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1. Introduction
• Baryon number density: determined from
     - Big Bang Nucleosynthesis: primordial abundances 
       of light elements (D, 3He, 4He, 7Li) mainly depend 
       on one parameter, nB/nγ

         - CMB anisotropies

   Impressive consistency between both determinations,
    completely independent !
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• Baryon asymmetry 
     - Nucleons and antinucleons were in thermal
       equilibrium up to Tfo ≈ 22 MeV, when Γann < H
       - If the Universe were locally baryon-  
       symmetric: 
       YBfo < 10-20  è there was a baryon
                         asymmetry 
• Sakharov’s conditions to dinamically generate the 

baryon asymmetry (BAU)
     - Baryon number violation
      - C and CP violation
      - Departure from thermal equilibrium
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2. Leptogenesis via HNL decay

• BAU generated in the decay of heavy Majorana 
neutrinos:                   Fukugita, Yanagida, 1986

  - Out of equilibrium decay
   - L and CP violating interactions è lepton 
                                            asymmetry, ΔL
  - (B+L)-violating, but (B-L) conserving, non-
     perturbative sphaleron interactions ΔL è ΔB 
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• Non-equilibrium process  è Boltzmann eqs.
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• Final baryon asymmetry:

   η = efficiency :     0 ≤ η ≤ 1

YB = � ✏ ⌘

 =
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79
Y eq
N1

(T � M1) ⇠ 10�3
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• η maximum for 

   m* , defined by:

 determines the amount of departure from thermal   
equilibrium and the strength of the washouts:  
                 è   strong washout:
   � independence of initial conditions, 
                
                 è   weak washout:
    � depends on initial conditions, if 
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• Hierarchical heavy neutrinos: 

• Connection to light neutrino masses (type I seesaw):

                                          Davidson, Ibarra, 2002    
 è 
Detailed numerical analysis solving BEs: 
   è                               for fine-tuned regions
 Hambye et al. 2004 
 è bound on light neutrino masses, mν < 0.15 eV
Buchmüller, Di Bari, Plümacher, 2004
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 Flavour effects

• At T ≤ 1012 GeV, the τ Yukawa interaction is fast, and 
there are (in general) 2 lepton flavour asymmetries

   evolving almost independently

� At T ≤ 109 GeV, both τ and μ Yukawa interactions are
   in equilibrium è 3 independent lepton flavour
                        asymmetries, YΔ(B/3-Lα) 

  Barbieri et al. 2000; Endoh et al. 2004; Abada et al. 2006;
  Nardi et al. 2006
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Some consequences:
★Flavoured asymmetries εα depend on UPMNS phases
  although in general leptogenesis is “insensitive” to 
  them, even in SUSY  Davidson, Garayoa, Palorini, NR, 2007

★Bound on light neutrino masses mν < 0.15 eV evaded

★N2 leptogenesis can survive N1 washouts more easily:
 è relevant for SO(10) models which predict 
    M1 << 109 GeV
★Leptogenesis possible with
 è relevant for models with small B-L violation 
    (inverse seesaw) N. Rius   BLV 2024
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    where:                         Covi, Roulet, Vissani, 1996 

 

  related to L conserving d=6 operators è escape the 
 DI bound because they are not linked to neutrino 
masses (LNV d=5 Weinberg operator).  M1 > 106 GeV 
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Resonant leptogenesis
• Enhancement of the CP asymmetry for degenerate 

neutrinos, M2 – M1 ≈ Γ2 

 

 Covi, Roulet, 1997; Pilaftsis, 1997; Pilaftsis, Underwood 2004

èEW scale e-,μ-,τ- leptogenesis with observable
    LFV Pilaftsis 2005; Deppisch, Pilaftsis 2011
• Approximate flavour symmetries + universal RHN 

masses at the GUT scale  è heavy neutrino mass 
splittings radiatively generated
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Non-equilibrium QFT:

Kadanoff-Baym equations for spectral functions and
statistical propagators of leptons and Majorana 
neutrinos        
                      Anisimov et al., 2011; Drewes et al. 2013

★ Relevant in the weak washout regime

★Very important for resonant leptogenesis: supression
   wrt  classical Boltzmann result.               
                                             Garny et al., 2013
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• If M2 – M1 ≈ Γ2  è HNL oscillations

• Taken into account using “Flavour covariant transport 
equations”  è density matrix formalism 

                                              Dev et al., 2014 (109 p.)
 

