 7.07⇥ 10�7 �7.07⇥ 10�7 + i 6.68⇥ 10�8

2.57⇥ 10�8 � 3.92⇥ 10�7 �3.93⇥ 10�7 � i 2.57⇥ 10�8

1

C

C

A

(78)

• Second “flavoured” benchmark (right panels of Fig. 12):

M = 1.4 GeV, �m = 1.6 keV

Y e↵ =

0

B

B

@

1.20⇥ 10�7 + i 1.08⇥ 10�7 1.08⇥ 10�8 � i 1.20⇥ 10�8

1.28⇥ 10�8 � i 3.60⇥ 10�7 �3.61⇥ 10�7 � i 1.28⇥ 10�8

�4.41⇥ 10�8 � i 8.29⇥ 10�7 �8.30⇥ 10�6 + i 4.40⇥ 10�8

1

C

C

A

(79)
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Y e↵
eq '

p
2⇥ 10�7
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Strong strong washout regime
Y e↵ ⇡ O �

10�6
�

Sterile neutrino asymmetry

Temperature 
resonance

Sterile neutrino abundances

Lepton flavour asymmetry
Baryon asymmetry
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YΔB

YΔB = 8.6 10-11

Strong dependence on 
Majorana phase

Weak dependence on 
Dirac phase

Dirac and Majorana phase dependence

M =

0

BBB@

0 vY ✏vY 0

vY T 0 ⇤

✏vY 0T ⇤ ⇣⇤

1

CCCA
(8)

� ) (9)

m
⌫

&
q
�m2

atm ' 5 ⇥ 10�2
eV (10)

y <
p
2 ⇥ 10�7

(11)

(12)

100 MeV  M2,3 . 20 GeV (13)

(14)

�M32 . 100 keV (15)

M2,3 ' (16)

$ (17)

2

3 complex phases

Dirac

M
aj

or
an

a

M
aj

or
an

a

Dirac

UPMNS with 
one massless ν

2 complex phases

Dirac
+

Majorana
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The ISS setup

the mixing between light active and heavy neutrinos within the sensitivity region of future

facilities like SHiP, as has been found also in the three neutrino extension of the SM, cf. [43].

Promising parameter points lie both in the region of hierarchical and non-hierarchical Yukawa

couplings, e.g. |U
µi

|2 ⇠ 10�8 � 10�9 for the points reported in Figs. 10 and 12.

6 A special case: the inverse seesaw

A special case of the ansatz introduced in Section 2 arises for ✏! 0, referred to as the Inverse

seesaw. As discussed in Ref. [25], minimal realisations of this scenario in agreement with

neutrino oscillation data, laboratory and unitarity constraints, as well as constraints from

lepton flavour violating observables, require four or five additional heavy states (referred to

as ISS(2,2) and ISS(2,3), respectively). With respect to Eq. (16), the fourth row/column is

extended to contain two “right-handed neutrino” fields and the fifth row/column is extended

to two or three “sterile” fields, respectively. Schematically, the mass matrix can be written

as

M =

0

B

B

@

0 1p
2

Y v 0
1p
2

Y T v 0 Z⇤

0 ZT ⇤ ⇠⇤

1

C

C

A

. (29)

Here in the ISS(I, J) setup Y and ⇠ are understood as 3⇥ I and J ⇥J matrices. Z is a I ⇥J

matrix with entries of order unity. The entries of the Z and Y matrices are taken complex

and the matrix ⇠ can be taken real and diagonal [25].

