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Motivation & Idea
• Dark matter's lifetime should be longer than the age of the Universe.


• If dark matter has interactions, some conditions (e.g., Z2 parity, U(1) symmetry) or 
constraints (e.g., minimal coupling, small mass) are needed.


• Main idea: If dark matter couples only to fermions, Pauli blocking can make dark 
matter live longer without other conditions.


• We calculate the effect of Pauli blocking using: 


• Boltzmann equations


• Quantum Field Theory (QFT)
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The Toy Model: Yukawa Coupling
• 


•  scalar dark matter,  fermion & anti-fermion


• Assumption: Matter-dominated era


• Range of mass & coupling: 


• Lifetime w/o Pauli blocking: 




• Lifetime w/ Pauli blocking: 

ℒ ∋ λψ̄ψϕ

ϕ : ψ & ψ̄ :

mϕ ≲ 0.01 eV, λ ≪ 2 × 10−8 ( mϕ

10−3 eV )
3/4

τϕ,0 =
1

Γϕ
≃ 1.6 × 1013 sec ( 10−12

λ )
2

( 10−3 eV
mϕ ) (1 −

4m2
ψ

m2
ϕ )

−3/2

τϕ ≃ ti (
ρϕ(ti)
mϕ )

1/2

(
p3

ψ

4π2 )
−1/2
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 Result→
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k

Pauli-Blocking Idea

fψ

1/2 or 1

Fermi sphere 
in momentum spaceValue of distribution function

k(tp) = pψ

k(tp) = pψ ≡
1
2

m2
ϕ − 4m2

ψ

 producedψ

Fill the Fermi surface

DM ψ̄ψ

Momentum: 0
Mass: mϕ Mass:mψ

Momentum: pψ
Mass:mψ

Momentum: pψ
mϕ > 2mψ
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k

Pauli-Blocking Idea

fψ

Fermi sphere 
in momentum spaceValue of distribution function

k(tp) = pψ

 producedψ

 stops decayingϕ

1/2 or 1

k(tp) = pψ ≡
1
2

m2
ϕ − 4m2

ψ
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k

Pauli-Blocking Idea

fψ

 redshiftψ

Fermi sphere 
in momentum spaceValue of distribution function

k(t) = pψa(tp)/a(t)

Fermi surface becomes empty

k(t) = pψa(tp)/a(t)

1/2 or 1
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k

 produced againψ

Pauli-Blocking Idea

fψ

 redshiftψ

Fill the Fermi surface again

Fermi sphere 
in momentum spaceValue of distribution function

k(t) = pψa(tp)/a(t)
1/2 or 1

k(tp) = pψ ≡
1
2

m2
ϕ − 4m2

ψ
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Pauli-Blocking Idea

Volume of Fermi spherenϕ(t) ≲

k

fψ

k(t) = pψa(tp)/a(t)

All of the scalar decays

1/2 or 1

k(tp) = pψ ≡
1
2

m2
ϕ − 4m2

ψ

Fermi sphere 
in momentum spaceValue of distribution function

Lifetime with Pauli blocking τϕ

k(t)
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Boltzmann Equation
• Momentum distribution function:


• 


• 


• Number density:


• 


•

∂fϕ( ⃗p, t)
∂t

− H ⃗k ⋅ ⃗∇ ⃗p fϕ( ⃗p, t) = f coll
ϕ ( ⃗p, t)

∂fψ( ⃗k, t)
∂t

− H ⃗k ⋅ ⃗∇ ⃗k fψ( ⃗k, t) = f coll
ψ ( ⃗k, t)

