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Introduction
The baryon asymmetry of the universe (BAU)

                                             

must be explained by some dynamical mechanism ⇒ baryogenesis

Leptogenesis is a particularly simple and natural possibility, since it does not 
require any other ingredients than the ones needed to generate light neutrino 
masses via the seesaw mechanism: heavy Majorana (sterile) neutrinos with 
Yukawa couplings to the SM lepton doublets

The heavy Majorana masses could be due to spontaneous lepton number 
breaking. In this case, the scalar field vev triggers a cosmological phase 
transition that can affect leptogenesis

This talk: impact of such a phase transition on the two main leptogenesis 
scenarios: thermal leptogenesis (heavy sterile neutrino out-of-equilibrium 
decays) and ARS leptogenesis (GeV-scale sterile neutrino oscillations)
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Thermal leptogenesis

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

Seesaw mechanism:

                                     ⇒

Majorana fermions ⇒ decay both into leptons and antileptons

(Mν)αβ = −
∑

i

YiαYiβ

Mi
v
2 (v = ⟨H⟩)

Lseesaw = −
1

2
MiN̄iNi −

(

N̄iYiαLαH + h.c.
)

[Fukugita, Yanagida ‘86]

Lepton number violation: being Majorana fermions, the heavy neutrinos  
can decay both into leptons and into antileptons

CP violation: the decay rates into leptons and antileptons differ due to 
quantum corrections induced by the CP-violating heavy neutrino couplings

                              ⇒

out-of-equilibrium condition: provided by the expansion of the Universe

Interestingly, this mechanism contains all ingredient for baryogenesis:
out-of-equilibrium decays of the heavy Majorana neutrinos can generate
a lepton asymmetry if their couplings to SM leptons violate CP

Being Majorana, the heavy neutrinos can decay both into leptons and into 
antileptons (⇒ lepton number violation)

The decay rates into leptons and antileptons differ due to quantum 
corrections induced by the CP-violating heavy neutrino couplings
⇒ generation of a lepton asymmetry

The generated lepton asymmetry is partially converted into a baryon 
asymmetry by sphaleron processes, which are in equilibrium at T > TEW

Fukugita, Yanagida ’86

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

Buchmüller, Plümacher ‘98



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

                     ⇒

CP asymmetry in N1 decays (hierarchical case                       ) ⇒ generation

of a lepton asymmetry proportional to

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

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

Buchmüller, Plümacher ‘98

• inverse decays
• ΔL=2 N-mediated scatterings

• ΔL=1 scatterings involving the top or gauge bosons

LH ! N1

LH ! L̄H̄ , LL ! H̄H̄

M1 ≪ M2, M3
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Figure 6.1: Diagrams for various 2 ↔ 2 scattering processes: (a) scatterings with the top-quarks, (b), (c)
scatterings with the gauge bosons (A = B, Wi with i = 1, 2, 3), (d) ∆L = 2 scatterings mediated by N1.

6.3 The O(h2
tλ

2) and O(h2
t λ

4) terms

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

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

tλ
2)

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

)

II
= −(yN1 − 1)

[
γN→3 + γ2↔2

top

]
. (6.32)

Here,

γN→3 ≡
∑

β

(γN1

#β q̄3t + γN1

#̄βq3t̄
), (6.33)
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contributions to the evolution of the N1 density, we obtain:
(
ẎN1

)

II
= −(yN1 − 1)

[
γN→3 + γ2↔2

top

]
. (6.32)

Here,

γN→3 ≡
∑

β

(γN1

#β q̄3t + γN1

#̄βq3t̄
), (6.33)
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✏N1 ⌘ �(N1 ! LH)� �(N1 ! L̄H
?)

�(N1 ! LH) + �(N1 ! L̄H?)
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Thermal leptogenesis can explain the observed baryon asymmetry

    (assuming                       )

  region of successful leptogenesis
  in the                plane

                            controls washout

                      

⇒                                              depending on the initial conditions 

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

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

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

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

/ρR ∼ (gN1
mN1

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

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

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

. At mN1
>∼ 1014 GeV

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

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

1

η
≈

3.3 × 10−3 eV

m̃1

+

(

m̃1

0.55 × 10−3 eV

)1.16

in case (0) (40)

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

models without setting up and solving the complicated Boltzmann equations.