The new states form two heavy pseudo-Dirac pairs of mass O(⇤) with squared mass-

splittings of order O(⇠⇤2), the ISS(2,3) case features in addition a sterile state at the scale

O(⇠⇤). In the mass ranges of eV or keV, the latter is an interesting candidate to address

anomalies in the neutrino oscillation data or to explain dark matter [26], respectively. The two

heavier pseudo-Dirac pairs are promising candidates for generating a baryon asymmetry, as

discussed in Section 2.1. Given that we are now dealing with a 7⇥7 or 8⇥8 mass matrix, there

are clearly many possibilities for cancellations in the equations and we can no longer trust the

simple estimates of Section 2.1, which as we recall, lead us to disfavour the pure ISS due to a

too large mass splitting of the heavy states. Indeed, a detailed scan of the ISS(2,3) parameter

space performed in [26] found solutions for the light sterile state in the sub-eV to 100 keV

range, pointing to mass-splittings of order �m2 ⇠ (10 keV)2 � (10 MeV)2. In addition,

suitable Yukawa couplings below the critical value of
p

2 ⇥ 10�7 are indeed achievable for

light neutrino masses and mixings in agreement with current observations. This renders this

scenario very promising for a minimal low-energy setup to simultaneously explain neutrino

masses, dark matter and leptogenesis. In the following we revisit this setup, clarifying that,
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We show that neutrino data impose a 
lower bound on the Yukawa couplings

With Eq. (34), the Yukawa couplings between the active flavours and the heavy states are

then bounded from below by

9

X

i=4

3

X

↵=1

|Y e↵

↵i

|2 � 2
0.05 eV
max|⇠

jj

|
⇤
v2

. (38)

Finally, imposing the lower bound in Eq. (38) to lie below the out-of equilibrium condition,
P

↵

|Y e↵

↵i

|2 < 2 ⇥ 10�14 for all the heavy states i, implies max [⇠
jj

] & 0.07 for ⇤ = 1 GeV,

corresponding to a mass splitting O(⇠⇤2) & (0.25 GeV)2, in good agreement with the esti-

mation obtained in the toy model using Eq. (9). In conclusion, the ISS(3,3) model yields

a mass splitting which is significantly too large for viable leptogenesis in the weak washout

regime, which requires �m2 . MeV2 [23]. Moreover, the scale max|⇠
jj

|⇤ which sets the scale

of the potential DM candidate in the ISS(2,3) model is found to be unpleasantly large: X-ray

observations exclude sterile neutrinos heavier than about 100 keV contributing significantly

to the DM abundance [45].

Since the lower bound in Eq. (38) relies on the assumption M
i

' ⇤ for every i > 3, one

may expect that the above conclusions are invalidated if a large mass di↵erence among the

di↵erent pseudo-Dirac pairs is present. In order to probe the feasibility of this configuration

we performed a numerical scan of the the simpler phenomenologically viable realisation, the

ISS(2,2). We generated the entries of the complex submatrices Z⇤ and ⇠⇤ in the ranges

100 MeV  |Z
ij

|⇤  40 GeV and 1 eV  |⇠
ij

|⇤  10 GeV, taking the di↵erent entries in

each submatrix to be of the same order of magnitude. The Dirac submatrix was generated

using a modified version of the Casas-Ibarra parametrisation [46] adapted for the ISS(2,2)

Y vp
2

= N⇤
PMNS

p

m̂
⌫

R
p

⇠�1 nT , (39)

where the “orthogonal” matrix R is defined as

R (✓) =

0

B

B

@

1 0

cos ✓ sin ✓

� sin ✓ cos ✓

1

C

C

A

, (40)

and the complex angle ✓ is randomly varied in the range 0  |✓|  2⇡. Each solution is

required to accommodate neutrino oscillation data, laboratory bounds on direct searches of

sterile fermions and BBN bounds. The values of the e↵ective Yukawas for the lightest sterile

state, Y e↵

4

=
P

↵

�

�Y e↵

↵4

�

� as a function of the lightest sterile mass M
1

are reported in Fig (13).

The horizontal green line represents the out of equilibrium value Y e↵

4

=
p

2⇥ 10�7 while the

colour code is related to the mass degeneracy in the lighter pseudo-Dirac pair

�
45

⌘ 2
M

2

�M
1

M
1

+ M
2

. (41)
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�M2
IJ ' ⇠⇤2 & (0.25 Gev)

2
for ⇤ > 1 GeV
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Y e↵ <
p
2⇥ 10�7Imposing

Validated by scan

No viable leptogenesis in the weak washout regime in the ISS setup