·nϕ(t) + 3H(t)nϕ(t) = − Γϕnϕ(t)(1 − 2fψ(pψ, t))
·nψ(t) + 3H(t)nψ(t) = Γϕnϕ(t)(1 − 2fψ(pψ, t))
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f coll
ϕ ( ⃗p , t) ∝ [fψ( ⃗k , t)fψ̄( ⃗k ′￼, t)(1 + fϕ( ⃗p , t)) − fϕ( ⃗p , t)(1 − fψ( ⃗k , t))(1 − fψ̄( ⃗k′￼, t))]

back-reaction term reaction term
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Dark matter stops decaying 

when  fψ(pψ, t) = 1/2

f coll
ϕ ( ⃗p , t) ∝ [fψ( ⃗k , t)fψ̄( ⃗k ′￼, t)(1 + fϕ( ⃗p , t)) − fϕ( ⃗p , t)(1 − fψ( ⃗k , t))(1 − fψ̄( ⃗k′￼, t))]
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t/t0
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n
(t

)/
(p

3 √
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º
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¡

√

w/o Pauli blocking

Result of Boltzmann Equation
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nϕ(t) ≃
p3

ψ

6π2 nψ =
p3

ψ

6π2

k

fψ

k(tp) = pψ

1/2

ϕ

ψ

( ·nϕ(t) + ·nψ(t)) + 3H(t)(nϕ(t) + nψ(t)) = 0

10°3 10°1 101 103 105

t/t0

0.0

0.2

0.4

0.6

f √
(p

√
,t

)

n¡(ti) = 10°25GeV

n¡(ti) = 10°30GeV

t0 = 1/Γϕ Number density of scalar = 


Volume of Fermi sphere in momentum space

W.Cho, K.Y.Choi, J.Joh, O.Seto. e-Print: 2407.08229 [hep-ph]
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nϕ(t) >
p3

ψ

6π2

k

fψ

k(tp) = pψ

1/2

k(t) = pψa(tp)/a(t)

t < τϕ

ϕ

ψ

10°3 10°1 101 103 105

t/t0

0.0

0.2

0.4

0.6

f √
(p

√
,t

)

n¡(ti) = 10°25GeV

n¡(ti) = 10°30GeV

Scalar couldn’t decay more

Fermion fill the Fermi surface 

W.Cho, K.Y.Choi, J.Joh, O.Seto. e-Print: 2407.08229 [hep-ph]

( ·nϕ(t) + ·nψ(t)) + 3H(t)(nϕ(t) + nψ(t)) = 0

nϕ(t) ≃
p3

ψ

6π2
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nϕ(t) >
p3

ψ

6π2

nϕ(t) <
p3

ψ

6π2

k

fψ

k(tp) = pψ

1/2

k(t) = pψa(tp)/a(t)

t < τϕ

ϕ

ψ

k

fψ

k(tp) = pψ

1/2

k(t) = pψa(tp)/a(t)

t > τϕ

ϕ

ψk(τϕ)
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n¡(ti) = 10°25GeV

n¡(ti) = 10°30GeV

All the scalar decays to fermion

nψ ∝ a−3(t)

W.Cho, K.Y.Choi, J.Joh, O.Seto. e-Print: 2407.08229 [hep-ph]

( ·nϕ(t) + ·nψ(t)) + 3H(t)(nϕ(t) + nψ(t)) = 0

nϕ(t) ≃
p3

ψ

6π2
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Dark matter becomes much more sustainable 

τϕ ≃ ti (
ρϕ(ti)
mϕ )

1/2

(
p3

ψ

4π2 )
−1/2

τϕ,0 = 1/Γϕ →

nϕ(τϕ) ≃
p3

ψ

6π2

W.Cho, K.Y.Choi, J.Joh, O.Seto. e-Print: 2407.08229 [hep-ph]
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Quantum Field Theory
• Distribution function:

fψ, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨a†r

⃗k
ar

⃗k⟩ g ⃗k(t) ≡
1

4Vωk ∑
r

∑
s

⟨bs
− ⃗k

ar
⃗k⟩ v̄s

− ⃗k
ur

⃗k

g*⃗
k
(t) ≡

1
4Vωk ∑

r
∑

s
⟨ar†

⃗k
bs†

− ⃗k⟩ ūr
⃗k
vs

− ⃗k

• Fermion related function:

