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Neutrino masses and type-I

seesaw



Type-I seesaw mechanism

Type-I seesaw Lagrangian

L ⊃ Yαi (ℓ̄αϕ̃)νRi +
1

2
ν̄cRi (MM)ij νRj + h.c.

Yukawa Majorana

Seesaw relation

mν = −v2
(
Y · MM

−1 · Y t
) MM

mν

▲
ν ≃ U†

ν(νL − θνcR) + h.c. N ≃ U†
N(νR + θtνcL) + h.c.

Light neutrinos Heavy neutrinos (HNL)

n ≥ 2 HNL generations needed to explain light neutrino masses

Experimental sensitivity expressed in terms of

U2
α =

∑
i

|θαi |2 =
∑
i

|v(Y ·M−1
M )αi |2
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Type-I seesaw mechanism

Type-I seesaw Lagrangian (below EWSB)

L ⊃ vYαi ν̄LανRi +
1

2
ν̄cRi (MM)ij νRj + h.c.

Dirac Majorana

Seesaw relation

mν = −v2
(
Y · MM

−1 · Y t
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mν

▲
ν ≃ U†

ν(νL − θνcR) + h.c. N ≃ U†
N(νR + θtνcL) + h.c.
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n ≥ 2 HNL generations needed to explain light neutrino masses

Experimental sensitivity expressed in terms of

U2
α =

∑
i

|θαi |2 =
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i

|v(Y ·M−1
M )αi |2

· What is our prior on n?

n = 2: Minimality (νMSM)

n = 3: Flavour symmetries, gauge extensions (LRSM,...)
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RHN landscape

· What is our prior on the RHN mass scale?

. . .

eV keV MeV GeV TeV . . . 109 GeV MM

0
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Probing the type-I seesaw

Many different ways to probe HNLs:

[Bose et al; 2209.13128]

U2 ∼ mν
M

Experimental sensitivity expressed in terms of

U2
α =

∑
i |θαi |2 =

∑
i |v(Y ·M−1

M )αi |2 5

https://arxiv.org/pdf/2209.13128.pdf


How to reach large coupling? B-L approximate symmetry

Naive seesaw bound

mν = −v2
(
Y ·M−1

M · Y t
)
⇔ U2

i ∼ mν

Mi
∼ 10−10GeV

Mi

B-L approximate symmetry

Majorana mass

M̄ ·

1− µ 0 0

0 1 + µ 0

0 0 µ′



Yukawa coupling

ye(1 + ϵe) iye(1− ϵe) yeϵ
′
e

yµ(1 + ϵµ) iyµ(1− ϵµ) yµϵ
′
µ

yτ (1 + ϵτ ) iyτ (1− ϵτ ) yτ ϵ
′
τ


Technically natural: Small mν from small symmetry breaking parameters µ, ϵ, ϵ′ ≪ 1

Consistent with large production cross-section at colliders σ ∝ U2.

Pseudo-Dirac pair Decoupled
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Low-scale leptogenesis



Leptogenesis

Sakharov conditions:

⋆ C- and CP-violation

⋆ Deviation from thermal

equilibrium

⋆ Baryon number violation

· Weak sphaleron process

Lepton
asymmetry

Baryon
asymmetry

10−3 1 103 . . . 109 MM [GeV]

Low-scale leptogenesis Thermal leptogenesis
[Akhmedov/Rubakov/Smirnov ’98, Pilaftsis/Underwood ’03, Asaka/Shaposhnikov ’05, ...] [Fukugita/Yanagida ’86]

8

https://arxiv.org/pdf/hep-ph/9803255.pdf
https://arxiv.org/pdf/hep-ph/0309342.pdf
https://arxiv.org/pdf/hep-ph/0505013.pdf
https://lib-extopc.kek.jp/preprints/PDF/1986/8602/8602061.pdf


Leptogenesis

Sakharov conditions:

⋆ C- and CP-violation

· Complex Yukawa couplings

⋆ Deviation from thermal

equilibrium

· Freeze-in and freeze-out &

decays of the RHNs

⋆ Baryon number violation

· Weak sphaleron process

Lepton
asymmetry

Baryon
asymmetry

10−3 1 103 . . . 109 MM [GeV]

Low-scale leptogenesis Thermal leptogenesis
[Akhmedov/Rubakov/Smirnov ’98, Pilaftsis/Underwood ’03, Asaka/Shaposhnikov ’05, ...] [Fukugita/Yanagida ’86]

8

https://arxiv.org/pdf/hep-ph/9803255.pdf
https://arxiv.org/pdf/hep-ph/0309342.pdf
https://arxiv.org/pdf/hep-ph/0505013.pdf
https://lib-extopc.kek.jp/preprints/PDF/1986/8602/8602061.pdf