Implications

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

20

M1 ≥ (0.5 − 2.5) × 109 GeV

|M1 − M2| ∼ Γ2

M1 ≪ 10
9
GeV

M1 ≈M2

Covi, Roulet, Vissani ’96
Pilaftsis ’97

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

m̃1 ⌘ (Y Y †)11v2

M1

(m̃1,M1)

M1 ⌧ M2,M3

[Davidson, Ibarra ’02]



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

Due to their small couplings to the SM leptons, GeV-scale sterile neutrinos 
typically do not reach thermal equilibrium before sphaleron freeze-out ⇒ 
“freeze-in leptogenesis”

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

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

Leptogenesis from sterile neutrino oscillations

[Akhmedov, Rubakov, Smirnov ’98]



Successful ARS leptogenesis typically requires some level of degeneracy 
between the sterile neutrino masses

U = active-sterile neutrino mixing

31

FIG. 9. The range of the total mixing angle U2 consistent with both the seesaw mechanism and

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

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

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

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

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

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

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

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

C. Constraints on the heavy neutrino mass splitting

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

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

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

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

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

Tosc ⇡ (M0M�M)1/3 if Tosc � MN , (52)

where M0 =
p

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

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

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

instead of T

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

[K
laric, Shaposhnikov, T

im
iryasov ’21]



The sterile neutrinos of the seesaw mechanism may get their masses from the 
vev of a scalar field S

If the phase transition triggered by this vev is first order (FOPT), the N’s 
experience time-dependent masses                            as cross a bubble wall

Consider a strongly first order PT (              ), with bubble nucleation possibly 
occurring at                 (“supercooled” phase transition), such that can have

                 ⇒  “mass gain” mechanism
                           [see also Azatov, Vanvlasselaer, Yin 2106.14913 for a related but different mechanism]

An equilibrium population of massless sterile neutrinos is brought stronly out  
of equilibrium by the FOPT ⇒ decay while washout processes are Boltzmann 
suppressed (                      ) ⇒ efficient lepton asymmetry generation

Leptogenesis during a first order phase transition
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Previous studies of leptogenesis during a cosmological phase transition:

- Pascoli, Turner, Zhou ’16 , ’18    (varying Weinberg operator)
- Shuve, Tamarit ’17    (second order PT)
- Khoze, R0 ’13 - Fischer, Lindner, van der Woude ’21    (interplay ARS / PT)
- several studies of  “mass gain leptogenesis”
  Huang, Xie (2206.04691)
  Dasgupta, Dev, Ghoshal, Mazumdar (2206.07032)
  Borah, Dasgupta, Saha (2207.14226)
  Chun, Dutka, Jung, Nagels, Vanvlasselaer (2305.10759)
  Cataldi, Shakya (2407.16747)

Difference with previous approaches:
- instead of semi-classical Boltzmann equations, solve quantum kinetic equations 
for phase-space distribution functions, derived from non-equilibrium QFT

- proper treatment of time dependence of sterile neutrino masses, leading to 
particle creation during the phase transition

(also, assume S to be decoupled from the SM ⇒ no impact on leptogenesis)



Non-equilibrium QFT is the appropriate framework for leptogenesis, but the 
(integro-differential) Kadanoff-Baym equations that describe the evolution of the 
out-of equilibrium sterile neutrino propagator are very hard to solve

Even more if the mass is time dependent!

⇒ following Jukkala, Kainulainen, Rakhila (2104.03998), derive from the 
Kadanoff-Baym equations, with suitable approximations, quantum kinetic 
equations for generalized phase-space distribution functions
[h =helicity, s = ±1 for (anti)particules, I, J = sterile neutrino flavour indices]

Mass shell functions

describe the particle/antiparticle densities (I = J)
and quantum coherence betweem flavours (I ≠ J)

Coherence shell functions

describe particle-antiparticle oscillations

[Anisimov, Buchmüller, Drewes, Mendizabal ’10 - Garny, Kartavtsev, Hohenegger ‘11]
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In the absence of interactions:

Particle-antiparticle oscillations (             ) are faster than flavour oscillations
(            ), especially if 

Time-dependent masses ⇒ coherence and mass shell functions coupled
⇒ particle creation (         is a source for        , related to NI density)
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Figure 2: Final phase-space distribution function fPT,k after the FOPT (solid blue curve) as a function

of |k|/M0 for vacuum (left panel) and thermal (right panel) initial conditions. The sterile neutrino

mass M0 is taken to be equal to the nucleation temperature Tn. For comparison, we show the initial

phase-space distribution function (red dotted curve), which is either vanishing (left panel) or equal to

the equilibrium distribution for a massless sterile neutrino (right panel). We also show in both panels

the equilibrium phase-space distribution function for a sterile neutrino with mass M0 (green dashed

curve).

where

⌦h

k = h|k|
�
|Lh|

2
� |Rh|

2
�
+ 2M(t)Re [LhR

⇤

h
] , ⇤h

k = 2|k|LhRh + hM(t)
�
L
2
h
�R

2
h

�
. (48)