fψ̄, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨b†r

⃗k
br

⃗k⟩
production→

annihilation→
:fermion

:anti-fermion
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Quantum Field Theory
• Distribution function:

fψ, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨a†r

⃗k
ar

⃗k⟩ g ⃗k(t) ≡
1

4Vωk ∑
r

∑
s

⟨bs
− ⃗k

ar
⃗k⟩ v̄s

− ⃗k
ur

⃗k

g*⃗
k
(t) ≡

1
4Vωk ∑

r
∑

s
⟨ar†

⃗k
bs†

− ⃗k⟩ ūr
⃗k
vs

− ⃗k

• Fermion related function:

fψ̄, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨b†r

⃗k
br

⃗k⟩
production→

annihilation→
:fermion

:anti-fermion

d
dt

⟨𝒪⟩ = − i ⟨[𝒪, Hint]⟩ + ·⟨𝒪⟩• Differential equations:
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Quantum Field Theory
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fψ̄, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨b†r

⃗k
br

⃗k⟩
 production→

annihilation→
:fermion

:anti-fermion

d
dt

⟨𝒪⟩ = − i ⟨[𝒪, Hint]⟩ + ·⟨𝒪⟩

ϕ(x, t) → ϕ(t) = ϕ̄ cos(mϕt)

• Differential equations:

*assumption: oscillation, homogeneous & classical / decay of scalar is negligible
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Quantum Field Theory
• Distribution function:

fψ, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨a†r

⃗k
ar

⃗k⟩ g ⃗k(t) ≡
1

4Vωk ∑
r

∑
s

⟨bs
− ⃗k

ar
⃗k⟩ v̄s

− ⃗k
ur

⃗k

g*⃗
k
(t) ≡

1
4Vωk ∑

r
∑

s
⟨ar†

⃗k
bs†

− ⃗k⟩ ūr
⃗k
vs

− ⃗k

• Fermion related function:

fψ̄, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨b†r

⃗k
br

⃗k⟩
 production→

annihilation→
:fermion

:anti-fermion

d
dt

⟨𝒪⟩ = − i ⟨[𝒪, Hint]⟩ + ·⟨𝒪⟩

ϕ(x, t) → ϕ(t) = ϕ̄ cos(mϕt)
·fψ, ⃗k = iλϕ̄ (g ⃗k − g*⃗

k ) cos mϕt

·fψ̄, ⃗k = iλϕ̄ (g− ⃗k − g*
− ⃗k) cos mϕt

·g ⃗k = − i 2ωkg ⃗k(t) + λϕ̄ { k2

ω2
k

(1 − fψ, ⃗k − fψ̄,− ⃗k) +
2mψ

ωk
g ⃗k} cos mϕt

• Differential equations:

*assumption: oscillation, homogeneous & classical / decay of scalar is negligible

 |production - annihilation|→

*Pauli blocking term

In boson case, 1 + fχ, ⃗k + fχ,− ⃗k

Ref. T.Moroi, W.Yin, JHEP 03 (2021), 296
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Modified from W.Cho, K.Y.Choi, J.Joh, O.Seto. e-Print: 2407.08229 [hep-ph]

Conditions: q ≡ λϕ̄/mϕ = 0.01, τ0 = 102q−2

fψ

gk

Relations: fψ,k(1 − fψ,k) = gkg*k = |gk |2
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k(τ0) = mϕ/2
Fixed comoving momentum

Conditions: q ≡ λϕ̄/mϕ = 0.01, τ0 = 102q−2

Modified from W.Cho, K.Y.Choi, J.Joh, O.Seto. e-Print: 2407.08229 [hep-ph]

