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Type-I seesaw mechanism

Type-l seesaw Lagrangian
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- n > 2 HNL generations needed to explain light neutrino masses.
- Experimental sensitivity expressed in terms of
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Leptogenesis

Sakharov conditions:

* C- and CP-violation

% Deviation from thermal
equilibrium

* Baryon number violation
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https://arxiv.org/pdf/hep-ph/0505013.pdf
https://lib-extopc.kek.jp/preprints/PDF/1986/8602/8602061.pdf

Leptogenesis
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* Baryon number violation
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Thermal leptogenesis
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Low-scale leptogenesis Thermal leptogenesis

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

- Traditionally, 2 main mechanismes:
ARS Leptogenesis Resonant leptogenesis

Asymmetry produced during Resonant enhancement of

imezein it CP-ieleing é)é CP-violation from small mass

HNL oscillations splittings
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- Traditionally, 2 main mechanismes:

ARS Leptogenesis

Asymmetry produced during
freeze-in from CP-violating

HNL oscillations

number
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Low-scale models

Resonant leptogenesis

Resonant enhancement of
CP-violation from small mass

splittings

Decay asymnietry:
Imertz\ (M, =) M T
&= (\/TY)H(YTY)/I\<M%\“ 7/‘/1“'2\3‘)2+M%\’ F?N,



https://arxiv.org/pdf/1606.06690.pdf
https://arxiv.org/pdf/1812.02651.pdf

Low-scale models

- Traditionally, 2 main mechanismes:

ARS Leptogenesis Resonant leptogenesis
Asymmetry produced during Resonant enhancement of
freeze-in from CP-violating é)é CP-violation from small mass
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— Two regimes of the same mechanism ! Represented by the .
same set of kinetic equations (cfr. [Garbrecht; 1812.02651] for a review)
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Quantum kinetic equations
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Effective Hamiltonian Interaction rates

- Interaction rates can be
x Fermion number conserving ~ (YTY)T

% Fermion number violating ~ (YtY*)MT)

- Refined calculation subject to intensive studies over the last
years, e.g. Anisimov/Bedak/Bodeker 10, Garny/Kartavtsev/Hohenegger '11,
Drewes/Garbrecht/Gueter/Klaric '16, Hernandez/Kekic/Lopez-Pavon/
Racker/Salvado 16, Laine/Ghiglieri "16 '18, Klaric/Shaposhnikov/Timiryasov ‘21, ... 5
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Testing leptogenesis

Many different ways to probe HNLs:
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[Bose et al; 220913128]
Meson decays ~ W/Z decays  Virtual W/Z exchange

— See Richard Ruiz’ and Suchita Kulkarni's talk


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

n =2 (vMSM) parameter space
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Relies on flavour
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n = 3 parameter space, NH
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[Abdullahi et al; 2203.08039]
n = 2 lines from [Klaric/Shaposhnikov/Timiryasov, 2103.16545]

n = 3 lines from [Drewes/YG/Klaric; 210616226]
- Can potentially produce enough HNLs to test leptogenesis !


https://arxiv.org/pdf/2203.08039.pdf
https://arxiv.org/pdf/2103.16545.pdf
https://arxiv.org/pdf/2106.16226.pdf

n = 3 parameter space, NH
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n = 3 parameter space, NH

R Sy \ Existing experiments
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Can potentially produce enough HNLs to test leptogenesis !
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n = 3 parameter space, NH

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

Existing experiments
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Can potentially produce enough HNLs to test leptogenesis !
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Why such large mixings ?

U? =0.0248, M =100 GeV and Migntest = 0 €V
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Large mixing angles allow late equilibration of one RHN U? < 1
<> Late BAU production, less time for washout


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

Lepton number violation (LNV) at colliders
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Lepton number violation (LNV) at colliders
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In practice, prospects can be even more optimistic !
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Leptogenesis in the mass degenerate case

Normal Ordering Inverted Ordering
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[Antusch/Cazzato/Drewes/Fischer/Garbrecht/Gueter/Klaric¢; 1710.03744]
See also [Sandner/Hernandez/Lopez-Pavon/Rius; 2305.14427]

- Leptogenesis possible for AM = 0 thanks to Higgs and thermal

mass splittings .
Mphys ~ th(T)YI Y + hi(T)YtY*

- Lepton asymmetry proportional to CP-violating combination

N

Tr (f [Hu, r]) ~ Tr< [?t g+, 9t Y] ftp, \?*) £ 0! .
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Leptogenesis with flavour symmetries

Flavour symmetries (A(6n?)) have reduced parameter space but
highly predictive ! (see Claudia Hagedorn's talk)

Case 1), NO,A=0, mp=0eV
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Leptogenesis with flavour symmetries

Flavour symmetries (A(6n?)) have reduced parameter space but
highly predictive ! (see Claudia Hagedorn's talk)

Case 1), NO,A=0, mg=0eV Case 3b.1), NO,A=k=0, mp=0eV
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Take home and outlook

- Leptogenesis highly testable solution for » masses + baryon
asymmetry

- Degenerate leptogenesis possible due to Higgs and thermal
effects

- Parameter space largely enhanced forn =3

- Large mixing angle opens up the possibility of testing
leptogenesis by combining information from colliders, 0v33, v
oscillations, ...

- Collider testability of n = 3 scenario to be further explored

Thanks for your attention!



n = 3 parameter space, |10
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—— Vanishing initial conditions
—— Thermal initial conditions
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- Similar enhancement of the parameter space for I0.



Impact of low energy measurements on Llj—

W 10NO
W20NO
30 NO
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DUNE projections

Current v oscillation data
- New (more realistic) benchmarks proposed beyond the 1-flavour

approximation
- DUNE measurement of ¢ could constrain the mixing to each SM

flavour, hence leptogenesis



Flavour triangle, n = 3, NO

M =100 GeV, NO, mo =0 eV M =100 GeV, NO, mo=0.1eV
0.0 0.0,

uu?

Can fill (almost) the entire triangle for mg # 0!

For mg =0 eV limited to be smaller than ~ 1/3.
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Testing leptogenesis through CLFV experiments
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- CLFV experiments can probe leptogenesis with n = 3 RHN
generations for M 2 10 GeV.



Seesaw parameter space

Consistency with v-oscillation data induced by Casas-lbarra

parametrisation
I' .
F= ;U,,\/ ma9R,/

Seesaw relation: m, = —v?F - My~ - F.,



Seesaw parameter space

Consistency with v-oscillation data induced by Casas-Ibarra

parametrisation
I' ]
F= ;UI,\/mf‘,’ang/

n=3

3 CP-violating phases
3 PMNS angles (fixed)

) _ 3 light neutrino masses (2 fixed)
R is a complex rotation

matrix 3 complex Euler angles

13 free parameters



Seesaw parameter space

Consistency with v-oscillation data induced by Casas-Ibarra

parametrisation
I' ]
F= ;UI,\/mf‘,’ang/

n=2 n=3
2 CP-violating phases 3 CP-violating phases
3 PMNS angles (fixed) 3 PMNS angles (fixed)
2 light neutrino masses (fixed) 3 light neutrino masses (2 fixed)
1 complex Euler angle 3 complex Euler angles

6 free parameters 13 free parameters



Thermal vs vanishing initial condition
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At large M, parameter space for thermal I.C. is larger because
asymmetry produced during freeze-in and freeze-out have opposite

signs.
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