� Identify mixing contribution from diagonal ρN and 
  heavy neutrino oscillation contribution from off-
  diagonal (ρN)12

� Also in the Kadanoff-Baym approach    Dev et al., 2015
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3. 𝝂 electroweak baryogenesis 

• Extra SM singlet scalar provides both: strongly first 
order EW phase transition (SFOPT) and HNL (Dirac) 
masses

• Inverse or linear seesaw è large neutrino Yukawa 
couplings 

• Profiles of the vevs vH(z) and v𝜙(z) along the bubble 
wall must be different

                                                          P. Hernández, NR, 1997
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Importance of flavour effects:  

Unflavoured                        With flavour 

Regions of SFOPT consistent with current 
experimental bounds  also identified 

                           E. Fernández-Martínez et al. 2020, 2023 Observable Leptogenesis 



5. Leptogenesis via HNL 
oscillations

Akhmedov, Rubakov, Smirnov, 1998; Asaka,Shaposhnikov 2005; Hernández et 
al. 2016; Antusch et al. 2018; Drewes et al. 2018; Abada et al. 2019; Domcke 
et al. 2020; etc
Sakharov conditions for baryogenesis:
• CP violating phases in Y, M
• B violated by sphaleron processes at T > TEW

• At least one HNL does NOT equilibrate by TEW , i.e. for some 
rate 

                   𝛤i (TEW) ≤ Hu(TEW) = TEW
2 /MP*

Fulfilled for M = O(GeV), Y ∼ 10-6 – 10-7, in the correct range to 
explain neutrino masses ! Freeze-in baryogenesis 
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Schematic evolution of NR abundance

Leptogenesis via Oscillations
Freeze-in scenario with CP violating oscillations   
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Courtesy of S. Sandner 
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• Basic stages:                               Shuve, Yavin 2014 

  Out of equilibrium      Asymmetries in      Different washout
  HNL production         lepton flavours       of flavoured 
                                                      asymmetries
• Inclusion of LNV (helicity conserving, HC) rates, suppressed by 

(M/T)2

                                           Hambye, Teresi 2016,2017
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Density matrix formalism(*)
Raffelt & Sigl, 1993

 

• Hamiltonian term:

• Annihilation and production rates of the N’s: 

• For antineutrinos:      ,   H ⟹ H*
• Diagonal density matrix for SM leptons, which are in thermal 

equilibrium, with chemical potential
 

• For antileptons 𝛍𝛂 ⟹ - 𝛍𝛂

(*)Similar results in Closed-time-path formalism      Drewes et al.

     
      

N. Rius   BLV 2024

⇢̇ = �i[H, ⇢]� 1

2
{�a

, ⇢}+ 1

2
{�p

, ⇢eq � ⇢}

H =
M

2

2k0
+

T
2

8k0
Y

†
Y

f↵(k
0) =

1

e(k0�µ↵)/T + 1

⇢̄

�a,�p

Observable Leptogenesis 



Minimal type I seesaw model with 2 HNL
Hernández, López-Pavón, NR, Sandner, 2022

•  m𝛎 = v2 Y M-1 YT     ,   v = <𝚽>
• one massless neutrino
                                
• Low scale (testable at SHiP, FCC-ee): 
           M ∈ [0.1 – 100] GeV 

• Naive seesaw scaling of active neutrino-HNL mixing:
                U = v Y/M = O(√m𝛎/M)
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Time scales and slow modes

• Annihilation and production rates of the N's: at T >> M,
                                                                   Ghiglieri, Laine, 2017

• Flavoured rates: 

• Oscillation rate: 

• LNV (HC) rate: 