The presence of non-diagonal terms in the Hamiltonian (47) is a direct consequence of the time
dependence of the sterile neutrino mass: for a constant mass M , the ⇤h

k coefficients would vanish2.
This Hamiltonian can be diagonalized by a Bogolyubov transformation [70,71], from which an
expression for the instantaneous particle number density in phase space can be derived [16,69]:

fh,k(t) =
1

2
+

1� 2f (0)
h,k

2
p

|k|2 +M2(t)

⇥
h|k|

�
|Lh|

2
� |Rh|

2
�
+ 2M(t)Re [LhR

⇤

h
]
⇤
, (49)

where f
(0)
h,k ⌘ fh,k(t ! �1) is the initial phase-space distribution function. Note that, due

to the relation Rh = L�h, the only dependence on helicity in the right-hand side of Eq. (49)
comes from f

(0)
h,k. Hence, if f (0)

h,k does not depend on helicity (which is the case for the vacuum
and thermal equilibrium distributions), neither does fh,k(t), and we can drop the subscript h.
Starting from f

(0)
h,k at early times, when M = 0, the phase-space distribution evolves into a final

function f
PT
h,k ⌘ fh,k(t ! +1) after the FOPT is completed and M = M0.

In Fig. 2, we plot the final sterile neutrino phase-space distribution as a function of momentum
for vacuum (left panel) and thermal (right panel) initial conditions, assuming M0 = Tn, and
we compare it with the initial distribution (red dotted curve) and with thermal equilibrium
(green dashed curve). One can see that the FOPT, by making the sterile neutrino mass time
dependent, modifies its phase-space distribution. In the case of an initial vanishing density, the
FOPT leads to a net creation of massive sterile neutrinos, with a phase-space distribution that

2
This can easily be checked by using the expressions for Lh and Rh in the case of a constant mass given in

Appendix A of Ref. [16].
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Quantum kinetic equations in the presence of interactions

Third line: interactions of the sterile neutrinos with the plasma

Fourth line (new): backreaction of the generated lepton asymmetry 
(proportional to the lepton and Higgs doublets chemical potentials) on the 
sterile neutrino distributions
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Lepton asymmetry evolution

                                 lepton asymmetry stored in the flavour 

           source term, computed from the N self-energy and the

            washout, computed from the N self-energy

Sphalerons partially convert the lepton asymmetry into a baryon asymmetry
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Parameters

Assume the mass profile (in the plasma rest frame)

                   (wall velocity / wall thickness) - assume 

Assume only 2 sterile neutrinos (                )

Fix the PMNS phases

Through the seesaw formula, the sterile neutrino couplings        are then 
completely fixed up to a complex angle                      [Casas-Ibarra]

We are thus left with four parameters (also fixing                 ):

[Moore, Prokopec ’95]
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Very strong enhancement of the baryon asymmetry for some values of

(expect dilution from the reheating due to the energy released in the plasma by 
the phase transition – more important if              )

Results: mass gain mechanism

successful leptogenesis in a large
region of the parameter space with
                  (washout suppressed)
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The YB isocurves in the lower part of the plot correspond to constant 

Milder degeneracy needed for                             (                            )

In practice, particle creation during the FOPT plays a negligible role

maximal enhancement of  YB for
              (maximizes the CP
asymmetry in N1, N2 decays)
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In ARS leptogenesis, flavoured lepton asymmetries are generated by N 
oscillations, but sum up to zero in the absence of (flavour-dependent) washout 
processes. Washout is crucial to generate a net lepton number asymmetry, but  
if too strong can completely erase it before sphaleron freeze-out

Oscillations start around

Here N’s are massless before the FOPT and do not oscillate before Tn ⇒ two 
extreme cases:

                     ⇒ same as ARS  

                    ⇒ oscillations frustrated before the FOPT, delayed but faster than 
                         in ARS

→ consider second case [restrict to                         , which is equivalent
    to                      ] 

Results:  ARS mechanism
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For the chosen parameters, optimal value is           , and a degeneracy
                         is required for successful leptogenesis

Brown region: condition                            not satisfied

zi controls the size of the N
Yukawa couplings, hence of
the washout
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Successful leptogenesis for                               ,            

Brown region: condition                            not satisfied
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The larger Tn, the milder the degeneracy needed for successful leptogenesis

                      for 

Brown region: condition                            not satisfied
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Conclusions

A cosmological first order phase transition associated with the generation 
of the sterile neutrino masses affects leptogenesis and requires a careful 
treatment of the time dependence of the sterile neutrino masses

Using quantum kinetic equations derived from nonequilibrium QFT
allows to keep the quantum correlations of the system (more accurate 
description than Boltzmann equations) while reducing its complexity

Impact of the phase transition:
- thermal leptogenesis ⇒ mass gain mechanism
- ARS leptogenesis ⇒ delayed sterile neutrino oscillations