Relations: fψ,k(1 − fψ,k) = gkg*k = |gk |2
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1 −
2
3

q ≲
τ
τ0

≲ 1 +
2
3

q = narrow band

where q =
λϕ̄
mϕ

k(τ0) = mϕ/2

Conditions: q ≡ λϕ̄/mϕ = 0.01, τ0 = 102q−2

Modified from W.Cho, K.Y.Choi, J.Joh, O.Seto. e-Print: 2407.08229 [hep-ph]



7th CUBES Workshop 2025.04.26

Result of Quantum Field Theory

25

Pauli blocking is workingfψ → 1 ⇒

1 −
2
3

q ≲
τ
τ0

≲ 1 +
2
3

q = narrow band

where q =
λϕ̄
mϕ

k(τ0) = mϕ/2

Conditions: q ≡ λϕ̄/mϕ = 0.01, τ0 = 102q−2

Modified from W.Cho, K.Y.Choi, J.Joh, O.Seto. e-Print: 2407.08229 [hep-ph]
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Example_100% Dark Matter

• Dark matter (condensed scalar): 


• Energy density of dark matter: 


• Lifetime w/o Pauli blocking: 


• Lifetime w/ Pauli blocking: 

ϕ(t) = ϕ̄ ( a(t)
a(t0) )

−3/2

cos(mϕt)

ρϕ(t0) =
1
2

m2
ϕϕ̄2 ≃ 3.7 × 10−47 GeV4

τϕ,0 ≃ 1.6 × 1013 sec ( 10−12

λ )
2

( 10−3 eV
mϕ )

τϕ ≃ 132 × t0 ( 10−3 eV
mϕ )

2

26

: age of the Universet0 ≃ 4.3 × 1017 sec
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Conclusion
• When the scalar field can decay only to the fermions, the  Pauli blocking can delay 

the decay of the DM 
 the lifetime getting longer than the age of the Universe.


• The results from using Boltzmann equations and QFT shows the Pauli blocking is 
working.


• In the example, as the scalar is 100% dark matter, the lifetime becomes 100 times 
the age of the Universe where , and independent of the coupling 

→

mϕ ≃ 10−3 eV λ

27



Appendix
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Isotropic Fermion

• Scalar DM is condensate when the mass is small 


• Lots of dark matter decays into fermion almost at the same time


• Since the direction of the fermion is determined randomly, the fermion becomes 
isotropic ⇒ fψ( ⃗k, t) = fψ(k, t)

29
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Boltzmann Equation Collision Term

30

f coll
ϕ ( ⃗p , t) =

1
2E ⃗p ∫

d3 ⃗k′￼

(2π)32E ⃗k′￼

d3 ⃗k
(2π)32E ⃗k

(2π)4δ4(p − k′￼− k) |ℳ |2

× [fψ( ⃗k , t)fψ̄( ⃗k ′￼, t)(1 + fϕ( ⃗p , t)) − fϕ( ⃗p , t)(1 − fψ( ⃗k , t))(1 − fψ̄( ⃗k′￼, t))]
→ nϕ(1 − 2fψ)
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Boltzmann Equation without Expansion
• Momentum distribution function:


• 


• 


• Number density:


• 


•

∂fϕ( ⃗p, t)
∂t

= f coll
ϕ ( ⃗p, t)

∂fψ( ⃗k, t)
∂t

= f coll
ψ ( ⃗k, t)

·nϕ(t) = − Γϕnϕ(t)(1 − 2fψ(pψ, t))
·nψ(t) = Γϕnϕ(t)(1 − 2fψ(pψ, t))

31

Dark matter stops decaying 

when  fψ(pψ, t) = 1/2

⇒ nϕ(t) + nψ(t) = nϕ(t) +
p3

ψ

π2
fψ(pψ, t) = C0 : Total number density
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Boltzmann Equation without Expansion
• Solution:


 





•           


• 


1
nϕ(t)

=
B
A

+ ( 1
nϕ(0)

−
B
A ) eA(t−t0)

