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The Nobel Peace Prize 1975 was 
awarded to  
Andrei Dmitrievich Sakharov 
"for his struggle for human rights in the 
Soviet Union, for disarmament and 
cooperation between all nations.”

• PhD in 1947


• Worked on thermonuclear bomb


• In 1950 with Igor Tamm proposed the idea of Tokamak


• 1963 He played a role in the Partial Nuclear Test Ban Treaty


• 1967 the paper “Violation of CP Invariance, С Asymmetry, and Baryon 
Asymmetry of the Universe”


• 1975 Nobel Peace Prize


• 1980 — 1986 internal exile
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almost 7900 people signed



Outline
• Introduction


• Standard model and its problems


• Baryon asymmetry of the Universe and Sakharov conditions


• Seesaw mechanism 


• Leptogenesis


• Parameter space of low-scale leptogenesis


• Phenomenological implications
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The Standard Model
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I II III • Gauge theory 
 


• Explains all laboratory experiments 


• Together with General Relativity (or, 
e.g. Einstein-Cartan theory) 
explains the evolution of the universe 
after the Big Bang Nucleosynthesis (t 
> 1 sec)


• According to Scientific American, it 
led to 55 Nobels 


• Are we done?

SU(3) × SU(2) × U(1)

Global symmetries: 

baryon and lepton numbers are conserved (classically)

B.2. Global Symmetries 399

is the Higgs boson mass. The Higgs self-coupling λ (in other words, the Higgs boson
mass mh) is the only parameter of the Standard Model not measured experimen-
tally.7 There is only a lower limit on this mass,

mh > 114.4 GeV.

Finally, the term Lint
HV stands for the Higgs boson coupling to the massive vector

bosons,

Lint
HV =

g2

2
vh|W−

µ |2 +
g2 + g

′2

4
vhZµZµ +

g2

4
h2|W−

µ |2 +
g2 + g

′2

8
h2ZµZµ.

To date, all particles of the Standard Model, except for the Higgs boson, have
been observed experimentally. The values of the Standard Model parameters are8

[1]:

me = 0.511 MeV, mu = 1.5 − 3.3 MeV, md = 3.5 − 6.0 MeV,

mµ = 105.7 MeV, mc = 1.14 − 1.34 GeV, ms = 0.07 − 0.13 GeV,

mτ = 1.78 GeV, mt = 169.1 − 173.3 GeV, mb = 4.13 − 4.37 GeV,

MZ = 91.2 GeV, MW = 80.4 GeV, v = 247 GeV,

α ≡ e2

4π
=

1
137

, sin2 θW = 0.231, αs(MZ) = 0.118.

Uncertainties in quark masses (except for t-quark) are predominantly theoretical;
they are due to the fact that quarks do not exist in free state.

B.2 Global Symmetries

In addition to gauge symmetries, there are global Abelian symmetries in the
Standard Model: the Lagrangian (B.13) is invariant under simultaneous phase rota-
tions of all quark fields,

q → eiβ/3q, q̄ → e−iβ/3q̄ (B.18)

and independently under phase rotations of lepton fields of each generation,

(νe, e) → eiβe(νe, e), (ν̄e, ē) → e−iβe(ν̄e, ē) (B.19)

(νµ, µ) → eiβµ(νµ, µ), (ν̄µ, µ̄) → e−iβµ(ν̄µ, µ̄) (B.20)

(ντ , τ) → eiβτ (ντ , τ), (ν̄τ , τ̄ ) → e−iβτ (ν̄τ , τ̄ ) (B.21)

7Yukawa interactions have not yet been directly observed either. However, measurements of par-
ticle masses enable one to predict the Yukawa couplings for all massive fermions in the framework
of the Standard Model. On the contrary, accurate predictions for the mass or self-coupling of the
Higgs boson do not exist. Radiative corrections due to the Higgs boson lead to weak (logarithmic)
dependence of some observables on mh, that actually makes it possible to determine the range of
the Higgs boson mass, mh ! 200 GeV.
8We omit the details related to the dependence of these parameters on the renormalization scale,

except for the case of αs.
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Image credit: Juraj Klaric

https://arxiv.org/abs/2007.14978
https://blogs.scientificamerican.com/observations/the-standard-model-of-physics-at-50/


Beyond the Standard Model
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• Neutrino flavour oscillations 
(violates  conservation, 
impossible if neutrinos are 
massless) 

  

 

• Cosmology

Lα

P(να → νβ) = sin2 2θ sin2 ( Δm2L
4E )
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NuFit collaboration http://www.nu-fit.org



Baryon asymmetry of the Universe 

• No antimatter in the present universe 


• Baryon to photon ratio 
 
 




• At high T:  antiquarks per  quarks


• Symmetric part annihilates into photons and 


• Asymmetric part: origin of galaxies, stars, planets

Δ =
nB − nB̄

nB + nB̄ T∼1 GeV
≃

nB

nγ
now

≃ 6 × 10−10

(1010 − 1) 1010

ν

8



Where the asymmetry comes from?
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• Baryon number violation 

• C and CP violation 

• Deviation from thermal equilibrium

Sakharov Conditions (1967)



Where the asymmetry comes from?
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• Baryon number violation 

• C and CP violation 

• Deviation from thermal equilibrium

Sakharov Conditions (1967)

Nonperturbative sphaleron processes at T>130 GeV 
[Kuzmin, Rubakov, Shaposhnikov 1985]

Present in the SM, but too small  
G6

Fs2
1 s2s3sinδm4

t m4
b m2

c m2
s ∼ 10−20 ≪ Δ ∼ 10−10

No electroweak phase transition for  GeV  
[Kajantie, Laine, Rummukainen, Shaposhnikov]

MH > 73
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Evidence for 
BAU

Evidence for 
BAU
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Evidence for 
BAU

Evidence for 
BAU

No B violation



Solving the Standard Model problems
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The seesaw mechanism
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the masses of  
the neutrinos are tiny

∑ mν < 0.9 eV/c2 [KATRIN, 2022]

∑ mν < 0.12 eV/c2 Lyman-alpha

(0 m
m M) λ1,2 =

M
2

± ( M
2 )

2

+ m2the eigenvalues

m ≪ M, λ+ ≃ M, λ− ≃ −
m2

M parametrically smaller

  than m and M

A mathematical fact:

to implement this in the SM 
right-handed neutrinos are needed

Minkowski; Yanagida; Gell-Mann, Ramond, Slansky; Glashow; Mohapatra, Senjanovic 



The seesaw mechanism
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ℒ = ℒSM + i ν̄RI
γμ∂μνRI

− FαIL̄αΦ̃νRI
−

MIJ

2
ν̄c

RI
νRJ

+ h . c .

(0 m
m M)

νLα
= UPMNS

αi νi + ΘαINc
I ,

ΘαI =
⟨Φ⟩FαI

MI

Mixing with NI

Mass states  (~HNLs), 

 is the SM Higgs doublet,  are the SM lepton doublets

 are new Yukawa couplings,  is the mass matrix of RH neutrinos

NI I = 1,2,...
Φ Lα
FαI MIJ

At least 2 HNLs 
to be compatible  

with oscillation data

|Uα |2 = |Θα2 |2 + |Θα3 |2

U2 = Σα |Uα |2

HNLs (Heavy Neutral Leptons)
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The quest for Heavy Neutral Leptons

Physics Beyond Colliders at CERN: Beyond the Standard 
Model Working Group Report.  1901.09966 

mixing

s
µ

νµ

D

N2,3

µ

νµ

D

N2,3

π
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Heavy Neutral Leptons: Leptogenesis

• B violated by sphaleron processes

• CP asymmetry in N decays

• Deviation from equilibrium when ΓN ∼ H

The same N can be responsible for  the Baryon Asymmetry!