Leptogenesis

Sakharov conditions:

⋆ C- and CP-violation

· Complex Yukawa couplings

⋆ Deviation from thermal

equilibrium

· Freeze-in and freeze-out &

decays of the RHNs

⋆ Baryon number violation

· Weak sphaleron process

[Klaric̀/Shaposhnikov/Timiryasov, 2103.16545]

Lepton
asymmetry

Baryon
asymmetry

10−3 1 103 . . . 109 MM [GeV]

Low-scale leptogenesis Thermal leptogenesis
[Akhmedov/Rubakov/Smirnov ’98, Pilaftsis/Underwood ’03, Asaka/Shaposhnikov ’05, ...] [Fukugita/Yanagida ’86]

8

https://arxiv.org/pdf/2103.16545.pdf
https://arxiv.org/pdf/hep-ph/9803255.pdf
https://arxiv.org/pdf/hep-ph/0309342.pdf
https://arxiv.org/pdf/hep-ph/0505013.pdf
https://lib-extopc.kek.jp/preprints/PDF/1986/8602/8602061.pdf


Leptogenesis

Sakharov conditions:

⋆ C- and CP-violation

· Complex Yukawa couplings

⋆ Deviation from thermal

equilibrium

· Freeze-in and freeze-out &

decays of the RHNs

⋆ Baryon number violation

· Weak sphaleron process

[Klaric̀/Shaposhnikov/Timiryasov, 2103.16545]

Lepton
asymmetry

Baryon
asymmetry

10−3 1 103 . . . 109 MM [GeV]

Low-scale leptogenesis Thermal leptogenesis
[Akhmedov/Rubakov/Smirnov ’98, Pilaftsis/Underwood ’03, Asaka/Shaposhnikov ’05, ...] [Fukugita/Yanagida ’86]

8

https://arxiv.org/pdf/2103.16545.pdf
https://arxiv.org/pdf/hep-ph/9803255.pdf
https://arxiv.org/pdf/hep-ph/0309342.pdf
https://arxiv.org/pdf/hep-ph/0505013.pdf
https://lib-extopc.kek.jp/preprints/PDF/1986/8602/8602061.pdf


Leptogenesis

Sakharov conditions:

⋆ C- and CP-violation

· Complex Yukawa couplings
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Efficient for 130 GeV ≲ T ≲ 1012 GeV
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Low-scale models

· Traditionally, 2 main mechanisms:

ARS Leptogenesis

Asymmetry produced during

freeze-in from CP-violating

HNL oscillations
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[Drewes/Garbrecht/Gueter/Klarić; 1606.06690]

Resonant leptogenesis

Resonant enhancement of

CP-violation from small mass

splittings

Decay asymmetry:

ϵi ≃
Im(Y †Y )2ij

(Y †Y )ii (Y
†Y )jj

(M2
Ni

−M2
Nj

)·MNi
ΓN

(M2
Ni

−M2
Nj

)2+M2
Ni

Γ2
N
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same set of kinetic equations (cfr. [Garbrecht; 1812.02651] for a review)
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Quantum kinetic equations

i d
dt ρ = [H , δρ ]− i

2
{Γ , δρ} − i

∑
a∈{e,µ,τ}

Γ̃a
µa

T
fF (1− fF ),

i d
dt ρ̄ = −[H , δρ̄ ]− i

2
{Γ , δρ̄}+ i

∑
a∈{e,µ,τ}

Γ̃a
µa

T
fF (1− fF ),

d
dt n∆a =−

2i µa

T

∫
d3k⃗

(2π)3
Tr[ Γa ]fF (1− fF ) + i

∫
d3k⃗

(2π)3
Tr[ Γ̃a ( δρ̄ − δρ )].

Matrix of densities Lepton asymmetry

Effective Hamiltonian Interaction rates

· Interaction rates can be

⋆ Fermion number conserving ∼ (Y †Y )T

⋆ Fermion number violating ∼ (Y tY ∗)M
2

T

· Refined calculation subject to intensive studies over the last years,
e.g. Anisimov/Bedak/Bödeker ’10, Garny/Kartavtsev/Hohenegger ’11,

Drewes/Garbrecht/Gueter/Klarić ’16, Hernandez/Kekic/Lopez-Pavon/

Racker/Salvado ’16, Ghiglieri/Laine ’16 ’18, Klarić/Shaposhnikov/Timiryasov

’21, ... 10

https://arxiv.org/pdf/1012.3784.pdf
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n = 2 (νMSM) parameter space

· Parameter space for

freeze-in and freeze-out are

connected

· Sizeable fraction of the

parameter space can be

tested at colliders or fixed

target experiments

· Relies on flavour hierarchies

to reach large U2

· IH parameter space larger

than for NH for

M ≲ O(100) GeV due to

stronger washout
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n = 3 parameter space, NH

[Abdullahi et al; 2203.08039]

n = 2 lines from [Klarić/Shaposhnikov/Timiryasov, 2103.16545]

n = 3 lines from [Drewes/YG/Klarić; 2106.16226]

· Can potentially produce enough HNLs to test leptogenesis!