• Asymmetry generated mostly at Tosc, defined as:                      
                                                                             
𝛤osc(Tosc) = Hu(Tosc)
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SHIP

                               𝛤 (TEW) = Hu(TEW) 
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Approximately conserved lepton number limit
• Inverse seesaw  Wyler, Wolfenstein 1983;Mohapatra, Valle 1986

    y'𝛼 << y𝛼  ,   𝜇i << 𝛬 
• Once neutrino masses and mixings are fixed, there are 6 free 

parameters: 

•                     , or, equivalently 

• Three independent phases (𝜇1 = 𝜇2 ≣ 𝜇 can be chosen real)

• In terms of physical HNL masses:
    𝛬  = (M1 + M2)/2 = M ,  𝜇 = (M2-M1)/2 = 𝝙M/2N. Rius   BLV 2024
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Slow modes at TEW (3rd Sakharov condition):

• Weak washout: 𝛤𝛂(TEW) < 𝛤(TEW) < Hu(TEW) 

• Flavoured weak washout: 𝛤𝛂(TEW) < Hu(TEW) < 𝛤(TEW)

• Overdamped regime: when                        at T ≥ TEW ,

                  𝛤ov(TEW) ∝ [𝛜(TEW)]2 𝛤(TEW) < Hu(TEW) 

• Weak LNV (HC) regime: 

             𝛤M(TEW) ∝ (M/TEW)2 𝛤(TEW) < Hu(TEW) 
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• Fast oscillations: 𝛤osc(T) >> 𝛤(T)   at T = Tosc

                                         
                                           Asymmetry exponentially 
                                         washed out in white regions

• Overdamped: 
   lower bound on U2

• Weak washout (flavoured, LNV): 
   upper bound on U2 
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CP violating flavour basis invariants

• All CP violating observables must be proportional to a 
combination of CP weak basis invariants     

                                                       Branco et al., 2001 
• LNC CP invariants: independent of HNL Majorana character 
                                                                 Hernández et al., 2015

• LNV CP invariants: sensitive to Majorana character of HNLs, 
only appear when LNV interactions are included 
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Analytic approach 

• Identify the non-thermal modes and their characteristic time 
scales

• Solve the equations perturbatively, exploiting the weakly 
coupled modes

• Identify the CP-invariants that control YB
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Overdamped regime:              Slow flavour 𝛼 :    

                                       

                                            

                                            
                                             𝛤𝛂(TEW) < Hu(TEW) < 𝛤(TEW)
      

    ---- analytical solution:
            Perturbing in y' and in (M/T)2
            Linearized equations
      ⎯⎯⎯⎯ numerical solution with same approximations
      ⎯⎯⎯⎯ full numerical solution
                                  
                                        
      Observable leptogenesis N. Rius   BLV 2024
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CP invariants in terms of neutrino masses 
and UPMNS

• Y𝛽2 ∝ 𝑦!, and 𝜇2 violate LN
• Parametrization equivalent to Casas-Ibarra in the symmetry 

protected limit (y'/y ≈ e-2Im[z], 𝜽=2Re[z])    Gavela et al. 2009

                                                                             NH

• Free parameters: M, 𝝙M, y, and 3 phases: 𝜹, 𝝓 (UPMNS), 𝜽
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• For NH, at leading order in y'/y, 𝝙M/M and
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Numerical parameter scan
Antusch et al. 2018; Abada et al. 2019; Klaric´ et al. 2020, 2021; Drewes et 
al. 2022
• Nested sampling algorithm UltraNest

• Priors:

• y'/y < 0.1 , to ensure approximate LNC limit
• Restricted to region testable at SHIP, FCC-ee.
• Publicly available code amiqs in GitHub (S. Sandner)  
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Numerical scan
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Absolute upper bound on U2 from the overdamped regime:

• Weak LNV 
  M ≾ O(1 GeV)

• Strong LNV 
  M ≿ O(1 GeV)
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Relation to other observables
1. HNL flavour mixing
• Full scan: NH and IH

• 𝝙M/M = 10-2
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2. Neutrinoless double beta decay: 𝝙M/M = 10-2