Fukugita and Yanagida, 1986

Reviews: Buchmuller, Bari, Plumacher: 


Leptogenesis for pedestrians, 2004

Bödeker, Buchmuller, 2009.07294

explanation of the smallness of the observed neutrino mass
scale, which is a key element of leptogenesis.
We now consider an extension of the standard model with

three right-handed neutrinos, whose masses and couplings are
described by the following Lagrangian (sum over i, j):

L ¼ lLii=DlLi þ eRii=DeRi þ νRii=∂νRi
− ðheijeRjlLiϕ̃þ hνijνRjlLiϕþ 1

2MijνRjνcRi þ H:c:Þ; ð66Þ

where =D denotes SM covariant derivatives, νcR ¼ Cν̄TR, C is the
charge conjugation matrix, and ϕ̃ ¼ iσ2ϕ%. The vacuum
expectation value of the Higgs field (hϕi ¼ vEW) generates
Dirac mass terms me ¼ hevEW and mD ¼ hνvEW for charged
leptons and neutrinos, respectively. Integrating out the
heavy neutrinos νR, the light-neutrino Majorana mass matrix
becomes

mν ¼ −mD
1

M
mT

D: ð67Þ

The symmetric mass matrix is diagonalized by a unitary
matrix V:

VTmνV ¼

0

B@
m1 0 0

0 m2 0

0 0 m3

1

CA; ð68Þ

where m1, m2, and m3 are the three mass eigenvalues. In the
following we mostly consider the case of normal ordering,
where m1 < m2 < m3. A recent global analysis found for the
largest and smallest splitting (Esteban et al., 2019)

matm ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jm2

3 −m2
1j

q
¼ 49.9& 0.3 meV;

msol ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jm2

2 −m2
1j

q
¼ 8.6& 0.1 meV: ð69Þ

The Majorana mass matrix M can be chosen diagonal such
that the light and heavy Majorana neutrino mass eigenstates
are

ν ≃ VTνL þ νcLV
%; N ≃ νR þ νcR: ð70Þ

In a basis where the charged lepton matrixme and theMajorana
mass matrix M are diagonal, V is the Pontecorvo-Maki-
Nakagawa-Sakata matrix in the leptonic charged current. V
can bewritten asV ¼ Vδdiagð1; eiα; eiβÞ, whereVδ contains the
Dirac CP-violating phase δ and α and β are Majorana phases.
Treating in the Lagrangian (66) the Yukawa coupling hν

and the Majorana massesM as free parameters, nothing can be

said about the values of the light-neutrino masses. Hence, it is
remarkable that the correct order of magnitude is naturally
obtained in GUT models. The running of the SM gauge
couplings points to a unification scale ΛGUT ∼ 1015 GeV. At
this scale the GUT group containing Uð1ÞB−L is spontane-
ously broken and large Majorana masses are generated
(M ∝ vB−L ∼ 1015 GeV). As in the SM, all masses are now
caused by spontaneous symmetry breaking. With Yukawa
couplings in the neutrino sector having a similar pattern as for
quarks and charged leptons, with the largest values being
Oð1Þ, one obtains for the largest light-neutrino mass

m3 ∼
v2EW
vB−L

∼ 0.01 eV; ð71Þ

which is qualitatively consistent with the measured
value matm.
The tree-level decay width of the heavy Majorana neutrino

Ni reads

Γ0
Ni

¼ Γ0ðNi → lϕÞ þ Γ0ðNi → l̄ ϕ̄Þ ¼ 1

8π
ðhν†hνÞiiMi; ð72Þ

and the CP asymmetry in the decay is defined as

εi ¼
ΓðNi → lϕÞ − ΓðNi → l̄ ϕ̄Þ
ΓðNi → lϕÞ þ ΓðNi → l̄ ϕ̄Þ

: ð73Þ

We are often interested in the case of hierarchical Majorana
masses M2;3 ≫ M1 ≡M. One can then integrate out N2

and N3, which yields the following effective Lagrangian
for N1 ≡ N:

L ¼ 1
2N̄i=∂N − hνi1N

TClLiϕ − 1
2MNTCN

þ 1
2ηijl

T
LiϕClLjϕþ H:c:; ð74Þ

where η is the dimension-5 coupling

ηij ¼
X

k¼2;3

hνik
1

Mk
hνTkj : ð75Þ

Using this effective Lagrangian provides the advantage that
vertex- and self-energy contributions to the CP asymmetry in
the heavy-neutrino decay are obtained from a single Feynman
diagram; see Sec. IV.F.
A nonvanishing CP asymmetry in Ni decays arises at one-

loop order. From Fig. 12 one obtains (Flanz, Paschos, and
Sarkar, 1995; Covi, Roulet, and Vissani, 1996)

FIG. 12. Tree-level and one-loop diagrams contributing to heavy-neutrino decays.

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-16

ε ∼
Im(F†F )2

|F |2

Moreover, the dependence of the final B − L asymmetry on
some other initial B − L asymmetry, independent of lepto-
genesis, is significantly suppressed in the strong-washout
regime. It is noteworthy that the neutrino mass range indicated
by solar and atmospheric neutrinos lies inside the strong-
washout regime where the generated B − L asymmetry is
essentially determined by decays and inverse decays and
therefore largely independent of initial conditions and theo-
retical uncertainties.
In the case of hierarchical heavy neutrinos the maximal CP

asymmetry in N decays reads (Davidson and Ibarra, 2002;
Hamaguchi, Murayama, and Yanagida, 2002)

εmax ¼
3

16π
Mmatm

v2
≃ 10−6

!
M

1010 GeV

"
: ð109Þ

As we know the maximal efficiency factor, Eq. (109) implies a
lower bound on the smallest heavy-neutrino mass M. From
Fig. 15 one reads off κmax ∼ 1 and κmax ∼ 0.1 for thermal and
zero initial abundance, respectively. A baryon-to-photon ratio
ηB ∼ 10−9 then requires a heavy-neutrino mass M ≳ 108 and
109 GeV for the two different initial conditions, respectively.
The precise dependence of the lower bound on m̃1 is shown in
the right panel of Fig. 15.
The ΔL ¼ 2 washout term leads to an upper bound on

heavy-neutrino masses and also to an important upper bound
on the light-neutrino masses (Buchmuller, Di Bari, and
Plumacher, 2002a). An analysis of the solution of the kinetic
equations (102) shows that in the strong-washout regime,
which is defined by m̃1 ≳m$, the B-L asymmetry is produced
close to zBðm̃1Þ ∼ 2m$=m̃1κfðm̃1Þ, and the complete effi-
ciency factor is given by

κ̄fðm̃1; Mm̄2Þ ≃ κfðm̃1Þ exp
#
−
ω
zB

!
M

1010 GeV

"!
m̄
eV

"
2
$
;

ð110Þ

where ω ≃ 0.2. For too large values ofM and m̄, the generated
B − L asymmetry is too small relative to observations. A
quantitative analysis yields for M the upper bound shown in
Fig. 15, and for the light-neutrino masses one finds
mi < 0.12 eV. Assuming m̃1 ¼ OðmiÞ, successful leptogen-
esis then implies for the light neutrinos the optimal mass
window

