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Motivation

BSM hints: 

• Neutrino masses

• Baryon assymetry of the Universe (BAU) 

• Dark matter
• ...

Low scale Type I seesaw provides a minimal possible
connection between 1 and 2, via leptogenesis through sterile
neutrino oscillations, with observable signals.

ARS leptogenesis, Drewes et al. 2017 
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Outline

• Minimal type I seesaw model with 2 HNL
• Leptogenesis via HNL oscillations

- Time scales and slow modes
• The importance of being CP violating flavour basis

invariants
• 𝜇≃0 case
• Numerical parameter scan
• Conclusions and outlook
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1. Minimal type I seesaw model with 2 HNL

• 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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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/2SM&B N.	Rius			 6
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2. Leptogenesis via HNL oscillations
Akhmedov, Rubakov, Smirnov 1998, Asaka,Shaposhnikov 2005, etc

Sakharov conditions for baryogenesis:

• CP violating phases in Y, M

• B violated by sphaleron processes at T > TEW

• At least one sterile neutrino 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
Freeze-in scenario with CP violating oscillations   
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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.
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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: 

• Asymmetry generated mostly at Tosc, defined as:

𝛤osc(Tosc) = Hu(Tosc)
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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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3. The importance of being CP violating
flavour basis invariants

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

Branco et al., 2001
• Change of weak basis:                        

• Define Hermitian matrices: 

• LNC CP invariants: independent of HNL Majorana character
Hernández et al., 2015
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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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CP invariants in terms of neutrino masses
and UPMNS

• Y𝛽2 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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4.	𝜇≃0 case  

• Valid for

NH: 

IH:
• Sterile neutrinos 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) 
SM&B N.	Rius			 19

M =

✓

0 Λ

Λ 0

◆

∆MNH = |m3|− |m2| =
q

∆m2
atm −

q

∆m2

sol

∆MIH = |m2|− |m1| =
q

∆m2

atm −

q

∆m2

atm −∆m2

sol

µ . ρyy0
T 2

8M
∼

T 2

8v2
ρ|∆matm|

ρ = O(1)

ρ = O(|∆msol|/|∆matm|)

Y =





ye y0ee
iβ0

e

yµ y0µe
iβ0

µ

yτ y0τe
iβ0

τ





∆µ / yy0ρM/(4π)2 ⌧ yy0ρT 2/(8M)



Slow modes

• Weak flavour 𝛂 : 𝛤𝛂(TEW) < Hu(TEW) < 𝛤(TEW)

• Weak HC : 𝛤M(TEW) ∝ (M/TEW)2 𝛤(TEW) < Hu(TEW) 

• LNV interactions:
⟹ always out of equilibrium at TEW for U2 > 10-11

• Successful baryogenesis only in weak flavoured regime:
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CP violating flavour basis invariants

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

with

We find contribution from weak flavour:
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• In terms of neutrino parameters, and at leading order in y'/y 
and

• NH

• IH
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5. 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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Full scan
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Absolute upper bound on U2 from the overdamped regime:

• Weak LNV (HC)

M ≾ O(1 GeV)

• Strong LNV(HC) 

M ≿ O(1 GeV)
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𝜇≃0 case 
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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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𝜇≃0 case 
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NH and IH  
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Numerical likelihood inference in the case of 
measuring HNL-active neutrino mixings
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Numerical likelihood inference in the case of 
measuring HNL-active neutrino mixings
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Numerical likelihood inference in the case of 
measuring HNL-active neutrino mixings
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2. Neutrinoless double beta decay: 𝝙M/M = 10-2

Effect of HNL only in SHIP range
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Conclusions and outlook
• Precise analytic understanding of numerical scan for

successful baryogenesis via heavy neutral lepton (HNL)
oscillations in the minimal seesaw (2 HNL)

• Inclusion of LNV (HC) rates, suppressed by (M/T)2

• 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 to 3 HNL
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Thank you ! 
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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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4. Analytical solutions
Overdamped weak LNV         Intermediate slow flavour 𝛼

---- analytical solution:   Perturbing in y' and in (M/T)2

Linearized equations

⎯⎯⎯⎯ numerical solution same approximations

⎯⎯⎯⎯ full numerical solution
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• Overdamped regime:

• For M ≾ O(1 GeV), weak LNV(HC):

• are the angular part of the CP invariants:
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• Only fast oscillation, one slow flavour at TEW:

• YB in weak LNV(HC) regime too small
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Important effect of Helicity
Conserving rates ∝ (M/T)2, 
that grow near TEW

Ghiglieri, Laine, 2017



0𝛎𝛃𝛃 decay in 𝜇≃0 case 
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