 Effect of HNL only in SHIP range
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𝜇≃0 case  

                             

• HNLs degenerate at T > TEW, except for small loop correction

• At T=0: 

• Once active neutrino masses and mixings are fixed,  only 4 
free parameters: M, U2 (or y2), and PMNS phases, (𝛿, 𝜙) 
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CP violating flavour basis invariants

• All previous CP  invariants vanish in the 𝜇≃0 limit 
• Higher order in the Yukawa couplings: 

  with  

We find contribution from weak flavour:
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𝜇≃0 case 

0.0 0.5 1.0 1.5 2.0
log10(M/GeV)

°11

°10

°9

°8

lo
g 1

0(
U

2 )

FCCSHiP

See-Saw Limit

y 0 ∏ y/10

B
B
N

IH

Observable leptogenesis N. Rius   BLV 2024 42

0.0 0.5 1.0 1.5 2.0
log10(M/GeV)

°11

°10

°9

°8

lo
g 1

0(
U

2 )

FCCSHiP

See-Saw Limit

y 0 ∏ y/10

B
B
N

NH

Observable at FCC only in sHC regime

U2 � 1⇥ 10�6

✓
1GeV

M

◆4

YB = �1.5⇥ 10�25

✓
GeV

M

◆2 ✓ 1

U2

◆2

fH

↵

fNH

e = �
p
r

2
✓13s12 sin(� + �) , f IH

µ = f IH

⌧ = �r2

8
c12s12 sin�



°15 °10 °5 0 5 10 15
YB/10°11

0

º/2

º

3º/2

2º

±

NH
IH

¢M = 1%, ¢U2
e,µ = 1%, ¢U2

ø = 10%

Y
ob

s
B

N. Rius   BLV 2024

°15 °10 °5 0 5 10 15
YB/10°11

0

º/2

º

3º/2

2º

±

NH
IH

¢M = 1%, ¢U2
e,µ = 1%

Y
ob

s
B

°15 °10 °5 0 5 10 15
YB/10°11

0

º/2

º

3º/2

2º

±

NH
IH

¢M = 1%, ¢U2
e,µ = 1%, ¢U2

ø = 10%

¢± = 15±

Y
ob

s
B

HNL oscillations can not be 
 observed at FCC but LNV 
 processes can

�M � �

𝜙 determined by YB

Observable Leptogenesis 

Numerical likelihood inference in the case of measuring 
HNL-active neutrino mixings



Extension to larger HNL masses: 
unifying resonant leptogenesis and baryogenesis via 
neutrino oscillations 
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3

Parameter space of leptogenesis. The system of equa-
tions (1) needs to be solved numerically to obtain
an accurate estimate of the BAU. Solving momentum-
averaged equations (see [41, 63]), we perform a param-
eter scan over the masses and mixing angles consistent
with the observed light neutrino masses using the Casas-
Ibarra parametrization [112].

The neutrino flavor eigenstates can be expressed as
⌫↵ = U↵i⌫i + ⇥↵IN

c
I , where ⌫i and NI are light and

heavy mass eigenstates with masses mi and MI respec-
tively, U↵i is the PMNS matrix and ⇥↵I is the mixing
between active neutrinos and HNLs. Here we consider
the case of two HNLs5 which is compatible with the neu-
trino oscillation data, so I = 1, 2 and M1,2 = M ±�M .
It is convenient to characterize the overall strength of
the mixing using |U |

2 =
P

↵I |⇥↵I |
2. The see-saw re-

quires that |U |
2
�

P
↵ m↵/M , whereas demanding suc-

cessful leptogenesis sets up an upper bound on |U |
2. In

fig. 1 we show the region in the parameter space where
the observed value of the BAU can be generated. As
one can see, the results depend on the neutrino mass hi-
erarchy.6 One can show [111] that the allowed region

FIG. 1. Within the white regions it is possible to reproduced
the observed value of the BAU. Upper panel: Normal hi-
erarchy. Lower panel: inverted hierarchy. For comparison
we also show the expected sensitivities of SHiP (green), HL-
LHC (red) and FCC-ee (blue), as representative experiments
in their corresponding mass range. The sensitivitiy lines are
taken from [14, 15, 76].