10−3 ≲mi ≲ 0.1 eV: ð111Þ

It is notable that the cosmological bound on the sum of
neutrino masses (Aghanim et al., 2018), which has become
increasingly stringent over the past two decades, is consistent
with this mass window. Note, however, that the upper bound
on the light-neutrino masses holds only in type-I seesaw
models. In type-II models, where a triplet contribution
appears in the neutrino mass matrix as in left-right symmetric
models, the direct connection between neutrino masses and
leptogenesis is lost (Antusch and King, 2004; Hambye and
Senjanovic, 2004).
The maximal CP asymmetry [Eq. (109)], and therefore the

lower bound on the heavy-neutrino mass M1, depends on the

measured value of matm. What can one say without knowing
the result from atmospheric neutrino oscillations? In this case
the Planck mass and the Fermi scale still yield the neutrino
mass scale m$ [see Eq. (107)], which determines the nor-
malization of m̃1 in the efficiency factor κf [Eq. (108)]. From
the full efficiency factor [Eq. (110)] one can then determine
the maximal baryon asymmetry as a function of m̃1 and m3,
which is reached at m̃1 ≃ 2 × 10−3 eV, i.e., in the strong-
washout regime (Buchmuller, Di Bari, and Plumacher, 2004).
This leads to the upper and lower bounds m3 ≲ 250 eV and
M1 ≳ 2 × 106 GeV, respectively.
In GUTs with hierarchical heavy right-handed neutrinos

(M1 ≪ M2 ≪ M3 ∼ vB−L ∼ 1015 GeV), a simple estimate
yields the right order of magnitude for the baryon-to-photon
ratio (Buchmuller and Plumacher, 1996, 1999). To understand
this, consider the CP asymmetry ε1 given in Eq. (78), assume
normal ordering, and keep the largest contribution propor-
tional to the light-neutrino mass m3. With hνi1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhν†hνÞ11

p
∝

δi3 and using Eq. (71), one obtains

ε1 ∼ 0.1
m3M1

v2EW
∼ 0.1

M1

M3

: ð112Þ

For a heavy-neutrino mass hierarchy similar to the hierarchies
in the quark and charged lepton sectors, i.e., M1=M3 ∼
10−5 % % % 10−4, and an efficiency factor κf ∼ 10−2 % % % 10−1,
the baryon-to-photon ratio is given by [see Eq. (104)]

ηB ∼ 10−2ε1κf ∼ 10−10 % % % 10−8; ð113Þ

which is in agreement with observation.
The ΔL ¼ 2 washout terms play a crucial role in

obtaining upper bounds on light- and heavy-neutrino masses.
Correspondingly, a discovery of lepton-number-violating
dilepton events at the LHC could be used to falsify lepto-
genesis since the production cross section of these events is
directly related to a ΔL ¼ 2 washout term that, if large
enough, would erase any baryon asymmetry. This has been
demonstrated in the context of left-right symmetric models
(Frère, Hambye, and Vertongen, 2009), as well as in a model-
independent approach (Deppisch, Harz, and Hirsch, 2014).

2. Flavor effects

Thus far we have discussed leptogenesis in the “one-flavor
approximation,” where one sums over lepton flavors in the
final state. This approximation is valid only at high temper-
atures where lepton-Higgs interactions in the thermal plasma
can be neglected. In general, flavor effects can have an
important impact on leptogenesis (Barbieri et al., 2000;
Endoh, Morozumi, and Xiong, 2004; Abada et al., 2006;
Nardi, Nir, Roulet, and Racker, 2006; Blanchet, Di Bari, and
Raffelt, 2007).
We first consider the simplest case where the lightest

heavy neutrino N1 ≡ N couples to the following combination
of lepton flavors given by the Yukawa couplings hνi1 [see
Eq. (74)]:

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-22

Davidson Ibarra bound, 2002

 GeVM ≳ 109

F F*
F

F

F
F

F*



Low-scale leptogenesis and the Neutrino Minimal 
Standard Model ( MSM)ν

18

      DM candidateN1

N2

N3
} ν masses via see-saw


BAU

(DM production)

m ∼ keV

MN ≳ 0.1 GeV
Nearly degenerate

Asaka, Blanchet, Shaposhnikov 2005

Asaka, Shaposhnikov 2005

Baryogenesis via oscillations

Akhmedov, Rubakov, Smirnov, 1998


Asaka,Shaposhnikov 2005

le
ft

ri
g
h
tu

up

2.3 MeV

le
ft

ri
g
h
td

down

4.8 MeV

le
ft

ri
g
h
te

electron

511 keV

le
ft ⌫e

e neutrino

< 2 eV

le
ft

ri
g
h
tc

charm

1.28 GeV

le
ft

ri
g
h
ts

strange

95 MeV

le
ft

ri
g
h
tµ

muon

105.7 MeV

le
ft ⌫µ

µ neutrino

< 190 keV

le
ft

ri
g
h
tt

top

173.2 GeV

le
ft

ri
g
h
tb

bottom

4.7 GeV

le
ft

ri
g
h
t⌧

tau

1.777 GeV

le
ft ⌫⌧

⌧ neutrino

< 18.2 MeV

W
±

80.4 GeV

Z

91.2 GeV

�
photon

g
gluon

H
Higgs

125.1 GeV

q
u
a
rk
s

le
p
t
o
n
s

I II III

le
ft

ri
g
h
tu

up

2.3 MeV

le
ft

ri
g
h
td

down

4.8 MeV

le
ft

ri
g
h
te

electron

511 keV

le
ft ⌫e

e neutrino

< 2 eV

le
ft

ri
g
h
tc

charm

1.28 GeV

le
ft

ri
g
h
ts

strange

95 MeV

le
ft

ri
g
h
tµ

muon

105.7 MeV

le
ft ⌫µ

µ neutrino

< 190 keV

le
ft

ri
g
h
tt

top

173.2 GeV

le
ft

ri
g
h
tb

bottom

4.7 GeV

le
ft

ri
g
h
t⌧

tau

1.777 GeV

le
ft ⌫⌧

⌧ neutrino

< 18.2 MeV

W
±

80.4 GeV

Z

91.2 GeV

�
photon

g
gluon

H
Higgs

125.1 GeV

N1 ri
g
h
t

N2 ri
g
h
t

N3 ri
g
h
t

q
u
a
rk
s

le
p
t
o
n
s

I II III

Einstein-Cartan gravity? 2008.11686

https://arxiv.org/abs/2008.11686


BAU in the MSM  
(model with two right-handed neutrinos)

ν

• Initial idea: Akhmedov, Rubakov, Smirnov                           


• Formulation of kinetic theory: Asaka, Shaposhnikov.        


• Analysis of baryon asymmetry generation in the νMSM:  
Asaka, Shaposhnikov, Canetti, Drewes, Frossard; Eijima,  Ishida; 
Shuve, Yavin; Abada, Arcadi, Domcke, Lucente; Hernández, Kekic,  
J. López-Pavón, Racker, J. Salvado; Drewes, Garbrecht, Gueter, 
Klaric; Hambye, Teresi; Ghiglieri, Laine; IT; … 

19



My slide from BLV 2019
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Different leptogenesis mechanisms?

MW

N

W

`
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For  the decay width (and hence 
the equilibration rate) becomes large. HNLs 

rapidly reach equilibrium. Sakharov’s 
condition is not fulfilled. 

MN > MW

Leptogenesis via oscillations Resonant leptogenesis

To be updated
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Different leptogenesis mechanisms?

Tsph

Leptogenesis via oscillations Resonant leptogenesis

Lepton asymmetry is generated in 
decays of N


If   GeV one can expect 
that this asymmetry is not transferred 

to BAU

MN < 130

22

To be updated



Different leptogenesis mechanisms?

