
• Complex Yukawa couplings F as a source of CP

• B from sphaleron transitions until TEW ≃ 140 GeV

• sterile neutrinos deviations from thermal equilibrium
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The  Standard  Model  cannot  account  for  the 
observed baryon asymmetry of the Universe (BAU)

Y�B = (8.6± 0.01)⇥ 10�11 (1)
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BARYOGENESIS FROM STERILE NEUTRINO OSCILLATIONS: low scale (freeze-in) leptogenesis
Akhmedov, Rubakov, Smirnov (1998)

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

After electroweak phase transition < Φ > = v ≃ 174 GeV
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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. [?].

L = LSM + iNI /@NI �

✓
Y↵I`↵e�NI +

MIJ

2
N c

INJ + h.c.

◆
(1)

m⌫ ' �
v2

2
Y ⇤ 1

M
Y †

(2)

lim
�M!0

mi = 0, ) mi / µ,m

lim
�M!0

mi 6= 0, ) mi / n, d (3)

! (4)

d =
v
p
2
Y ⇤

! (5)

⌫R(0,0) (6)

�EW '
G2

Fm
5
I sin

2 ✓I
192⇡3

, (7)

⌦mh2 = 0.1426± 0.0020 (8)

⌦bh
2 = 0.02226± 0.00023 (9)

⌦ch
2 = 0.1186± 0.0020 (10)

BRµe < 5.7⇥ 10�13
(11)

BR⌧e < 3.3⇥ 10�8
(12)

BR⌧µ < 4.4⇥ 10�8
(13)

1

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. [?].

L = LSM + iNI /@NI �

✓
Y↵I`↵e�NI +

MIJ

2
N c

INJ + h.c.

◆
(1)

m⌫ ' �
v2

2
Y ⇤ 1

M
Y †

(2)

lim
�M!0

mi = 0, ) mi / µ,m

lim
�M!0

mi 6= 0, ) mi / n, d (3)

! (4)

d =
v
p
2
Y ⇤

! (5)

⌫R(0,0) (6)

�EW '
G2

Fm
5
I sin

2 ✓I
192⇡3

, (7)

⌦mh2 = 0.1426± 0.0020 (8)

⌦bh
2 = 0.02226± 0.00023 (9)

⌦ch
2 = 0.1186± 0.0020 (10)

BRµe < 5.7⇥ 10�13
(11)

BR⌧e < 3.3⇥ 10�8
(12)

BR⌧µ < 4.4⇥ 10�8
(13)

1

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. [?].

L = LSM + iNI /@NI �

✓
Y↵I`↵e�NI +

MIJ

2
N c

INJ + h.c.

◆
(1)

m⌫ ' �
v2

2
Y ⇤ 1

M
Y †

(2)

lim
�M!0

mi = 0, ) mi / µ,m

lim
�M!0

mi 6= 0, ) mi / n, d (3)

! (4)

d =
v
p
2
Y ⇤

! (5)

⌫R(0,0) (6)

�EW '
G2

Fm
5
I sin

2 ✓I
192⇡3

, (7)

⌦mh2 = 0.1426± 0.0020 (8)

⌦bh
2 = 0.02226± 0.00023 (9)

⌦ch
2 = 0.1186± 0.0020 (10)

BRµe < 5.7⇥ 10�13
(11)

BR⌧e < 3.3⇥ 10�8
(12)

BR⌧µ < 4.4⇥ 10�8
(13)

1

10-5 10-4 0.001 0.010 0.100 1

10-13

10-12

10-11

10-10

10-9

10-8

x

Δμ
α

10-5 10-4 0.001 0.010 0.100 1

10-16

10-14

10-12

10-10

x

R
ii -
R
ci
i

Asymmetry generation example

Sterile neutrinos abundances

10-5 10-4 0.001 0.010 0.100 1

10-4

0.001

0.010

0.100

1

x

R
ii

equilibrium value

Deviation 
from 

thermal 
equilibrium

Active flavours asymmetries

We switch off sterile 

neutrino oscillations 
when they become 

ineffective

Sterile flavours asymmetries

Washout when 

states equilibrate

Total asymmetries

Lepton number 
violating processes 
relevant at low 

temperatures

x =
T

TEW
(1)

References

1

TEW = 140 GeV

Two kinds of  
CP processes 

Lepton number conserving 
(neutrino generation and 

oscillations)

Lepton number violating 
(thermal Higgs decay)

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.
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Baryogenesis from L-violating Higgs-doublet decay in the density-matrix formalism
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We compute in the density-matrix formalism the baryon asymmetry generated by the decay of
the Higgs doublet into a right-handed (RH) neutrino and a Standard Model lepton. The emphasis
is put on the baryon asymmetry produced by the total lepton-number violating decay. From the
derivation of the corresponding evolution equations, and from their integration, we find that this
contribution is fully relevant for large parts of the parameter space. This confirms the results found
recently in the CP-violating decay formalism with thermal corrections and shows in particular that
the lepton-number violating processes are important not only for high-scale leptogenesis but also
when the RH-neutrino masses are in the GeV range. For large values of the Yukawa couplings, we
also find that the strong washout is generically much milder for this total lepton-number violating
part than for the usual RH-neutrino oscillation flavour part.