5
The third HNL—if it exists—could be light and very weakly

coupled [36], which makes it a perfect dark matter candidate as

it the case in the ⌫MSM [35, 43, 45, 66, 113].
6
In the case of two HNLs which we consider here, the lightest ac-

tive neutrino is almost massless and the neutrino mass spectrum

is hierarchical.

extends to heavier masses and both upper and lower
bounds scale as |U |

2
/ 1/M . This scaling breaks down

around M ⇠ 107 GeV due to flavor e↵ects [114–119],
as well as the maximal mass splitting becoming of or-
der �M/M ⇠ O(1), which leads to a breakdown of the
quasiparticle approximation used to derive the quantum
kinetic equations. As one can see in fig. 1, there is a con-
tinuous region in the U

2
� M plane where leptogenesis

in its seemingly di↵erent incarnations is operative.
Regimes of leptogenesis. As we can see from fig. 1,

there is no clear separation between the two leptogeneses.
We distinguish between them based on when the major-
ity of the asymmetry is generated, i.e. during freeze-in or
freeze-out. To fully separate these regimes, we consider
di↵erent initial conditions for the heavy neutrinos. For
the freeze-out parameter space we start with thermalized
heavy neutrinos, and rely purely on their out-of equilib-
rium decays. Similarly, for freeze-in leptogenesis, we ar-
tificially turn o↵ the terms driving the heavy neutrinos
out of equilibrium. Of course, the physical solution relies
on the presence of both e↵ects. The comparison between
these three “parameter spaces” is shown in figure fig. 2.
Perhaps surprisingly, we find that both regimes ex-

tend beyond the masses we would naively associate with
them. Freeze-in leptogenesis extends far beyond MW ,
and freeze-out leptogenesis is possible already for masses
as low as 5 GeV.7 This statement can be quantified in
the following way. If one starts from the thermal initial
conditions for HNLs, then only freeze-out can contribute.
This is shown by the red dashed line in fig. 2. On the
other hand, we can set to zero the time derivative of the
equilibrium distribution ⇢

eq
N , which we refer to as a source

term. In this case there is no deviation from equilibrium
during freeze-out and all asymmetry is generated during
freeze-in, see the green dotted line in fig. 2. The main
ingredients which make the overlap of these regimes pos-
sible are: (i) flavor hierarchical washout; (ii) deviation
from the equilibrium due to the expansion of the Uni-
verse; (iii) approximate lepton number conservation.
When the heavy neutrino masses are of the same or-

der as the temperature, the ratio of the equilibration and
Hubble rates is in general quite large, with the small-
est value for normal hierarchy around O(30). Naively
this would lead us to expect that any asymmetries gen-
erated during freeze-in would be erased by the strong
washout. However, the washout rate of a particular lep-
ton flavor can be several orders of magnitude smaller
than the equilibration rate for the heavy neutrinos. The
presence of a flavor hierarchical washout is almost com-
pletely determined by the CP -violating phase � and the

7
GeV-scale freeze-out leptogenesis was already studied in [51],

however, using the usual Boltzmann equations which are not

appropriate in this mass regime.

Klaric et al. 2020, 21 
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N=3 HNL 

f.t.

10-4 10-2 1

Figure 1: Active-sterile mixing for the viable BAU solutions as a function of the heavy neutrino mass, for

a normal (left) and an inverted (right) ordering in the light neutrino mass spectrum. From top to bottom:

electron U
2
ei, muon U

2
µi, tau U

2
⌧i and summed U

2
i mixings. The grey region is excluded by direct searches of

heavy neutral leptons (cf. Section 5.2), the lines show the expected sensitivities for the ongoing experiments

T2K [182], NA62 [39], Belle II [183], LHCb [180] with an integrated luminosity of 380 fb
�1

, and for ATLAS

and CMS with an integrated luminosity of 300 fb
�1

. The latter include di↵erent proposed searches: [22]

(continuous line), [17] (dashed line), [21] (dotted line).
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Figure 3: Neutrinoless double � decay e↵ective mass values for the viable BAU solutions in the model

as a function of the lightest neutrino mass (top panels) and of the lightest heavy neutrino mass (bottom

panels), for a normal (left panels) and inverted (right panels) ordering in the light neutrino mass spectrum.