Tsph

Leptogenesis via oscillations Resonant leptogenesis

To be updated

MW

Is there a gap?
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Description of low-scale leptogenesis
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• Quantum kinetic equations (to capture HNL oscillations)

nΔα
= Lα − B/3 μβ = ωβα nΔα

Not affected by 
sphalerons

Susceptibility matrix — 
spectator effects

ρN

2x2 HNL matrix of 
densities

16

used to describe the kinetic evolution of neutrinos due to Ra↵elt and Sigl [152] were modified

to include oscillations between HNLs.

a. Evolution equations for baryogenesis via neutrino oscillations. Compared to the

initial developments [20, 21], there have been several systematic improvements to the kinetic

equations for HNLs. One of the most significant improvements in recent years is the inclusion

of corrections caused by the finite HNL mass [44, 45]. On the other hand, it was also found

that the same equations arise in the non-equilibrium formulation of QFT [40, 47]. The key

di↵erence compared to the Boltzmann equations (17) is that besides the HNL number density

YNI
, one also has to keep track of the HNL correlations. This information is encoded in the

density matrix (⇢N)IJ , where (⇢N)II ⇠ fNI
in the mass basis. As we will show in section IV C,

the o↵-diagonal correlations (⇢N)IJ become negligibe in the limit of fast oscillations, and

we recover the usual Boltzmann equations. The equations governing the HNL densities10

(modified from [40, 44, 45, 47, 62] to be valid in both relativistic and non-relativistic limits,

c.f. [51–53]) including both the positive (negative) HNL ⇢N (⇢̄N) helicities, and the leptonic

asymmetries n�↵
are given by:

i
dn�↵

dt
= �2i

µ↵

T

Z
d
3
k

(2⇡)3
Tr[�↵]fN(1 � fN) + i
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(2⇡)3
Tr[�̃↵ (�⇢̄N � �⇢N)] , (21a)
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, (21b)

i
d�⇢̄N

dt
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d⇢
eq

N

dt
� [HN , ⇢̄N ] �

i

2
{�, �⇢̄N} +
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X
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h
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µ↵

T
fN(1 � fN)
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. (21c)

Where we introduced �⇢N = ⇢N � ⇢
eq

N
, and ⇢

eq

N
⇡ 12⇥2fN . The function fN = 1/

�
e
!k/T + 1

�

is the equilibrium distribution function of the massive fremions, !k =
p

M2 + k2. This

distribution function is temperature-dependent. Its time derivative acts as a source of the

deviation from equilibrium, therefore in what follows we will refer to d⇢
eq

/dt as the source

term. Note that we omit any Hubble expansion terms as we implicitly consider the comoving

densities. The e↵ective Hamiltonian describing the coherent oscillations of the HNLs is

HN = H0 + HI , H0 =
M

2

2EN

, HI = h+Y+ + h�Y� , (22)

10 The equations in the current form—with lepton chemical potentials—are valid as long as leptons stay in

equilibrium. In particular, for temperatures above T > 85 TeV , the right-handed electrons are not in

equilibrium [153], and susceptibility matrices relating chemical potentials with number densities need to

be modified accordingly.
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equilibrium. In particular, for temperatures above T > 85 TeV , the right-handed electrons are not in

equilibrium [153], and susceptibility matrices relating chemical potentials with number densities need to

be modified accordingly.

• The equations must be solved numerically

• Scan over 6-dimensional parameter space (mass of N, mass splitting, phases of Yukawas)
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Significant theoretical developments since 2014  
[1605.07720, 1703.06085, 1703.06087, 1605.07720, 1709.07834, 1711.08469, 1208.4607, 1606.06690,1606.06719, 1609.09069, 1710.03744, 
1808.10833, 1811.01971, 1905.08814, 1911.05092, 2004.10766, 2008.13771, …]


• Fermion number violating processes (processes with and without helicity flip) 
Eijima, Shaposhnikov; Ghiglieri, Laine


• Accurate computation of the rates (including Landau-Pomeranchuk-Migdal resummation of 
multiple soft scatterings)  
Ghiglieri, Laine


• Spectator processes 
Shuve, Yavin; Ghiglieri, Laine; Eijima, Shaposhnikov, IT


• Gradual sphaleron freeze-out 
Ghiglieri, Laine; Eijima, Shaposhnikov, IT


• Rates for HNLs with  
Klaric, Shaposhnikov, IT 

M ∼ MW



Uniting leptogeneses

Leptogenesis via oscillations

Resonant leptogenesis

There is no gap!

• Leptogenesis via oscillations still works for heavy HNLs because the 
washout of the asymmetry can vary a lot for different lepton flavours (flavor 
hierarchical washout) 

• Resonant leptogenesis works for  GeV since the asymmetry 
generated in HNL decays into a certain flavour can be very large

MN ≳ 5

26

Juraj Klarić, Mikhail Shaposhnikov, IT 2008.13771

https://arxiv.org/abs/2008.13771


More accurate classification of Leptogenesis 
mechanisms

27

7

considered the HNLs with masses around MW . We conclude in VIII. Technical details of

the implementation, relation to the pseudo-Dirac basis, conserved lepton numbers, and fine

tuning are discussed in the appendices.

FIG. 1. A sketch of the evolution of the HNL abundance in the early Universe. If we assume that

the initial HNL abundance vanishes, there are two opportunities to generate the observed BAU.

The first is during a period of freeze-in, while the first HNLs are being produced and they approach

equilibrium. The second opportunity is when the Universe cools down to temperatures below the

HNL mass, and the HNLs decay out-of-equilibrium simultaneously with a freeze-out of the SM

lepton number caused by the Boltzmann-suppressed washout rates.

II. CONVERGENCE TOWARDS A UNIFIED PICTURE

In this section we present a brief overview of the development of the calculations and

methodology in low-scale leptogenesis.

The importance of a resonant enhancement for leptogenesis [10–15, 18] was realized soon

after leptogenesis was proposed as a baryogenesis mechanism.4 Such a resonantly enhanced

decay asymmetry o↵ered an exciting opportunity—the mass scale of the HNLs could in

principle be lowered to the electroweak scale [15, 19, 105] (it is worth noting that both

the e↵ects from a non-instantaneous freeze-out of sphalerons and spectator e↵ects [106–108]

were included in [105]).

However, the fact that the finite-order perturbation theory breaks down in the limit of

degenerate HNL masses was already clear in the earliest papers [14–16], and di↵erent ap-

4 It is worth noting that resonant enhancement in baryogenesis predates idea of leptogenesis itself [7, 104].

“Leptogenesis via oscillations” “Resonant Leptogenesis”
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Scaling of the right-handed neutrino masses




Y~1

U2 ∼
v2Y2

M2

U2 =
∑ mν

M

M → ζ M, ΔM → ζ2 ΔM

  GeV 
Change of susceptibility 

matrices 
(up quark in 
equilibrium)

106

 GeV - 
Thermal leptogenesis

109



Testing leptogenesis
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Snowmass HNL WP

Image credit: Juraj Klaric


FCC and CEPC lines: Marco Drewes
3RH case: Klaric, Georis, Drewes 2106.16226 

Leptogenesis with 2 and 3 right-handed neutrino

https://arxiv.org/abs/2106.16226
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The quest for Heavy Neutral Leptons

Physics Beyond Colliders at CERN: Beyond the Standard 
Model Working Group Report.  1901.09966 

White Paper on Heavy Neutral Leptons — coming soon as a part of the Snowmass process
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Figure 1: Sketch of the SHiP experiment, with the decay chain H ! h
0
l↵(N ! l�h

00).

distinguish three cases,2 depending on the scale of the oscillation phase �M⌧ , where �M is
the mass splitting of the quasi-Dirac pair and ⌧ the typical proper time probed:

1. Dirac-like HNL: One Dirac HNL or a quasi-Dirac pair with an oscillation period
exceeding the HNL lifetime or detector size (�M⌧ ⌧ 2⇡).3 Only LNC processes can
be observed.

