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Standard Model of particle physics Massless  
Neutrinos

[ I. Esteban et al, JHEP 12 (2024) 216]

Massive  
Neutrinos

Need to introduce BSM physics



Type I seesaw and neutrino mass

Type-I seesaw: SM + 3 Right handed neutrinos 

ℒBSM = Yν
αiℓ̄Lα

H̃Ni +
1
2

MNN̄cN + h . c .
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[Minkowsky, 1977; Yanagida, 1979; 

Gell-Mann,Ramond,Slansky,1979;


Mohapatra,Senjanovic,1980]

[see Prof. Xing’s slide]



Type I seesaw and Baryogenesis via Leptogenesis

Type-I seesaw: SM + 3 Right handed neutrinos 

ℒBSM = Yν
αiℓ̄Lα

H̃Ni +
1
2

MNN̄cN + h . c .

CP Violation Lepton number 

violation

Decay of RHN below T<MOut of equilibrium dynamics
[N → ℓ + H ]
[N → ℓ̄ + H†]

} ΔL ≠ 0

Sphaleron

 Transition

ΔB ≠ 0

• C and CP violation

• baryon number violation

• Out of equilibrium dynamics

[Sakharov,1965]

Dynamically generate baryon asymmetry

YB = 8.7 × 10−11Observed 

Baryon asymmetry [Planck, 2018]

[Fukugita, Yangida, 1986; Luty 1992; 

Covi, Roulet, Vissani 1996]

YB =
nB − nB̄

s



Type I seesaw, Leptogenesis and neutrino mass

Note:

mν ∼
(Yνv)2

2MN
mν ∼ 0.05 eV MN ∼ 1014Y2

ν GeV

[crude estimation]

Neutrino mass

M1 < M2 < M3 RHNs are in thermal bath before decay

|ϵ1 | ≲
3

8π
M1(m3 − m1) M1 ≳ 108 GeV

Large RHNS

Direct experimental test is impossible

+

Leptogenesis (thermal)

[see Prof. Yang’s Talk]



Type I seesaw, Leptogenesis and neutrino mass, Gravitational waves 

Gravitational Waves can help probing the 
Seesaw/Leptogenesis scale

N1

ℓL

H

N1

ℓ̄L

H†



How do we get the diagrams?

S = ∫ d4x −g [2κ−2ℛ + ℒSM + ℒN]

gμν = ημν + κhμν + κ2hμλhνλ + . . .

ℒϕ = gμν(Dμϕ)*(Dμϕ) − m2ϕ*ϕ + . . . ℒψ =
i
2 (ψ̄ γμ( ∇μ − ieAμ)ψ) − ψ̄ ( ∇μ + ieAμ)γμψ − mψ̄ ψ)

ℒg
int = −

κ
2

hμνT
μν
X

Tμν
ψ =

i
4 [ψ̄γμ∂νψ + ψ̄γν∂νψ] − ημν [ i

2
ψ̄γα∂αψ − mψψ̄ ψ]

Tμν
s = ∂μs∂νs − ημν [ 1

2
∂αs∂αs − V(s)]



How do we get the diagrams?

S = ∫ d4x −g [2κ−2ℛ + ℒSM + ℒN]

gμν = ημν + κhμν + κ2hμλhνλ + . . .

ℒϕ = gμν(Dμϕ)*(Dμϕ) − m2ϕ*ϕ + . . . ℒψ =
i
2 (ψ̄ γμ( ∇μ − ieAμ)ψ) − ψ̄ ( ∇μ + ieAμ)γμψ − mψ̄ ψ)

ℒg
int = −

κ
2

hμνT
μν
X

fL fL b b

hµν hµν

P1 P2

i
MP

[P1μP2ν + P1νP2μ − ημν(P1 . P2 + μ2)]
−i

4MP
[(P1 + P2)μγνℙL + (P1 + P2)νγμℙL

−2ημν(γaPa
1 + γbPb

2)ℙL]

P1 P2



Decay rates

dΓ1→3

dEk
=

(Y†
ν Yν)11

128π3

M2
1

M2
p

𝒢(x)

(1 − x)2(1 − 2x)/x x = Ek /M1

IR divergence

Note:
For small Ek :
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IR divergenceTwo      
  

[S. Weinberg, 1965]

Note:
For small Ek :



Decay rates

dΓ1→3

dEk
=

(Y†
ν Yν)11

128π3

M2
1

M2
p

𝒢(x)

(1 − x)2(1 − 2x)/x x = Ek /M1Note:
For large Ek : dΓ1→3

dEk
= 0 [kinematic contraint]



Gravitational wave relic

dΓ1→3

dEk
=

(Y†
ν Yν)11

128π3

M2
1

M2
p

𝒢(x)

(1 − x)2(1 − 2x)/x

x = Ek /M1

d
dt ( dρGW

dEk ) + 4ℋ
dρGW

dEk
=

Ek

M1

dΓ1→3

dEk
nN1

EN1

Ω0
GWh2 = [ h2

ρ0
c

Ek
dρGW

dEk ]
0

= h2 (
Ω0

γ

ρ*R ) Ek* [ dρGW

dEk ]
*
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Gravitational wave relic
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Actual scenario: with Leptogenesis

d
dt ( dρGW

dEk ) + 4ℋ
dρGW

dEk
=

Ek
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dΓ1→3

dEk
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dt
+ 3ℋnN1

= − (nN1
− neq
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)⟨ΓN1

⟩ − nN1
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dnB−L

dt
+ 3ℋnB−L = − [(nN1

− neq
N1

)εℓ + nB−L

neq
N1

neq
l ]⟨ΓN1

⟩

Assumption: Initially, lightest RHN is in thermal equilibrium

M1 = 1010 GeV Thermal Leptogenesis



Assumption: Initinally, lightest RHN is in thermal equilibrium

Actual scenario: with Leptogenesis

d
dt ( dρGW
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Actual scenario: with Leptogenesis
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Actual scenario: with Leptogenesis
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For  GeV, complete 
washout of lepton asymmetry by 

M1 > 1013

ℓL + H → ℓ̄L + H†



Actual scenario: with Leptogenesis
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MN

2
NcN ϕNcN

T* = 1012 GeV :  gets large vev and RHN gets huge massϕ

M1 = 1015 GeV

No inverse decay 

“Non thermal” Leptogenesis

Actual scenario: with nonthermal Leptogenesis
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Very high frequency  

No contamination 

detectable in future 
experiments 



Conclusion:

• High scale seesaw mechanism can generate baryon asymmetry via Leptogenesis 
mechanism.


• We cannot probe high scale seesaw mechanism in colliders.


• Gravitational bremsstrahlung from this heavy seesaw state decay provides a new 
source of stochastic high frequency gravitational waves.


• Although strength is suppressed due to the presence of Planck mass, the signal is 
not contaminated by other gravitational wave sources.


• Though undetectable with current experiments, such spectra encode early-
Universe particle physics at extremely high scales.


• Future cavity experiments may have the ability to detect such signal and probe 
the High scale seesaw along with Leptogenesis mechanism.



Thank you!!