The most prominent voids in the distribution of points inside the horizontal bands in the lower panel are

the result of constraints on the U
2
ei from direct experimental searches. Note that for normal ordering the

SM model contribution m
⌫
�� can be arbitrarily small, which is reflected by the blue band in the top left

panel extending downwards at m1 ⇠ few⇥ 10
�3

eV. The low density of points in this region is a result of

the sampling in our scan. Colour coding as in Fig. 1.

The first term in this equation is always smaller than the standard prediction, so large

contributions can at most come from the second term.8 The contribution from N3 is

proportional to ✓2
e3 = (v/M̄)2 ⇥ F 2

e (✏
0
e/µ

0)2. A priori this term looks potentially large in

low-scale seesaw models because of the factor (v/M̄)2 and because of the second power

of µ0 in the denominator, which threatens to cancel the suppression from the ✏0e in the

numerator. However, there are also at least two powers of µ0 in the numerator, one from

M3 = µ0M̄ and one from expanding the fA(Mi) � fA(M̄) in the tree-level contribution

(the loop contribution comes with a prefactor (M3/v)2 = µ
02(M̄/v)2 anyway). What

remains is a contribution / F 2
e ✏

02
e v

2/M̄ ⇥fA(M̄)2M̄2/p2, which should be compared to the

contribution / F 2
e ✏

02
e v

2/(µ0M̄) that N3 makes to the neutrino masses. The current upper

8
It is straightforward to show that all eigenvalues ofm⌫ vanish if the parameters ✏a, ✏

0
a and µ in Eq. (2.19)

are set to zero, which implies that also m
⌫
�� exactly vanishes in this limit.

– 30 –

NH IH

Abada et al. 2019 

Larger values of HNL mass  splittings allowed 

Observable Leptogenesis 



5. Summary and outlook
• Thermal leptogenesis in generic type I seesaw: simple, 

appealing … but difficult to test. 

• Progress in leptogenesis via HNL oscillations
    - Precise analytic understanding of numerical scan in the 
minimal seesaw (2 HNL)
    - Focus on parameter region testable at SHiP, FCC-ee and 
correlations with other observables 
   - Importance of determining 𝝙M
   - 𝜇≃0 case: leptogenesis only possible in FCC-ee mass 
range, falsified if HNL oscillations were observed 

• Future: extension of the analytic approach to 3 HNL
N. Rius   BLV 2024Observable Leptogenesis 
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• In the basis where MR, Yl are diagonal: 

• Flavoured weak washout: weakly coupled flavour 𝜶 at TEW

• Overdamped regime (new): oscillations cutoff by
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• LNV CP invariants: sensitive to Majorana character of HNLs, 
only appear when LNV interactions are included 

                                                                     

• Overdamped regime:

• Flavoured weak washout regime:
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Time scales and regimes

• Asymmetry generated mostly at Tosc, defined as:
 
                      𝛤osc(Tosc) = Hu(Tosc)

• Fast oscillations: 𝛤osc(T) >> 𝛤(T)   at T = Tosc

• Intermediate regime: 𝛤osc(T) << 𝛤(T)   at T = Tosc , but   
                             𝛤osc(T) > 𝛤(T)    at T = TEW

• Overdamped regime:  𝛤osc(T) << 𝛤(T)   at T = Tosc, TEW
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Important effect of Helicity
Conserving rates ∝ (M/T)2, 
that grow near TEW

Ghiglieri, Laine, 2017
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Numerical likelihood inference in the case of 
measuring HNL-active neutrino mixings
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0𝛎𝛃𝛃 decay in 𝜇≃0 case 
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