2. Majorana-like HNL: One Majorana HNL or a quasi-Dirac pair with a lifetime and
detector size exceeding the oscillation period (�M⌧ � 2⇡). Both LNC and LNV
processes can be observed, with equal integrated rates (see section 2.2).

3. Manifestly quasi-Dirac HNLs: An interesting case occurs when the oscillation
period is comparable to the HNL lifetime or to the size of the detector4 (�M⌧ ⇠ 2⇡):
the experiment may then be sensitive to the coherent oscillations of HNLs.

If HNLs were to be observed at SHiP, the detection or non-observation of lepton number
violation and HNL oscillations would allow constraining models and their parameters. The
most relevant LNV process at SHiP is the well-studied same-sign dilepton decay : H !
[h0]l+↵ (N ! h

00
l
+

�
), where H, h0 and h

00 are hadrons (with h
0 possibly missing), and l

+
↵ , l+

�
,

↵,� = e, µ, ⌧ are charged leptons of potentially different generations. Due to suppressed
background, this type of signature is a smoking gun for HNLs in accelerator searches.
However, at beam-dump experiments, the heavy hadron decay which produces the HNL
takes place inside the target, and therefore the charge of the primary lepton l↵ cannot
be observed. Naively, it seems that the information about the HNL production is lost,
since the charge of the secondary lepton l� , by itself, is not enough to tell apart LNC and

2
To be generic, we have included the more exotic cases of a single Dirac or Majorana HNL. The limits

presented below are for a quasi-Dirac pair, which only differs from those in the number of events produced.
3
As pointed out in [25], for most experiments, this possibility might be technically unnatural due to the

very small mass splitting needed to satisfy the inequality.
4
Interestingly, the mass difference needed to generate DM in the ⌫MSM, as found in ref. [26], is exactly

in this borderline range.

– 3 –

Information about the first 
lepton is lost

At colliders: 

same-sign dileptons

2

q

q̄0

W+
�+

�+
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q0

q̄N

q
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q00
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�+

q0
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Figure 1: Feynman diagram representing a resonant production of a Majorana neutrino (N),
via the s-channel Drell–Yan process (left) and its decay into a lepton and two quarks, resulting
in a final state with two same-sign leptons and two quarks from a W boson decay. Feynman
diagram for the photon-initiated process (right).

of its parent W boson, both opposite- and same-sign (SS) lepton pairs can be produced. This
search targets same-sign dilepton (SS2`) signatures since these final states have very low SM
backgrounds. We search for events where the N decays to a lepton and a W boson, and the W
boson decays hadronically, as this allows the reconstruction of the mass of the N without the
ambiguity associated with the longitudinal momentum of an SM neutrino. For the DY channel
production, the final state is `+`

0+q0q. The charge-conjugate decay chain also contributes and
results in an `�`

0�q0q final state. In the VBF channel, production of an additional forward jet is
produced in the event.

An observation of the `±`
0±q0q(q00) process would constitute direct evidence of lepton number

violation. The study of this process in different dilepton channels improves the likelihood
for the discovery of N, and constrains the mixing matrix elements. The dielectron (ee), dimuon
(µµ), and electron-muon (eµ) channels are searched for and allow constraints to be set on |VeN|2,
|VµN|2, and |VeNV

⇤
µN|2/(|VeN|2 + |VµN|2), respectively [38]. In the eµ channel, the leptons from

the W boson and the N decay can be either e and µ, or µ and e, respectively, so the branching
fraction for this channel is twice as large as that for the ee or µµ channels.

The most recent CMS search for heavy Majorana neutrinos in events with two leptons and
jets was performed for the mass range mN = 40–500 GeV in the ee, µµ, and eµ channels at
p

s = 8 TeV [34, 35]. A similar search was also performed by the ATLAS Collaboration in
the ee and µµ channels [36]. The CMS Collaboration performed a search for heavy Majorana
neutrinos in final states with three leptons using the 2016 data set [37], setting limits on |VeN|2

and |VµN|2, for the mass range mN = 1–1200 GeV. In the case of trilepton channels, events
that contain both an electron and a muon (eeµ, µµe) present an ambiguity about which of the
leptons mixes with N, and it is thus impossible to probe |VeNV

⇤
µN|2/(|VeN|2 + |VµN|2). This

ambiguity is not present in the current analysis with dilepton channels, allowing limits to be
set on |VeNV

⇤

µN|2/(|VeN|2 + |VµN|2).

The CMS analysis at
p

s = 8 TeV showed that the efficiency for signal events drops for masses
above 400 GeV, as a consequence of the Lorentz-boosted topology of the decay products of
N, which causes the signal jets to overlap and be reconstructed as a single jet. The signal
efficiency can be recovered by including events containing a wide jet that is consistent with the
process W ! qq0, where the decay products of the W boson are merged into a single jet [41].
It was also observed that the signal efficiency dropped significantly when the mass of N was
below the W boson mass (mW). For the µµ channel, the signal acceptance was 0.65 (10.9)% for
mN = 60 (125) GeV. For mN < mW the final-state leptons and jets are very soft and fail the
momentum requirements applied in the 8 TeV analysis. In the present analysis, cases where
one of the signal jets fails the selection criteria are recovered by including events with only one

e.g. CMS 1806.10905 

Beam dump:

Jean-Loup Tastet, IT 1912.05520

H

h
0

l
+
↵

l
+
�

h
00

W
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q

N

W
�⇤

* I am a member of SHiP collaboration

https://arxiv.org/abs/1806.10905
https://arxiv.org/abs/1912.05520
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Different angular correlations for LNC and  LNV processes

Figure 1: Sketch of the SHiP experiment, with the decay chain H ! h
0
l↵(N ! l�h

00).

distinguish three cases,2 depending on the scale of the oscillation phase �M⌧ , where �M is
the mass splitting of the quasi-Dirac pair and ⌧ the typical proper time probed:

1. Dirac-like HNL: One Dirac HNL or a quasi-Dirac pair with an oscillation period
exceeding the HNL lifetime or detector size (�M⌧ ⌧ 2⇡).3 Only LNC processes can
be observed.

2. Majorana-like HNL: One Majorana HNL or a quasi-Dirac pair with a lifetime and
detector size exceeding the oscillation period (�M⌧ � 2⇡). Both LNC and LNV
processes can be observed, with equal integrated rates (see section 2.2).

3. Manifestly quasi-Dirac HNLs: An interesting case occurs when the oscillation
period is comparable to the HNL lifetime or to the size of the detector4 (�M⌧ ⇠ 2⇡):
the experiment may then be sensitive to the coherent oscillations of HNLs.