= (C0 −
p3

ψ

4π2 )
−1

+
1

nϕ(t0)
− (C0 −

p3
ψ

4π2 )
−1

Exp (Γϕ(1 − C0
4π2

p3
ψ

)(t − t0))
C0 −

p3
ψ

4π2
= nϕ(t) +

p3
ψ

2π2 (fψ(pψ, t) −
1
2 ) < 0 ⇒ nϕ(t) → 0, fψ →

2π2

p3
ψ

C0

C0 −
p3

ψ

4π2
= nϕ(t) +

p3
ψ

2π2 (fψ(pψ, t) −
1
2 ) > 0

⇒ nϕ(t) → nϕ(t0) −
p3

ψ

2π2 ( 1
2

− fψ(pψ, t0)), fψ →
1
2

32
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Boltzmann Equation without Expansion
Analytical results

33

10°4 10°2 100 102 104

t/t0

10°3

10°2

10°1

100

101

n
(t

)/
(p

3 √
/2

º
2 )

¡

√

w/o Pauli blocking

⇒ nϕ(t) → 0

nϕ(t) + nψ(t) <
p3

ψ

2π2

nψ(t) → nϕ(ti), fψ →
2π2

p3
ψ

nϕ(ti)

nϕ(ti) = 0.1 ⋅
p3

ψ

2π2
, nψ(ti) = 0

nϕ(t) + nψ(t) >
p3

ψ

2π2

⇒ nϕ(t) → nϕ(t0) −
p3

ψ

π2 ( 1
2

− fψ(pψ, t0)),

nψ(t) →
p3

ψ

2π2
, fψ →

1
2

nϕ(t) + nψ(t) = nϕ(t) +
p3

ψ

π2
fψ(pψ, t) = C0

nϕ(ti) = 10 ⋅
p3

ψ

2π2
, nψ(ti) = 0
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Boltzmann Equation with Expansion
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10°3 10°1 101 103 105

t/t0

0.0
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f √
(p

√
,t

)

n¡(ti) = 10°25GeV

n¡(ti) = 10°30GeV

10°3 10°1 101 103 105

t/t0

0.0

0.2

0.4

0.6

f √
(p

√
,t

)

n¡(ti) = 10°25GeV

n¡(ti) = 10°30GeV

·nϕ(t) + 3H(t)nϕ(t) = − Γϕnϕ(t)(1 − 2fψ(pψ, t))
·nψ(t) + 3H(t)nψ(t) = Γϕnϕ(t)(1 − 2fψ(pψ, t))
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Quantum Field Theory
• Hamiltonian:

Hint(t) = λ∫ d3xϕ(x)ψ(x)ψ(x)

Hfree = ∫
d3p

(2π)3 ∑
s

ω ⃗p (as†
⃗p
as

⃗p + bs†
⃗p
bs

⃗p )

• Particles/Fields:
ϕ(t) = ϕ̄ cos(mϕt)

ψ(x) = ∑
s

∫
d3p

(2π)3

1

2ωp
(as

⃗p(t)us
⃗pe−i ⃗p⋅ ⃗x + bs†

⃗p
(t)vs

⃗pei ⃗p⋅ ⃗x)

ψ̄(x) = ∑
s

∫
d3p

(2π)3

1

2ωp
(as†

⃗p
(t)ūs

⃗pei ⃗p⋅ ⃗x + bs
⃗p(t)v̄s

⃗pe−i ⃗p⋅ ⃗x)

• Distribution function:

fψ, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨a†r

⃗k
ar

⃗k⟩

g ⃗k(t) ≡
1

4Vωk ∑
r

∑
s

⟨bs
− ⃗k

ar
⃗k⟩ v̄s

− ⃗k
ur

⃗k

g*⃗
k
(t) ≡

1
4Vωk ∑

r
∑

s
⟨ar†

⃗k
bs†

− ⃗k⟩ ūr
⃗k
vs

− ⃗k

• Fermion related function:

fψ̄, ⃗k(t) ≡
1
2 ∑

r

1
V ⟨b†r

⃗k
br

⃗k⟩

 production→

annihilation→

*assumption: oscillation, homogeneous & classical
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Quantum Field Theory without Expansion
• Differential equations