12
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n = 3 parameter space, NH

Large enhancement!
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Why such large mixings?
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[YG; 2305.06663]

· Large mixing angles allow late equilibration of one HNL U2
i ≪ 1

↪→ Late BAU production, less time for washout 13

https://arxiv.org/pdf/2305.06663.pdf


n = 3 parameter space, NH

[Drewes/YG/Klarić; 2106.16226]

· Can potentially produce enough HNLs to test leptogenesis!
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n = 3 parameter space, NH

Freeze-in/-out transition

n = 3 lines from [Drewes/YG/Klarić; 2106.16226]

· Can potentially produce enough HNLs to test leptogenesis!

14

https://arxiv.org/pdf/2106.16226.pdf


Potential number of events at FCC-ee

[Drewes/Klarić/Li; 2511.23461]

· Can potentially produce enough HNLs to test leptogenesis!

15

https://arxiv.org/pdf/2511.23461.pdf


Probing leptogenesis and the

seesaw mechanism



Seesaw parameter space

Consistency with ν-oscillation data induced by Casas-Ibarra

parametrisation

Y =
i

v
Uν

√
mdiag

ν R
√

MM

n=2

2 CP-violating phases

3 PMNS angles (3/3 fixed)

2 light neutrino masses (2/2 fixed)

1 complex Euler angle

2 Majorana masses

6 free parameters

n=3

3 CP-violating phases

3 PMNS angles (3/3 fixed)

3 light neutrino masses (2/3 fixed)

3 complex Euler angles

3 Majorana masses

13 free parameters

How much can we constrain the remaining parameters?

16



Seesaw parameter space

Consistency with ν-oscillation data induced by Casas-Ibarra

parametrisation

Y =
i

v
Uν

√
mdiag

ν R
√

MM

n=2

2 CP-violating phases

3 PMNS angles (3/3 fixed)

2 light neutrino masses (2/2 fixed)

1 complex Euler angle

2 Majorana masses

6 free parameters

n=3

3 CP-violating phases

3 PMNS angles (3/3 fixed)

3 light neutrino masses (2/3 fixed)

3 complex Euler angles

3 Majorana masses

13 free parameters

How much can we constrain the remaining parameters?

16



Constraining model parameters from collider observables

· Flavour composition of semileptonic decays gives information on the

flavour ratios U2
αi/U

2 & seesaw parameters!

· Number of events governed by

ϵ ∼ e−2γ ∼ U2

mν/M̄

· For n = 2, U2
αi ∼ O(1/ϵ) +O(1) + . . .

· For n = 3, U2
αi ∼ O(1/ϵ) +O(1/

√
ϵ) +O(1) + . . .

=⇒ Better parameter reconstruction (partly) compensates the

larger dimensionality!
[C
re
d
it
:
L
o
vi
sa

R
yg

a
ar
d
]
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Constraining m0
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[Drewes/YG/Klarić/Wendels; 2407.13620]

· For optimistic scenarios (∼ 105 events at FCC-ee), can measure

flavour ratios
U2

α

U2 at percent level!

· Can give a hint on value of m0!

18

https://arxiv.org/pdf/2407.13620


Constraining m0
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[Drewes/YG/Klarić/Wendels; 2407.13620]

· Constraints on m0 will not match Planck but better than KATRIN

(though more indirect + model dependent): Complementarity!

· Can exclude m0 = 0 if flavour ratios outside typical m0 = 0 region.
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Constraining model parameters from collider observables

Y =
i

v
Uν

√
mdiag
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[Drewes/YG/Klarić/Wendels; 2407.13620]

[Drewes/YG/Klarić/Wendels; 2407.13620]
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0νββ

· Majorana nature of neutrinos

leads to neutrinoless double

beta decay (0νββ)

· Lifetime T 0ν
1/2 parametrised by the effective mass

T 0ν
1/2 ∝

(
m̄ββ =

1

A(0)

5∑
i=1

U2
eimiA(mi )

)−1

.