If HNLs were to be observed at SHiP, the detection or non-observation of lepton number
violation and HNL oscillations would allow constraining models and their parameters. The
most relevant LNV process at SHiP is the well-studied same-sign dilepton decay : H !
[h0]l+↵ (N ! h

00
l
+

�
), where H, h0 and h

00 are hadrons (with h
0 possibly missing), and l

+
↵ , l+

�
,

↵,� = e, µ, ⌧ are charged leptons of potentially different generations. Due to suppressed
background, this type of signature is a smoking gun for HNLs in accelerator searches.
However, at beam-dump experiments, the heavy hadron decay which produces the HNL
takes place inside the target, and therefore the charge of the primary lepton l↵ cannot
be observed. Naively, it seems that the information about the HNL production is lost,
since the charge of the secondary lepton l� , by itself, is not enough to tell apart LNC and

2
To be generic, we have included the more exotic cases of a single Dirac or Majorana HNL. The limits

presented below are for a quasi-Dirac pair, which only differs from those in the number of events produced.
3
As pointed out in [25], for most experiments, this possibility might be technically unnatural due to the

very small mass splitting needed to satisfy the inequality.
4
Interestingly, the mass difference needed to generate DM in the ⌫MSM, as found in ref. [26], is exactly

in this borderline range.

– 3 –
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• Not all production processes are 2-body.


• Decay products (𝑙, 𝜋) are not massless.


• Heavy mesons are not monochromatic, which smears out the effect. 


• We need to take geometrical acceptance into account. 

Complications

Different angular correlations for LNC and  LNV processes
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our own MC analysis 
-correct matrix elements

-angular correlations

-in Julia language

GL* f GLo /Bbi`B#miBQMbr JQbi kfj@#Q/v /2+�vb ?�p2 #22M BKTH2K2Mi2/Xr ӹ@K2bQM bT2+i`� 7`QK i?2 G1"*@1>a 2tT2`BK2Mi �i i?2 aSa ! 9yy :2oXr q2 T2`7Q`K #�bB+ T`QT�;�iBQM �M/ �TTHv ;2QK2i`B+�H �++2Ti�M+2 +mibX

r .Bz2`2Mi /Bbi`B#miBQMb ࠶ ;Bp2M 2MQm;? 2p2Mib- r2 +�M /BbiBM;mBb? i?2KX
N f R8

ML Classification (boosted decision trees)
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Above this line SHiP can 
distinguish Majorana vs Dirac



Resolvable HNL oscillations at SHiP 
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under exchange of N2 and N3 and becomes exact when also changing ξ.
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Figure 9: Values of δM and Imω that lead to the lepton asymmetry required for dark matter
production in scenario I for different singlet fermion masses, M = 2.5, 4, 7 and 10 GeV and for
normal hierarchy. The upper left panel corresponds to M = 2.5 GeV, the upper right panel to
M = 4 GeV, the lower left panel to M = 7 GeV and the lower right panel to M = 10 GeV. The
phases that maximize the asymmetry differ significantly for Imω ≈ 0 and away from that region. We
chose the phases α2 = π

2 , δ = 3
2π in the region 0.5 < eImω < 1.5 and α2 = π

5 and δ = 0 everywhere
else.

For experimental searches for sterile neutrinos, the most relevant parameters are the mass M
and the mixing between active and sterile species. As in section 5, we translate our results for
the parameters in the Lagrangian into bounds on the mass and mixing. For each mass, we chose
δM in a way that maximizes the allowed region in the U2 −M -plane. The results are shown in
figure 11.

Finally, we estimate the maximal asymmetry that can be generated at T ∼ 100 MeV as a
function of M by its largest value within the data files we used to create figures 9 and 10. The
maximal asymmetry allows to impose a lower bound on the N1 mixing; bigger lepton asymmetries
make the resonant DM production more efficient and allow for smaller N1 mixing, displayed in
figure 2. Furthermore, the maximal |µα| is of interest because in [138] it was pointed out that
a large lepton asymmetry may lead to a first order phase transition during hadronisation. The
maximal asymmetries we found are shown in figure 12. For both hierarchies they remains well
below cosmological bounds (see [41]) at all masses of consideration and are about a factor 5
smaller than the value 7 · 10−4 estimated in [6]. However, given the uncertainties summarized in
appendix A.4, they can easily change by a factor O[1].
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Figure 7. The parameter space of the model with two HNLs. Green points are consistent with
all experimental bounds, explain neutrino data for the normal neutrino mass hierarchy (NH) and
generate the correct BAU. Independent bounds for each flavor from the accelerator experiments
(red) and BBN (blue) are also shown.

data collection and analysis strategy will not significantly change in the future and that
no HNLs will be detected, the current limit can be scaled down as

√
8, taking into ac-

count that the HNL analysis is background dominated [66]. We see that for the normal
hierarchy future NA62 measurement will not explore the HNL mass “window” beyond the
pion mass. The remainder of the allowed parameter space is pushed to a lower mass of
MN ! 0.38(0.39)GeV for NH(IH).

The DUNE near detector will be very sensitive to HNLs [77, 130, 154]. In particular,
it will be able to push the lower bound to MN = 0.39GeV for both hierarchies and cover
the open window at lower masses. When estimating the sensitivity for DUNE we took U2

e ,
U2
µ bounds as reported in [130] and derived U2, U2

τ bounds consistent with oscillation data.
The SHiP experiment [155] at CERN will provide unprecedented sensitivity for heavy

neutral leptons in the mass range of interest. Using the sensitivity matrix, provided by
the SHiP collaboration [78] we have performed a full scan in the (MN , U2, xe, xµ) space
to find the allowed region (determined by the number of events nevents < 2.3). The SHiP
experiment will fully explore the “window” at low masses and push the low mass beyond
the kaon threshold: MN ! 0.43(0.60)GeV for NH(IH). We note that this is a conservative
estimate and the actual sensitivity will be even higher as our analysis only included HNLs
coming from D-mesons [78], while the HNLs originating from kaon decays will significantly
increase the sensitivity [156].
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Figure 10. Parameter space of the models with two HNLs, including the projected increase of
the sensitivity due to the NA62 (×8 collected data), DUNE, or SHiP experiments. The allowed
points are consistent with all experimental bounds, explain neutrino data for the normal (NH) or
inverted (IH) mass hierarchy, and generate correct BAU. For NA62, the minimal mass after the
pion mass window MN ≈ mπ (for NH) becomes MN = 0.38(0.39)GeV for NH(IH). For DUNE,
the projections are based on [130]; the minimal mass will be pushed up to MN # 0.39GeV for both
hierarchies. For SHiP, the minimal mass is MN ≈ 0.43(0.60)GeV for NH(IH).

7 Discussion and outlook

The idea that new particles need not be heavier than the electroweak scale, but rather
can be light and feebly interacting draws increasing attention of both theoretical and ex-
perimental communities [see e.g. 76, 157, 158]. In particular, the idea that heavy neutral
leptons are responsible for (some of the) beyond-the-Standard-Model phenomena has been
actively explored in recent years, see e.g. [41, 49, 157, 159] and refs. therein. This idea is
motivated in the first place by the type-I seesaw model that explains neutrino oscillations.
Furthermore, the same HNLs with nearly degenerate masses in MeV–TeV range can explain
the BAU [see e.g. 10] and refs. therein.

However, while theoretical developments have been focusing on the models with two
or more HNLs that are mixing with different flavors, the experimental searches were con-
centrating on a model with a single HNL mixing with a single flavor [57–61, 63, 64, 66, 68,
71, 78]. Such a model is simple for analysis and provides a number of useful benchmarks.
Nevertheless, taken at face value it is incompatible with the observed neutrino masses and
cannot generate BAU.