• 


• 


• 


• 


• Differential equations 


• 


• 


• 


• where  

ϕ(x, t) → ϕ(t) = ϕ̄ cos(mϕt)

·fψ, ⃗k = iλϕ̄ (g ⃗k − g*⃗
k ) cos mϕt

·fψ̄, ⃗k = iλϕ̄ (g− ⃗k − g*
− ⃗k) cos mϕt

·g ⃗k = − i [2ωkg ⃗k(t) + λϕ̄ { k2

ω2
k

(1 − fψ, ⃗k − fψ̄,− ⃗k) +
2mψ

ωk
g ⃗k} cos mϕt]

dfk
dτ

= q [2ξk sin (2ω̃kτ) − 2ηk cos (2ω̃kτ)] cos τ

dξk

dτ
= q [(1 − 2fk) sin(2ω̃kτ)] cos τ

dηk

dτ
= − q [(1 − 2fk) cos (2ω̃kτ)] cos τ

gk(t) = e−2iωkt[ξk(t) + iηk(t)], τ = mϕt, q = λϕ̄/mϕ, and ω̃k = ωk /mϕ

36
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Quantum Field Theory without Expansion

37

fk(τ) ≃ sin2 [ 1
2

q (τ + cos τ sin τ)] ∼ sin2(qτ/2)

ηk(τ) ≃ −
1
2

sin [q(τ + cos τ sin τ)] ∼ −
1
2

sin(qτ)

• Approximate solutions:

0 500 1000 1500 2000
-0.5

0.0

0.5

1.0

10-1 100 101 102 103 104
10-6
10-5
10-4
10-3
10-2
10-1
100

 average value is 1/2→

 oscillatefk(t)

e-Print: 2407.08229 [hep-ph] e-Print: 2407.08229 [hep-ph]

*approximation: ωk ∼ mϕ/2 ⇒ ξk(τ) ≃ 0
*assumption: mψ = 0

gk(t) = e−2iωkt[ξk(t) + iηk(t)]
τ = mϕt, q = λϕ̄/mϕ, and ω̃k = ωk /mϕ
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Quantum Field Theory without Expansion
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100 101 102 10310-6
10-5
10-4
10-3
10-2
10-1

ω = 0.1mϕ

10-1 100 101 102 10310-6
10-5
10-4
10-3
10-2
10-1

ω = mϕ

When  is far from ωk mϕ/2

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

0.5

fk(τ) ≃
q2 (1 + 12ω̃2

k + (−1 + 4ω̃2
k)cos(2τ) − 8ω̃k(2ω̃k cos(τ)cos(2ω̃kτ) + sin(τ)sin(2ω̃kτ)))

2(1 − 4ω̃2
k)2

ξk(τ) ≃
−q (−2ω̃k + 2ω̃k cos(τ)cos(2ω̃kτ) + sin(τ)sin(2ω̃kτ))

−1 + 4ω̃2
k

ηk(τ) ≃
q (cos(2ω̃kτ)sin(τ) − 2ω̃k cos(τ)sin(2ω̃kτ))

−1 + 4ω̃2
k
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Quantum Field Theory with Expansion
• Differential equations:


• 


• 


• Differential equations:


• 


• 


•

·fk = kH
∂fk
∂k

+ iλϕ(t)(gk − g*k )
·gk = kH

∂gk

∂k
− i [2Ωk(t)gk(t) + λϕ(t){ K(t)2

Ω(t)2 (1 − 2fk) +
2mψ

Ω(t)
gk}]

df*(τ)
dτ

= q ( τ
τ0 )

−1

(2ξ*(τ)sin 2Θ(τ) − 2η*(τ)cos 2Θ(τ)) cos τ

dξ*(τ)
dτ

= q ( τ
τ0 )