I. INTRODUCTION

In the framework of the type-I seesaw model of neu-
trino masses with right-handed (RH) neutrinos below
the electroweak scale, there exists a well-known mech-
anism to account for the baryon asymmetry of the Uni-
verse, through oscillations of right-handed neutrinos [1–
13]. This Akhmedov-Rubakov-Smironv (ARS) scenario
is based on the generation of particle-antiparticle asym-
metries for the various lepton flavours. These asymme-
tries cancel each other in the total Standard-Model (SM)
lepton-number asymmetry but, thanks to washout ef-
fects, which do not a↵ect the di↵erent flavours in the
same way, a net lepton asymmetry remains. In this
framework, since the relevant processes do not involve a
RH neutrino Majorana mass insertion, a lepton number
can be assigned to the two helicities of the RH neutri-
nos. Thus, in the ARS scenario, the total lepton number
L, i.e. the sum of the SM and the RH-neutrino ones,
is conserved, but not both components separately, due
to flavour e↵ects. The SM lepton-number asymmetry
component which is produced in this way before the
sphalerons decouple is reprocessed in part into a baryon
asymmetry, unlike the other component. The evolution
of the lepton asymmetries as a function of the tempera-
ture of the thermal bath can be calculated in the density-
matrix formalism, which properly takes into account the
coherences between various RH neutrinos and their asso-
ciated oscillations.

In the di↵erent CP-violating decay formalism usually
used for leptogenesis, it has been shown recently [14] that
the total lepton-number violating decay of the Higgs dou-
blet into a RH neutrino and a SM lepton, i.e. the de-
cays which do involve a Majorana mass insertion, could
also account for the baryon asymmetry. This is possible
thanks to thermal e↵ects which induce a non-zero ab-
sorptive part for the self-energy of the RH neutrino in

⇤
thambye@ulb.ac.be

†
daniele.teresi@ulb.ac.be

the final state of this decay, see Fig. 1 (as this absorp-
tive part vanishes at zero temperature). In Ref. [14] this
thermal cut of the self-energy has been computed in the
Kadano↵-Baym formalism. The production takes advan-
tage of the fact that, for RH neutrino masses below the
sphaleron cut, the Yukawa interactions do not thermal-
ize the RH neutrinos so easily as for higher masses. This
results in a large departure from equilibrium for the RH-
neutrino number densities in the final state, boosting the
asymmetry production.

This total (SM + RH neutrino) lepton number violat-
ing scenario is in many respects di↵erent from the ARS
total lepton-number conserving scenario. One di↵erence
is that it gives a non-vanishing asymmetry already for
one lepton flavour. Another is that, as a result of the
fact that it involves a Majorana mass insertion, it gives
rates for the relevant processes that are proportional to
m2

N
/T 2, relatively to the total lepton-number conserv-

ing ARS piece. As a result, the asymmetry is typically
produced at lower temperatures than in the ARS case,
basically not long before the sphaleron decoupling. Also,
since this mechanism does not require an asymmetric
washout for the di↵erent flavours, its contribution in the
weak-washout regime is proportional to 4 powers of the
Yukawa couplings, rather than to 6 for the ARS one.

The purpose of this paper is twofold. The first goal
is to determine how this L-violating contribution can
develop itself in the framework of the density-matrix
formalism, rather than in the usual leptogenesis CP-
violating decay formalism considered in [14], and to com-

H

L

L

N

N

H

FIG. 1. Thermal cut in the H ! NL decay, which gives rise
to its purely-thermal L-violating CP-violation.
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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)
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Table 1: Sensitivity of several 0⌫2� experiments.

References

1

x =
T

TEW

/ M2

T 2

Y $ Y ⇤ (1)

L = LSM + iN̄I /@NI �
✓
F↵I

¯̀
↵
e�NI +

MIJ

2
N̄ c

INJ + h.c.

◆
, (2)

m⌫ ' �v2

2
F ⇤M�1F † (3)

References

1

x =
T

TEW

/ M2

T 2

Y $ Y ⇤ (1)

L = LSM + iN̄I /@NI �
✓
F↵I

¯̀
↵
e�NI +

MIJ

2
N̄ c

INJ + h.c.

◆
, (2)

m⌫ ' �v2

2
F ⇤M�1F † (3)

References

1

EXCLUDED

Active/sterile mixing Neutrinoless 2β decay effective mass Relative mass splittings �Mij = 2
Mj �Mi

Mi +Mj
(1)

x =
T

TEW

/ M2

T 2

F $ F ⇤
(2)

L = LSM + iN̄I /@NI �
✓
F↵I

¯̀
↵
e�NI +

MIJ

2
N̄ c

INJ + h.c.

◆
, (3)

m⌫ ' �v2

2
F ⇤M�1F †

(4)

R :

µ↵ : (5)

Experiment |m⌫ee| (eV)

EXO-200 (4 yr) 0.075� 0.2

nEXO (5 yr) 0.012� 0.029

nEXO (5 yr + 5 yr w/ Ba tagging) 0.005� 0.011

KamLAND-Zen (300 kg, 3 yr) 0.045� 0.11

GERDA phase II 0.09� 0.29

CUORE (5 yr) 0.051� 0.133

SNO+ 0.07� 0.14

SuperNEMO 0.05� 0.15

NEXT 0.03� 0.1

MAJORANA Demonstrator 0.06� 0.17

Table 1: Sensitivity of several 0⌫2� experiments.

References

1

EXCLUDED

YΔL = - YΔN
asymmetry in 

the active sector
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Imposing the observed value for YΔB
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INVERTED HIERARCHY INVERTED HIERARCHY INVERTED HIERARCHY

CONCLUSIONS 
Low-scale leptogenesis solutions with 3 right-

handed neutrinos testable by current experiments 

Sterile neutrinos contribution to neutrinoless double 
beta decay effective mass within experimental reach 

A degeneracy in the mass spectrum enhances the 
asymmetry, but it is not a necessary condition 

No fine-tuning is required