In this paper we address this issue. We recast the existing accelerator and cosmo-
logical bounds to the model with 2 HNLs with degenerate masses. We perform a scan
over all parameter sets of the two HNL model, that simultaneously: (a) explain neutrino
oscillations; (b) are consistent with all previous non-detections at accelerators; (c) do not
spoil predictions of Big Bang nucleosynthesis; (d) allow for the generation of the baryon
asymmetry of the Universe.

Our main findings are as follows.

1. For the normal neutrino mass hierarchy, we have found an open window for masses
0.12 − 0.14GeV and then for MN ! 0.33GeV.

– 16 –

New experiments can close the window
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Figure 8. The parameter space of the model with two HNLs. Green points are consistent with
all experimental bounds, explain neutrino data for the inverted neutrino mass hierarchy (IH) and
generate the correct BAU. Other notations are the same as in figure 7.
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Figure 9. Left: the allowed mixing angles in the open window MN ≈ 140MeV for NH, with
all of the constraints applied (red line). Right: ∆χ2 distribution in (δCP, θ23) plane taken from
the nuFIT 5.0 [111]. The region inside the red curve corresponds to the allowed HNL models for
NH and MN ≈ 140MeV. The CP-violating angle δCP is in degrees. If δCP and θ23 are measured
to be outside the red boundary, the allowed window is excluded without a need for a dedicated
search experiment.
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Summary and outlook
• Leptogenesis: relation between neutrino physics and the very early Universe


• The baryon asymmetry can be produced for masses of right-handed 
neutrino 
ranging from ~ 0.1 GeV to GUT scale


• If the masses in the range 0.1 — 100 GeV: 
experiment could reveal the origin of neutrino masses and the baryon 
asymmetry


• There are complementary search strategies for Heavy Neutral Leptons 
(LHC, SHiP, and FCC)


• Heavy Neutral Leptons may hide even in what we think as “excluded” 
regions of the parameter space (140 MeV window, single mixing limits from 
LHC)

42
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Summary and outlook

33

� BDF related R&D studies have advanced well 
this year and will ramp up into next year
� These have resulted in operational improvements

� TT90-ECN4 baseline option further solidified
� Higher risk items were identified and mitigated

� A search for suitable alternative locations is 
underway and optimisation of the baseline:
� Significant potential for cost-reduction identified
� BDF WG is well on track to focus on the most promising 

option(s) for detailed studies in the coming years

M.A. Fraser, Physics Beyond Colliders General Meeting, 2 ± 3 December 2021

PBC General Meeting, December 2021 

M. Schumann (Freiburg) – SHiP 16

π

μHNL

p @400 GeV

SHiP Summary

● SHiP science case remains unbeaten
● SHiP collaboration is very active

 

● R&D on BDF in the next 3 years
► µ-shield
► vacuum decay vessel + SBT
► optimization of facility‘s performance
→ MoU out for signatures

● Investigation of detector improvement + cost reduction 
► SND: replace emulsions by electronic Si-trackers

● SND@LHC approved, data in 2022
● New groups are embarking on SHiP

SHiP and BDF

https://indico.cern.ch/event/1089151/timetable/
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FIG. 4. The extrapolation used to estimate the FNV and FNC rates. The full result (blue, full)

is obtained by adding the extrapolated relativistic self-energy (green, dot-dashed) and the 1 $ 2

self-energy (red, dashed) for M > MH . The upper panel shows the self-energies ⌃̂±, which have

a weaker dependence on the HNL mass M , compared to the interaction rates �± which include a

part of the HNL phase space suppression k±/|k0|.

self-energy of the heavy neutrinos.

The situation slightly changes in the broken phase of the standard model. In the ’t Hooft-

Feynman gauge, the goldstone bosons also contribute to the heavy neutrino production rate.

We can approximate this rate by the same 1 $ 2 integrals from the previous section however,

with m� replaced by the mass of the appropriate goldstone boson (c.f. Fig. 6) i.e. the gauge
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FIG. 5. Comparison of the helicity-averaged HNL production rate from this work (green, dot-

dashed) with a previous calculation from [154]. In spite of using an extrapolation, we manage to

reproduce the main features of the full calculation.
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FIG. 6. Direct heavy neutrino production in the broken phase of the electroweak theory. The

dashed lines represent the Higgs field h and the goldstone modes corresponding to the W± and Z

boson. The light (heavy) neutrinos are represented by the thin (thick) solid lines.
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The individual rates were divided by factors of 2gw, to take into account that only one

isospin runs in the loop, as well as the 1/
p

2 factor that appears in the coupling to the field

h compared to �.

Despite the fact that our calculation of the 1 $ 2 rate misses the 1+n $ 2+n processes

which are included in the LPM resummation, our results—after averaging over helicities—

show a nice agreement with the full helicity averaged computation, see figure 5.

The remaining direct processes, such as 2 $ 2 scatterings can also be included in such

23

`

�

N

FIG. 3. Heavy neutrino production before electroweak symmetry breaking. The double lines

represent the resummed propagators for the Higgs and lepton doublets. Note that both the 1 $ 2

and 2 $ 2 processes can be described by this diagram. At first approximation we can understand

the ressumation of the propagators as the Higgs and the lepton doublet obtaining e↵ective masses

m� and m` respectively. An important soft process not included in this diagram is the Landau-

Pomeranchuk-Migdal e↵ect, which corresponds to soft gauge boson exchanges between the lepton

and Higgs.

If we compare this approximation to the naive 1 $ 2 decay rate, we find that there is a

clear M -dependence in the 1 $ 2 rate even for M < m�. This dependence is caused by the

finite size of the e↵ective lepton mass m`, and the fact that the decay of the heavy neutrino

would be forbidden for m� � m` < M < m� + m`. Note however that this kinematically

forbidden region is an artifact of our approximation when we treat the e↵ective mass of the

lepton as a physical mass term. Such kinematically forbidden regions in reality disappear

once the 2 $ 2 scatterings, as well as the LPM e↵ect are included.

The contributions from the 1 $ 2 processes to the antihermitian part of the heavy

neutrino self-energy (c.f. Fig 3) are given by

⌃̂N(k) =

Z
d4

p

(2⇡)4
2�A

�
(p � k)ŜA

`
(p)[1 � fF (p) + fB(p � k)], (40)

where �A
�
(k) and Ŝ

A
`

(k) are the spectral functions. To obtain the naive result for the 1 $ 2

heavy neutrino production rate, we replace them by the tree-level approximation

�A
�
(k) ⇡ ⇡�(k2

� m
2

�
)sign(k0) , Ŝ

A
`

(k) ⇡ ⇡�(k2
� m

2

`
)sign(k0)(/k � m`) , (41)

where m
2

`
= T

2(g2

1
+ 3g2

2
)/16 and m

2

�
= T

2(g2

1
+ 3g2

2
+ 4h2

t
+ 8�)/16. Note that we ommit

the chiral projector in Ŝ`, as we factored it out in the definition of ⌃̂N .

When the on-shell condition is imposed through the delta functions from (41), the integral
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FIG. 8. The FNV and FNC rates in the broken phase of the SM. The full rate (blue, full) is a

sum of the relativistic direct contribution (red, dot-dashed), the direct N decay (green, dashed),

and the indirect contribution from the HNL mixing with the active neutrinos (purple, dotted).

For completeness we show both the self-energies (upper panels) and the interaction rates (lower

panels).
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flavor hierarchical washout  
37

FIG. 11. The parameter space of leptogenesis in the case of inverted hierarchy (IH) and phases

� = ⇡ and ⌘ = 0, which do not lead to a flavor hierarchical washout. In contrast to Fig. 9, the

freeze-in parameter space (red) stops at M ⇠ 500 GeV, where the flavored washout becomes too

large for any prior asymmetry to survive. This choice of parameters corresponds to the strong

washout regime, where all of the BAU is generated in the HNL decays. Note that the phase

Re ! = ⇡/4 is the same as in figure 9, as it does not a↵ect the washout of the lepton number.