−1

[(1 − 2f*(τ)) sin 2Θ(τ)] cos τ

dη*(τ)
dτ

= − q ( τ
τ0 )

−1

[(1 − 2f*(τ)) cos 2Θ(τ)] cos τ

39

Ω(τ) = ( τ0

τ )
2/3

ωk

q =
λϕ̄
mϕ

, K̃(t) =
K(t)
mϕ

, Ω̃(t) =
Ω(t)
mϕ

K(t) =
a0

a(t)
̂k =

mϕ

2

Θ(τ) =
3ωk

mϕ
τ0 ( τ

τ0 )
1/3

fk(1 − fk) = ξ2
k + η2

k = gkg*k ≥ 0
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Quantum Field Theory with Expansion
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8. × 105 9. × 105 1.0 × 106 1.1 × 106 1.2 × 106
-0.5

0

0.5

1  instead of fψ → 1 fψ → 1/2

“The difference can be cured if the factor 
 in the Boltzmann equation is modified 

to ”
1 ± 2fψ

1 ± fψ
Boson case: Ref. Takeo Moroi, et al. JHEP 03 (2021), 296
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*assumption: mψ = 0

e-Print: 2407.08229 [hep-ph]
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Comparison between Boltzmann & QFT
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Example_Type-II seesaw mechanism
• Lagrangian of Yukawa interaction: 




• Left-handed neutrino mass matrix: 



• The scalar potential: 
 

 

         

         

ℒYukawa ⊃ −
1

2
Yij

ΔliC
L ⋅ Δlj

L + h . c .

(ℳν)ij
= Yij

ΔvΔ

V = V1 + V2

V1 = − ̂μ1
2 Φ

2
+

1
2

λ1 Φ
4

+ ̂μ3
2 Tr (Δ†Δ) +

1
2

Λ1 (Tr (Δ†Δ))
2

+
1
2

Λ2 ((Tr (Δ†Δ))
2

− Tr [(Δ†Δ)2])
+Λ4 Φ

2
Tr (Δ†Δ) + Λ5Φ† [Δ†, Δ] Φ −

Λ6

2
(ΦT ⋅ ΔΦ +  H.c. )

V2 =
1
2

μ2
SS2 +

1
4

λSS4 +
1
2

λS1S2 Φ
2

+
1
2

λSΔS2 Tr (Δ†Δ) −
λ6

2
S (ΦT ⋅ ΔΦ +  H.c. )

42

lL :

Δ :

left-handed lepton doublet

triplet Higgs field

Φ : SM doublet Higgs

S : Real singlet scalar

(dark matter candidate)
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τϕ ≃ 132 × t0 ( 10−3 eV
mϕ )

2

(MD), τϕ ≃ 3.8 × t0 (log ( mϕ

10−3 eV )
4

)(DE)
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Example_Type-II seesaw mechanism
• Neutral component: 


• The unitary matrix diagonalizing the mass-squared matrix: 




• Decay rate: 
 

                    

                    

where  

S, Φ and Δ → s, ϕ0 and δ0

U =
Us1 Us2 Us3
Uϕ01 Uϕ02 Uϕ03

Uδ01 Uδ02 Uδ03

Γ (ϕ1 → νν) ∼
1

4π
YΔUδ01

2
mϕ1

∼
mϕ1

4π
m2

ν

v2
Δ

Uδ01
2

≃ 8 × 10−43 GeV ( mϕ1

10−3 eV ) ( mν

10−6 eV )
2

( 1 keV
νΔ )

2 Uδ01
2

10−11

Uδ01 ∼
M2

δ0

M2
δ0δ0

≃
λ6v2

̂μ2
3

≃ 10−5 ( λ6

0.1 ) ( 104 GeV
̂μ3 )

2

⇒ Γ−1 > 𝒪(10)t0
44


