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ℤ4

⟨Φ⟩ = vϕ ≠ 0

ℤ2 Stabilises DM

hαi

Λ
l̄α
LH̃ΦNi

R → mν = hhT
v2

ϕ

Λ2

v2

MN
= yνyT

ν
v2

MN

 massesν DM mass

yχ Φχc χ → Mχ = 100 GeV ( yχ

10−10 ) ( vϕ

1012 )
TeV scale DM with feeble coupling  Large → vϕType I seesaw  Leptogenesis→

Model

Fukugita, Yanagida (1986)

Φ = vϕ + ϕ
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Lepton number violation: Majorana mass term

CP violation: Complex Yukawas yν

Departure from equilibrium: Out-of equilibrium  decays

Lepton asymmetry  Baryon asymmetry via EW sphalerons: → YB = CspY∞
ΔL

εDi ≡
Γ(Ni → lH) − Γ(Ni → l̄H̄)
Γ(Ni → lH) + Γ(Ni → l̄H̄)

CP Asymmetry in N decays

εD1 =
3

16π ∑
m≠1

1

x

Im[(y†
ν yν)2

1m]
(y†

ν yν)11
for x ≫ 1 Hierarchical case

Sakharov (1967)
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εSi ≡
γ(Niϕ → lH̄) − γ(Niϕ → l̄H)
γ(Niϕ → lH̄) + γ(Niϕ → l̄H)

CP Asymmetry in scatterings

εS1 ≈
2

16π ∑
m≠1

1

x

Im[(y†
ν yν)2

1m]
(y†

ν yν)11
(for s̃ ≫ Mi,m and x ≫ 1) High energy limit

hαi

Λ
l̄α
LH̃ΦNi

R → New contribution to leptogenesis:
CP asymmetry, washout

Scattering contributions can be important! 

γs ∝ v−2
ϕ
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Scatterings source asymmetry 
initially but are subdominant later

Scattering contribution is larger 
Mild washout of decay asymmetry

→ Scattering contribution is quite large
Strong washout of decay asymmetry

→

vϕ ≫ Mϕ vϕ ∼ Mϕ vϕ < Mϕ

Scattering negligible Scattering important Scattering important

If  , scatterings will lead to too strong washout  Cannot match observationsvϕ ≪ Mϕ →
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ΔV = μΦ3 + μϕHΦH†H + …Soft  breaking terms:ℤ4

Vbias = μv3
ϕ + μϕH

vϕv2

2
V(ϕ)

ϕ +vϕ−vϕ

Vbias Vacuum degeneracy uplifted  False Vacuum region shrinksVbias → →

Volume pressure force:  (Tension force)  Collapse and annihilation of DWs  Production of GWspV ∼ Vbias > pT → →

DWs: Stable configuration  Long-lived;   Cosmological catastrophe→ ρDW ∼ a−1 →Problem

Make DWs unstable  Introduce bias in the potential→ Solution Vilenkin (1981); Gelmini, Gleiser, 
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ΩGWh2 = Ωph2 (a + b)c

(bx−a/c + axb/c)c

fp ≃ 1.4 × 10−5 Hz × (1.41
𝒜 )1/2( 107 GeV

σ1/3 )3/2( Vbias

107 GeV4 )1/2

Ωph2 ≃ 1.49 × 10−10 × ( ϵ̃GW

0.7 )( 𝒜
1.41 )4( σ1/3

107 GeV )12( 107 GeV4

Vbias )2
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Surface tension
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spectrum
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Sakkara (2017); Roshan, White (2024)



Gravitational Waves
Spectrum
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vϕ = 1011 GeV, Mϕ = 108 GeV

Mϕ = 108 GeV, μ = 10−8 GeV

vϕ = 1011 GeV, μ = 10−8 GeV



Wrapping it up
Parameter Space
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 symmetry to connect type-I seesaw and 
FIMP DM  Requires very large 


Effective interaction  New scattering 
contribution to leptogenesis, more washout


Spontaneous  breaking  Domain wall 
problems


Softly break   DWs collapse producing 
gravitational waves


GW detectors  Probe discrete symmetry 
breaking scale

ℤ4
→ vϕ

→

ℤ4 →

ℤ4 →

→
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Dark Matter
Freeze-in
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Ωχh2 ≈ 1027
gϕ

gs gρ (
Mχ

GeV )
Γϕ→χχ

M2
ϕ

χ

χ

yχΦ, h



CP Asymmetry
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Scattering contribution

εS1 = − 2 ∑
m≠1

Im[(y†
ν yν)2

1m]
(y†

ν yν)11

∫ ds̃ λ(s̃, M2
ϕ, M2

1) /(4 s̃) K1 ( s̃ /T) ∫ Im{𝒜*0 𝒜1}dΩ

∫ ds̃ λ(s̃, M2
ϕ, M2

1) /(4 s̃) K1 ( s̃ /T) ∫ 𝒜0
2

dΩ

Im{𝒜*0 𝒜1} = −
M2

i

32π
x {1 − (1 + x′ )ln [ 1 + x′ 

x′ ]} −
s̃

64π (
x

1 − x )

γ(Niϕ → lH) =
T

512π6

(y†
ν yν)ii

v2
ϕ ∫ ds̃

λ(s̃, M2
ϕ, M2

i ) /4

s̃
K1 (

s̃
T )(s̃ + M2

i − M2
ϕ)π

𝒜0
2

= (M2
i − M2

ϕ + s̃)/4