· Heavy neutrino can have a sizeable and direct impact

m̄ββ ≃ e i arg(mββ)

(
|mββ |

[
1− A(M̄)

A(0)

]
− 1

2
e iλM̄2µ U2

e

∣∣∣∣A′(M̄)

A(0)

∣∣∣∣) ,

−→ 0νββ can provide information on the Majorana phases α as well

as ω! 21



0νββ and leptogenesis

· For n = 2:

100 500 1000 5000 104

10-10

10-7

NH

100 500 1000 5000 104

10-10

10-7

IH

[de Vries/Drewes/YG/Klarić/Plakkot; 2407.10560]

· For IH, constraints from 0νββ stronger for large splitting and

M̄ ≲ 10 GeV.

· Non-observation of 0νββ in the future would severely constrain µU2
e .

22

https://arxiv.org/pdf/2407.10560


Discrete flavour symmetries

· Discrete symmetries provide dynamical origin to ν mixing pattern

Gf× CP

Gl

Charged lepton sector

Gν× CP

Neutrino sector

· 13 → 6 or 7 free parameters: For Case 1),

m0, M1 ≈ M2 ≈ M3, θR , ϕs .

−→ Better analytical understanding of the parameter space.

· Can relate low- and high-scale parameters. For Case 1):

sin(δ) = 0, | sin(α)| = | sin(6ϕs)|, sin(β) = 0.

23



Discrete flavour symmetries
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Case 1), BAU vs ϕs
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Figure 1: Vanishing initial conditions, λ = 0

[Drewes/YG/Hagedorn/Klarić; 2203.08538]

· Correlation between YB and low-energy observables. Here,

sin(α) = sin(6π
s

n
).

24

https://arxiv.org/pdf/2203.08538.pdf


Leptogenesis with flavour symmetries

· Flavour symmetries have reduced parameter space but highly

predictive!
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[Drewes/YG/Hagedorn/Klarić; 2412.10254]
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Flavour symmetries and degenerate leptogenesis
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[Drewes/YG/Hagedorn/Klarić, 2412.10254]

· Leptogenesis possible for ∆MM = 0 thanks to Higgs and thermal

mass splittings
∆Mphys ∼ h+(T )Y †Y + h−(T )Y tY ∗

· Only viable for masses above ∼ 10 GeV.

26

https://arxiv.org/pdf/2412.10254


What should I take home?

· Right-handed neutrinos provide minimal solution for ν masses +

baryon asymmetry

· Leptogenesis parameter space largely enhanced for n = 3

· Large mixing angle opens up the possibility of testing leptogenesis by

combining information from colliders, 0νββ, ν oscillations, ...

· In particular, future lepton colliders can act as discovery and

precision machines in one

· Combined with flavour symmetric explanation of PMNS: very

predictive!

Thanks for your attention!
ご清聴ありがとうございました。
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Appendix



Lepton number violation at colliders

[CMS collaboration; 1806.10905]

· Large U2 but lepton number conserved

if µ, ϵ → 0

· Ratio of lepton number violating to

conserving decays parametrised by

Rll =
∆M2

phys

2Γ2N +∆M2
phys

[Drewes/Klarić/Klose; 1907.13034]

Not always strongly

suppressed for sizeable U2!

https://arxiv.org/pdf/1806.10905.pdf
https://arxiv.org/pdf/1907.13034.pdf


Lepton number violation at colliders

[Antusch/Hajer/Rosskopp, 2307.06208]

In practice, decoherence effects can make testability prospects even more

optimistic!

https://arxiv.org/pdf/2307.06208.pdf


Testing leptogenesis through CLFV experiments

· HNLs also lead to charge lepton flavour violation.

[Urquia-Calderon/Timiryasov/Ruchayskiy; 2206.04540]

[Granelli/Klarić/Petcov; 2206.04342]

https://arxiv.org/pdf/2206.04540.pdf
https://arxiv.org/pdf/2206.04342.pdf


Dynamical resonance

[Abada/Arcadi/Domcke/Drewes/Klaric/Lucente ’18]

https://arxiv.org/pdf/1810.12463


Impact of low energy measurements on U2
α

U2

Current ν oscillation data DUNE projections

· New (more realistic) benchmarks proposed beyond the 1-flavour

approximation

· DUNE measurement of δ could constrain the mixing to each SM

flavour, hence leptogenesis



Thermal vs vanishing initial conditions

At large M̄, parameter space for thermal I.C. is larger because asymmetry

produced during freeze-in and freeze-out have opposite signs.



Motivations for flavour symmetries

· Why 3 generations in the Standard Model?

· Hierarchy in the CKM matrix structure?

