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Baryon asymmetry 



Quantified via baryon to entropy density:  

Every (dynamical) model needs to explain 

YB ≡ nB /s = 6.95 × 10−9

2 + 0.8375 × N 3/4
ef f

ωb

YB|today = (8.66 ± 0.01) × 10−11

Baryon asymmetry
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Dynamical creation is fundamentally constrained          Sakharov Conditions1 

Baryon number violation 

C & CP violation 

Deviation from thermal equilibrium  

41Sakharov ‘67
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Origin of neutrino masses 



Possible neutrino Majorana nature.            See-Saw framework. 
Minimal scenario: Add 2 heavy neutral leptons (HNLs). 
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light active neutrino 

heavy neutral leptons

Neutrino masses

Minkowski ’77; Yanagida ’79; Wyler, Wolfenstein ’83; Mohapatra, Valle ’86; …

ℒ = ℒSM + ℒK −
1
2

Nc
iMijNj − YiαLαH̃Ni + hc .

CP violation & 
Lepton number violation

Complex Yukawas as new 
CP violating source

For  the new particles are testable!M ∼ 𝒪(GeV)
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Neutrino masses

Testable mixings between active neutrinos and HNLs. 

Approximate lepton number symmetry. 

Quasi-Dirac pairs.
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Neutrino masses

Light  masses suppressed by LNV parameters 

            

Mixing between HNLs and left handed neutrinos unsuppressed  

                                    

HNL mass splitting 

                                        

ν

mν = μ
v2

2M2
YT

1 Y1 +
v2

2M
ϵYT

2 Y1 +
v2

2M
YT

1 ϵY2

UνN ≃ Y1v/M

ΔM = μ + μ′ 
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Neutrino masses

Y = f(UPMNS, U2, mν, M, ΔM, θ)

Dependence on leptonic CP phases encoded in Yukawa matrix.

Light sector 

Majorona phase  
    (Experimentally challenging) 

Dirac phase  
   (Will be measured!)

ϕ

δ

Heavy sector 

High scale phase  
    (Experimentally challenging) 
    (Actually very challenging) 

θ



Leptogenesis 

Neutrino massesBaryon asymmetry 
of our Universe
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Leptogenesis via oscillations
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Quantification of the asymmetry via quantum Boltzmann equation  

Leptogenesis via oscillations
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·ρ = − i[H, ρ] − 1
2 {Γa, ρ} + 1

2 {Γp, ρeq − ρ}

Quantum  
density matrix

CP violating 
oscillations  H ∝ ΔM2

ij /k0

Thermalization 
efficiency  Γa,p ∝ YY†T

Estimated equilibration rate at EWPT  
Γ ∝ U2 M2

v2 TEW ≲ H = T2
EW /M*p

Γ > HSHiP
FCC



Extended adiabatic approximation
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Quantum Boltzmann equation in matrix representation:

f′ (x) = A(x)f (x) + c(x) = (A(0) + A(1) + 𝒪(ϵ2)) f (x) + (c(0) + c(1) + 𝒪(ϵ2))

Presence of  
different scales

In the purely adiabatic limit1:  

 

Leading order adiabatic perturbation2: 

  

fa(x) = V(x)eΛ(x) ∫
x

dz e−Λ(z)V−1(z)c(0)(z)

δfa(x) = − V(x)eΛ(x) ∫
x

dz e−Λ(z)V−1(z)V′ (z)V−1(z) fa(z)

1Born, Fock 1928;  2Hernandez, Lopez-Pavon, Rius, Sandner 2022

Full solution 

f (0) = fa + δfa

Higher order corrections obtained similar via time-dependent perturbation theory.

A0(x) = V(x)Λ′ (x)V−1(x)



Example: If oscillations are damped  is realizable until EWPT. 
Physical motivation: softly broken LN symmetry. 

Γth
osc ≃ PoscΓ ≲ H
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N1 : y

N2 : y′ 

Thermalization probability per unit time 
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100% before EWPT

100% after EWPT

Leptogenesis via oscillations
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Light neutrino data constraint:  .       −(mν)αβ =
v2

M
(Yα1Yβ2 − Yα2Yβ1 − Yα1Yβ1

ΔM
M

) = (U*mU†)αβ

 &              can be expressed in terms of observable quantities!

Neutrino oscillations 
(Dune, T2K, HK, ..)

 decay 
(LEGEND, NEXT, ..)
ν0ββ Particle collider 

(LHC, SHiP, FCC, ..)

Leptogenesis via oscillations
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New analytical 
upper bound

M −3(U 2)−2Δ2
12 f̄ (UPMNS, θ)

M −17/3(U 2) −8/3Δ 2
12 f̃ (U

PMNS , θ)

Naively  
expected limit

Numerical 
Points

Leptogenesis via oscillations

SHiP & FCC
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M −17/3(U 2) −8/3Δ 2
12 f̃ (U

PMNS , θ)

Specific value  
of . 

Constraints  
on phases.

f̃

Leptogenesis via oscillations
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If  the analytic solution can predict the PMNS phases, flavour mixing and 
implications on neutrinoless double beta decay. 

Γvac
osc /Γ ≫ 1
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Flavour selection 
 within FCCΔM/M = 10−2
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Neutrino Oscillation data
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Analytical approximation reveals correlation of Leptogenesis with other observables.  

Method developed can help to explore non-minimal scenarios. 

Check out [2207.01651] for more details. 

Conclusions and Outlook
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Upper bound on the 
right-handed 
neutrino interaction 
with the SM content!

Right-handed neutrinos with 
 need to realize a concrete 

flavour composition & impact the 
neutrinoless double-beta decay rate!

ΔM/M → 1

https://arxiv.org/abs/2207.01651


Numerical code available on GitHub. 

Check out [2207.01651] for more details. 

Bonus

21

https://github.com/stefanmarinus/amiqs
https://arxiv.org/abs/2207.01651




23

Quantum oscillations

Particle 
destruction

Particle 
production

Scattering

Similar processes for the anti-particles. 

Additionally compute the asymmetry transfer between            and   

Expanding 
Universe

N1

N2

Leptogenesis via oscillations
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Projection onto 2D parameter space of  for different   
Identification of non-thermal regimes. 

(M, |U2 | ) ΔM

System reaches thermal equilibrium. No asymmetry.  
Major speed up of numerical sampling.

Γosc ≤ H Γα ≤ H

Each regime allows for adiabatic solution1.

ΓM ≤ H ΓM ≤ H

Leptogenesis via oscillations

1Hernandez, Lopez-Pavon, Rius, Sandner ‘22



Leptogenesis via oscillations
The purely adiabatic solution satisfies:

f′ a(x) = (A(0)(x) + V′ (x)V−1(x))fa(x) + c(0)(x)

𝒪(ϵ)

Include the correction perturbatively:

δf′ a(x) = V′ (x)V−1(x)fa(x)

Nth order corrections obtained similarly.


