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Heavy neutral lepton (HNLs)

Heavy neutrinos can solve three
problems at once:

I Non-zero mass of the Standard
Model (SM) neutrinos via the
type-I seesaw mechanism.
(P.Minkowski, 1977)

I Overabundance of matter with
respect to antimatter through
leptogenesis.
(M. Fukugita, T. Yanagida, 1986)

I Can be a Dark Matter
candidate
(Dodelson/Widrow, hep-ph/9303287,

Asaka/Shaposhnikov, hep-ph/0505013)
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Seesaw type-I

I Seesaw Lagrangian

L ⊃ Fai(¯̀aφ̃)νRi +
1
2 ν̄

c
Ri(MM)ijνRj + h.c.

Seesaw relation

mν = −v2F · MM
−1 · F t .

MM

mν

N

I Interaction strength of the heavy neutrinos

U2 = v2
∑
a,i

|(F · M−1
M )ai |2 ≡

∑
a,i

|θai |2.
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Thermal leptogenesis

Sakharov conditions:

I Baryon number violation

I C- and CP-violation

I Deviation from thermal
equilibrium
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Thermal leptogenesis

Sakharov conditions:
I Baryon number violation
? Sphaleron process X

I C- and CP-violation

? CP-violating decays X

I Deviation from thermal
equilibrium

? HNLs freeze-out X

[M-C. Chen, hep-ph/0703087]

[Dev/Mazumdar/Qutub, 1311.5297]

Yannis Georis TeVPA 2021 5/13

https://arxiv.org/pdf/hep-ph/0703087.pdf
https://arxiv.org/pdf/1311.5297.pdf


Thermal leptogenesis

Sakharov conditions:
I Baryon number violation
? Sphaleron process X

I C- and CP-violation
? CP-violating decays X

I Deviation from thermal
equilibrium

? HNLs freeze-out X

[M-C. Chen, hep-ph/0703087]

[Dev/Mazumdar/Qutub, 1311.5297]

Yannis Georis TeVPA 2021 5/13

https://arxiv.org/pdf/hep-ph/0703087.pdf
https://arxiv.org/pdf/1311.5297.pdf


Thermal leptogenesis

Sakharov conditions:
I Baryon number violation
? Sphaleron process X

I C- and CP-violation
? CP-violating decays X

I Deviation from thermal
equilibrium

? HNLs freeze-out X

[M-C. Chen, hep-ph/0703087]

[Dev/Mazumdar/Qutub, 1311.5297]
Yannis Georis TeVPA 2021 5/13

https://arxiv.org/pdf/hep-ph/0703087.pdf
https://arxiv.org/pdf/1311.5297.pdf


Low-scale leptogenesis

I Davidson-Ibarra bound: MN & 109 GeV if mass hierarchy
(M1 � M2 � M3).

↪→ Detection /
Low-scale leptogenesis

1) Resonant leptogenesis (Pilaftsis, hep-ph/9707235)
−→ Enhancement due to small heavy neutrino mass splittings.

2) Leptogenesis from neutrino oscillations (Akhmedov/Rubakov/Smirnov,
hep-ph/9803255)
−→ Produced during approach to thermal equilibrium.

↪→ Two regimes of the same mechanism ! Represented by the
same set of equations. (cfr. B.Garbrecht 1812.02651)
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Quantum kinetic equations

i dρ
dt = [H, δρ]− i

2{Γ, δρ} − i
∑

a∈{e,µ,τ}

Γ̃a
µa
T fF (1 − fF ),

i dρ̄
dt = −[H, δρ̄]− i

2{Γ, δρ̄}+ i
∑

a∈{e,µ,τ}

Γ̃a
µa
T fF (1 − fF ),

d
dt n∆a =− 2iµa

T

∫
d3~k
(2π)3 Tr[Γa]fF (1 − fF ) + i

∫
d3~k
(2π)3 Tr[Γ̃a(δρ̄− δρ)].
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Density matrix/Matter-antimatter asymmetry/
Effective Hamiltonian/Interaction rates

I Rates from Klaric/ Shaposhnikov/Timiryasov 2103.165451
I Mass range from 50 MeV to 70 TeV.
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n=2 leptogenesis

(Klaric/Shaposhnikov/Timirsyasov 2008.13771)

Yannis Georis TeVPA 2021 8/13
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n=3 leptogenesis
I 18 new parameters in type-I seesaw:

? 3 light neutrino masses
? 3 complex angles
? 3 Majorana masses
? 3 CP-violating phases
? 3 PMNS angles

I Consistency with ν-oscillation data induced by Casas-Ibarra
parametrisation

F =
i
v Uν

√
mdiag

ν R
√

MM

I Mass degenerate scenario ∆M
M . 0.1, normal ordering and

mlightest ∈ {0, 0.1} eV.

I Theoretical constraints:
1 Perturbative unitarity Γ < M

2
2 Seesaw expansion U2 < 0.1
3 No large radiative corrections (1 − ||mtree

mloop
||)2 < 1

4 .

Yannis Georis TeVPA 2021 9/13
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√
mdiag

ν R
√

MM

I Mass degenerate scenario ∆M
M . 0.1, normal ordering and

mlightest ∈ {0, 0.1} eV.

I Theoretical constraints:
1 Perturbative unitarity Γ < M

2

2 Seesaw expansion U2 < 0.1
3 No large radiative corrections (1 − ||mtree

mloop
||)2 < 1

4 .
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Comparing n = 2 and n = 3.

I Parameter space way larger than in the n = 2 scenario.
I Reaches theoretical constraint at low masses.
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Late equilibration
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Comparison to experimental sensitivities

I Experiments will cut deep into n = 3 parameter space.
I Can expect to produce thousands of displaced vertices at HL-LHC:

Testability !
I Resonant leptogenesis working for masses as low as O(1.7) GeV:

testable at e.g. NA62.
Yannis Georis TeVPA 2021 12/13



Take home message

Conclusion

I Leptogenesis under the TeV-scale is a viable solution, even for
strongly coupled heavy neutrinos.

−→ Soon experimental detection possible!

I Parameter space much larger than for the n = 2 scenario. No upper
bound from leptogenesis in the low mass range.

I Leptogenesis with thermal initial conditions is possible for masses as
low as 1.7 GeV.
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Backup slides
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Results for mlightest = 0.1 eV

I Parameter space smaller for mlightest = 0.1 eV.
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Thermal vs vanishing initial conditions
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B-L approximate symmetry

Naive seesaw bound

U2
i ∼

√
∆m2

atm + m2
light

M . 10−10 GeV
Mi

B-L approximate symmetry

Majorana mass

M̄ ·

1 − µ 0 0
0 1 + µ 0
0 0 µ′


Yukawa coupling

 fe(1 + εe) ife(1 − εe) feε′e
fµ(1 + εµ) ifµ(1 − εµ) fµε′µ
fτ (1 + ετ ) ifτ (1 − ετ ) fτ ε′τ


for µ, ε, ε′ � 1.
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