If we neglect the lepton number washout, in equation (17) only the LNV part of the decay

asymmetry survives, which gives us an estimate of the BAU
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where we used the mass splitting that saturates the resonant enhancement �M ⇠ �I , and

only included the leading term in ��.

This approximation gives us an estimate similar to the results from [36, 132], but the

origin of this M
4 suppression is in reality quite di↵erent. In [36], the additional M

2
/T

2

factor arises through the interplay of the thermal HNL masses, and the thermal decay rates,

while here it is a direct result of the helicity-dependent rates �±, where the FNV rate is
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FIG. 10. The allowed range of mass splittings and mixing angles for fixed phases. Left col-

umn: normal hierarchy, Re ! = ⇡/4, � = ⇡, ⌘ = 3⇡/2. Right column: inverted hierarchy,

Re ! = ⇡/4, � = 0, ⌘ = ⇡/2. The di↵erent contours correspond to di↵erent initial conditions for

the heavy neutrinos. The area inside the regions corresponds to a BAU greater than the observed

asymmetry. The (dark blue, full) curve includes both the contributions from freeze-in and freeze-

out. The (light blue, dashed) curve corresponds to freeze-out only and the (red, dotted) curve

corresponds to baryogenesis via freeze-in. It is interesting that the largest mass splitting is realized

exactly during freeze-in, as the HNL oscillations happen at high temperatures, and therefore before

the HNLs begin to decay.
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We label the physical states of heavy neutrinos as N2 and N3
7 and denote their masses M2

and M3. Throughout this work we will be interested in the case when N2,3 have close masses,

i.e. |M2 + M3| � |M2 � M3|. Therefore it will be convenient to use the average mass M

and the mass splitting �M . In order to match the notations of Ref. [49], we define them

through

M2 = M � �M,

M3 = M + �M.

(4)

So strictly speaking �M is a half of the mass splitting.

A. Parametrization of the Yukawa couplings

The masses of the light neutrinos m⌫ are constrained by the neutrino oscillations ex-

periments (we use the global fit [134]). Out of the 9 parameters in the light neutrino mass

matrix, 5 are already measured: two mass di↵erences, and three mixing angles. The remain-

ing unknown parameters are the mass of the lightest neutrino, two Majorana phases, and

the CP -violating phase �.8 In the model with two HNLs the lightest neutrino is massless

(up to tiny loop corrections [138]). Therefore it makes sense to speak about the neutrino

mass hierarchy rather than ordering. In what follows we refer to normal (inverted) mass

hierarchy as NH (IH).

The measured low-energy parameters mean that the choice of heavy neutrino masses

M and the Yukawa couplings F is not completely free. To take this into account, we can

parametrize the neutrino Yukawa couplings using the Casas-Ibarra parametrization [139]:

F =
i

v
U⌫

q
m

diag

⌫ R

p
MM , (5)

where the matrix m
diag

⌫
is the diagonal neutrino mass matrix (MM is already diagonal in our

basis), U⌫ is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, and R is a complex

orthogonal matrix RR
T = 1. For the PMNS matrix we use the standard parametriza-

tion [140]:

U⌫ = V
(23)

U�V
(13)

U��V
(12)diag(1, e

i↵21/2, e
i↵31/2) , (6)

7 We leave the label N1 for a potential sterile neutrino dark matter candidate of the ⌫MSM [21].
8 It is exciting that these parameters may be probed in the not so distant future, for inverted hierarchy, the

next generation of neutrinoless double beta decay experiments may provide information on the Majorana

phases [135], the CP -violating phase � is already constrained by T2K [136], with further improvements

expected from the DUNE experiment [137].

12

where U±� = diag(1, e
⌥i�/2

, e
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(↵�) for ↵ = e, µ, ⌧

are
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= cos ✓↵� , V

(↵�)
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= �V

(↵�)
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= sin ✓↵� , V

(↵�)
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|� 6=↵ ,� = 1 . (7)

In the case of two heavy neutrinos there is only one relevant Majorana phase in the PMNS

matrix. We parametrize it as ⌘ = 1

2
(↵21�↵31) for normal, and ⌘ = 1

2
↵21 for inverted neutrino

mass hierarchy with ⌘ 2 [0, 2⇡]. The light neutrino mass matrix m
diag

⌫
= diag(m1, m2, m3)

with m1 = 0 for NH, and m2 = 0 for IH.

In the model with two right-handed neutrinos the matrices R depend on the neutrino

mass hierarchy are given by

R
NH =

0

BBB@

0 0

cos ! sin !

�⇠ sin ! ⇠ cos !

1

CCCA
, R

IH =

0

BBB@

cos ! sin !
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0 0

1

CCCA
. (8)

with a complex angle ! = Re ! + i Im !, and the discrete parameter ⇠ = ±1. The change of

the sign of ⇠ can be compensated by ! ! �! along with N3 ! �N3 [125], so we fix ⇠ = +1.

It is su�cient to constrain, Re! 2 [0, ⇡], as larger angles only change the overall sign of the

Yukawa couplings.

To summarize, there are six free parameters of the theory. They are listed in table I

along with their ranges considered in this work. The upper boundary of the mass range

M , GeV log10(�M/M) Im ! Re ! � ⌘

[0.1 � 7000] [�19, �0.5] [�7, 7] [0, ⇡] [0, 2⇡] [0, 2⇡]

TABLE I. Parameters of the theory: average mass M ; mass splitting �M ; Im !; Re !; Dirac �

and Majorana ⌘ phases. In the second line we indicate the ranges of these parameters which were

considered in this work.

table I is somewhat arbitrary. In section VI E we show that a specific scaling law exists

above M ⇠ 2 TeV, so our results are applicable for heavier HNLs as well.

B. Heavy neutrino mixing

As a consequence of the seesaw mechanism, the heavy neutrino mass eigenstates are

mixed with the doublet neutrinos, and can interact with the rest of the standard model, the
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table I is somewhat arbitrary. In section VI E we show that a specific scaling law exists

above M ⇠ 2 TeV, so our results are applicable for heavier HNLs as well.

B. Heavy neutrino mixing

As a consequence of the seesaw mechanism, the heavy neutrino mass eigenstates are

mixed with the doublet neutrinos, and can interact with the rest of the standard model, the

Casas-Ibarra parametrization 
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      DM candidateN1

N2
N3
}

ν masses via see-saw

BAU

(DM production)

m ∼ keV

MN ≳ 0.1 GeV
Nearly degenerate

Asaka, Blanchet, Shaposhnikov 2005

Asaka, Shaposhnikov 2005

Akhmedov, Rubakov, 
Smirnov, 1998
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BAU generation
ℒ = ℒSM + i ν̄RI

γμ∂μνRI
− FαIL̄αΦ̃νRI

−
MIJ

2
ν̄c

RI
νRJ

+ h . c .
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L↵ NI
F↵I

H

NJ L�
F�J

H

time

coherent

oscillations

L� NI
F�I

H

No lepton asymmetry 

SM species 


are in equilibrium

L-> N is out of equilibrium

Individual lepton  
asymmetries. 


Total lepton 
asymmetry


nLα
≠ nLα

Γ(Lα → Lβ) ≠ Γ(Lα → Lβ)