· Hierarchy in the fermion masses?

· Why such neutrino mixing pattern? In particular, why the PMNS

matrix

|UPMNS| ≈

0.82 0.55 0.15

0.29 0.59 0.75

0.49 0.59 0.64.


is so close to a tri-bimaximal mixing

UTB =


√
2/3

√
1/3 0

−
√

1/6
√
1/3

√
1/2

−
√
1/6

√
1/3 −

√
1/2

 .



Discrete flavour symmetries

· Discrete symmetry Gf at high scale, broken at low scale into residual

symmetries Gl , Gν ⊂ Gf .

Gf × CP

Gl

Charged lepton sector

Gν × CP

Neutrino sector

· What group to choose?

∗ Gf discrete subgroup of U(3) (not always necessary)

∗ Gf non-abelian to avoid texture zero

∗ Gl abelian and minimal to avoid imposing too strong constraints on

the charged lepton masses

∗ Gν as minimal as possible



Discrete flavour symmetries

· Discrete symmetry Gf at high scale, broken at low scale into residual

symmetries Gl , Gν ⊂ Gf .

∆(6n2)×CP ∼ ((Zn ×Zn)⋊ S3)× CP

Z3

Charged lepton sector

Z2×CP

Neutrino sector

In our setup
[See also Hagedorn/Meroni/Molinaro ’14]

Prediction

UPMNS = Ω(3)Rij(θL)Kν

Y = Ω(3)Rij(θL) diag(y1, y2, y3)P
ij
kl Rkl(−θR) Ω(3

′)†

https://arxiv.org/pdf/1408.7118


CP-violating combinations

· Perturbatively,

YB ∝ Tr
(
Γ̃α (δρ− δρ̄)

)
∝ Tr

(
Γ̃α [HN , Γ]

)
HN =

M2
M

2E
+h+(T )Y †Y+h−(T )Y tY ∗, Γ, Γ̃ = ±γ+(T )Y †Y+γ−(T )Y tY ∗

· BAU production governed by

CLFV,α = i Tr
( [

M2
M ,Y † Y

]
Y † Pα Y

)
,

CLNV,α = i Tr
( [

M2
M ,Y † Y

]
Y T Pα Y ∗

)
,

CDEG,α = i Tr
( [

Y T Y ∗,Y † Y
]
Y T Pα Y ∗

)
,

Flavour violating only, can be ̸= 0 for ∆M = 0!

Flavour violating only∑
α CLFV,α = 0

Violates lepton number∑
α CLNV,α ̸= 0

· For Case 1) and s odd,

CLFV,α ∼ 8

3
M2 κ y2y3 (y

2
2 − y2

3 ) sin θL,α sin θR cos 3ϕs ,

CLNV,α ∼ 8

3
M2κy2y3

(
y2
3 cos(2θR)− y2

2

)
sin θL,α sin θR cos 3ϕs ,

CDEG,α = 0,

where

θL,α = θL + ρα
4π

3
with ρe = 0, ρµ = +1, ρτ = −1 .
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Case 1), BAU vs ϕs
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Figure 2: Vanishing initial conditions, λ = 0

[Drewes/YG/Hagedorn/Klarić; 2203.08538]

· Correlation between YB and low-energy observables. Here,

sin(α) = sin(6π
s

n
).

https://arxiv.org/pdf/2203.08538.pdf
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Case 1), BAU vs ϕs
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[Drewes/YG/Hagedorn/Klarić; 2203.08538]

· Correlation between YB and low-energy observables. Here,

sin(α) = sin(6π
s

n
).

https://arxiv.org/pdf/2203.08538.pdf


Vanilla thermal leptogenesis

Assumptions:
∗ Asymmetry generated by heavy neutrino decays

∗ Hierarchical mass spectrum M1 ≪ Mi

∗ Unflavoured

Boltzmann equations
d

dz
n1 = −ΓD

Hz
(n1 − neq1 )

d

dz
nB−L = ϵ1

ΓD
Hz

(n1−neq1 )−ΓW
Hz

nB−L

[Buchmüller/Di Bari/Plümacher; ’04]· Decay asymmetry ϵ1 ≡
ΓN1→ℓ+ϕ−ΓN1→ℓ̄+ϕ∗

ΓN1→ℓ+ϕ+ΓN1→ℓ̄+ϕ∗

· For large mass splittings |ϵ1| ≲ 3
8π

M1

v2

√
∆m2

23 leading to the

Davidson-Ibarra bound

M1 ≳ 2× 109 GeV

↪→ Direct detection /

https://arxiv.org/pdf/hep-ph/0401240.pdf
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