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1. Introduction
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Particle decay

I Particle ID = mass, lifetime, charge, ...

I All particles, but e and p, eventually decay

I Decay ⇒ identify particles

I Decay process provides information of
particle properties
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Example: H → γγ

[CMS] [CMS]

I The Higgs boson was seen through H → γγ for the first time
I Scan the phase space with dσ/dmγγ to find a peak in γγ final state
I Can GW do a similar job to γγ? e.g. H → X + hµν

https://cds.cern.ch/record/2736135
https://cms.cern/book/export/html/1188
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Boltzmann equation for GWs from particle decay

I χ → X + hµν for example ⇒ production rate of hµν : Rχ→GW

I Boltzmann eq. for ρGW:

ρ̇GW + 4HρGW = Rχ→GW ⇒ ρGW(a0) =
1

a40

∫ af

ai

da
a3

H
Rχ→GW

I GW spectrum:

ΩGW(f) =
1

ρcr,0

dρGW(a0)

d ln f
=

1

ρcr,0

1

a40

∫ af

ai

da
a3

H

[
dRχ→GW

d lnEGW

]
I The differential rate is determined by the property of the decaying particle

I Consider the inflaton decay as an example
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2. GW from the inflaton decay
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Inflationary sector

V (φ)

φ

I Starobinsky-type potential

V (φ) =
3

4
m2

φM
2
P

(
1− e

−
√

2
3

φ
MP

)2

I From ln(1010AS) = 3.044 for
k∗ = 0.05 Mpc−1 with N∗ = 50:

m2
φ =

24π2AS

N2
∗

M2
P ' (3× 1013 GeV)2

I Reheating: Lint = yφφff ⇒ Γφ→ff =
y2φ
8π

mφ

Treh ' 7.7× 104 GeV

(
427/4

greh

)( yφ
10−10

)
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GW from the inflaton decay
I φ → ff + hµν (GW bremsstrahlung) [Nakayama, Tang, ’18; Barman, Bernal, Xu, Zapan, ’23]:

Lint = −hµν
MP

Tµν , T 1/2
µν =

i

4
f(γµ

↔
∂ ν + γν

↔
∂ µ)f

φ = φ0(t)

∞∑
n=−∞

Pne
−iEnt ⇒ M(1)

n = φ

f

hµν

f

+ φ

f

hµν

f

⇒ Γ
(1)
φ =

1

ρφ

∞∑
n=1

∫
En|M(1)

n |2dLIPS

I The final state includes both radiation and GW ⇒ Γ
(1)
φ = Γ

(1)
φ→rad + Γ

(1)
φ→GW:

Γ
(1)
φ→rad =

1

ρφ

∞∑
n=1

∫
(En − EGW)|M(1)

n |2dLIPS

Γ
(1)
φ→GW =

1

ρφ

∞∑
n=1

∫
EGW|M(1)

n |2dLIPS
⇒ Rφ→GW = Γ

(1)
φ→GWρφ

https://arxiv.org/abs/1810.04975
https://arxiv.org/abs/2301.11345
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Distribution of the radiated GW
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I From Rφ→GW = Γ
(1)
φ→GWρφ:

ΩGW(f) ∝
dRφ→GW

d lnEGW
∝ EGW

dΓ
(1)
φ→GW

dEGW

I Differential decay rate (τ = EGW/mφ):

dΓ
(1)
φ→GW

dEGW
=

y2φm
2
φ

64π3M2
P

F (τ)

F (τ) = (1− 2τ)(1− 2τ + 2τ2)

I Peaked at EGW '
mφ

2
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GW spectrum from the inflaton decay
I x ≡ a/ae ⇒ H(x) = Hex

−3/2, ρφ(x) = ρex
−3

⇒ dρGW(areh)

dEGW
=

(
areh
ae

)−4

︸ ︷︷ ︸
redshift

∫ areh/ae

1
dx

x3

H(x)︸ ︷︷ ︸
∝ x+9/2

dΓ
(1)
φ→GW

dEGW
ρφ(x)︸ ︷︷ ︸

∝ x−3

'
(
areh
ae

)−4

︸ ︷︷ ︸
redshift

×
y2φm

2
φρe

160π3HeM2
P

(
areh
ae

)5/2

︸ ︷︷ ︸
production efficiency

I Lesson from this: the integrand ∝ a` ⇒ GW is enhanced for larger `

I GW spectrum in the present universe (EGW = 2πf(a0/areh)):

ΩGW(f) =
1

ρcr,0

dρGW(areh)

d ln f
×

(
a0
areh

)−4

︸ ︷︷ ︸
redshift from areh to a0
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Result (inflaton)
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yφ = 1 10−5 10−10

I GW spectrum:

h2ΩGW(f) ' 1.4× 10−36

(
f

Hz

)( yφ
10−10

)
I Peak frequency:

fpeak ' 3.7× 1018
( yφ
10−10

)−1
Hz

I Peak value:

h2ΩGW(fpeak) ' 5.2× 10−18

How about GWs from other particle decay?
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3. GW from the Higgs decay
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Setup
Consider the Higgs doublet:

Φ =
1√
2

(
χ1 + iχ2

χ3 + iχ4

)
Suppose EW symmetry is unbroken during reheating:

V (χ) =
1

2
m2

χχ
2 +

λ

4
χ4 (m2

χ > 0)

EW symmetry is broken at later times via, e.g., the radiative EW symmetry breaking

m2
χ > 0

χ

m2
χ < 0

χ

I Take mχ as a free parameter
during reheating
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Evolution of the Higgs boson

102 105 108

a/ae

10−36

10−32

10−28

10−24

10−20

10−16

ρφ

ρrad

ρχ

I Suppose φ → χχ via Lint = µφΦ†Φ

Brχ '
4Γφ→χχ

Γφ→ff

= y−2
φ

µ2

m2
φ

I When mχ > T , χ is non-thermal
I Distribution function:

fχ(p, t) '
24π2nχ(t)

m3
φ

(
mφ

2p

)3/2

θ(mφ/2− p)

I nχ follows the Boltzmann eq.

ṅχ + 3Hnχ = BrχΓφρφ/mφ

⇒ nχ =
2BrχΓφρe
3mφHe

[(
a

ae

)−3/2

−
(

a

ae

)−3
]
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GW spectrum from the Higgs decay
I Boltzmann eq. for GW

ρ̇GW + 4HρGW =

∫
EGW|M(1)|2fχ(p, t)

d3p

(2π)32p0
dLIPS3 ∝

dΓ
(1)
χ→GW

dEGW
nχ(t)︸ ︷︷ ︸

∝ a−3/2

I χ → ff is the main decay channel, so the associated GW production is

M(1) = χ

f

hµν

f

yf
+ χ

f

hµν

f

yf
⇒

dΓ
(1)
χ→GW

dEGW
=

y2fm
3
χ

128π3M2
PEGW

F (τ)

(τ = EGW/mχ)

⇒ dρGW(areh)

dEGW
'
(
areh
ae

)−4

︸ ︷︷ ︸
redshift

×
y2fm

4
χBrχΓφρe

640π3m2
φH

2
eM

2
P

(
areh
ae

)4

︸ ︷︷ ︸
production efficiency

I Compare with Rφ→GW ∝ a−3 ⇒ production efficiency ∝ (areh/ae)
5/2
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Result (Higgs boson)
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yφ = 10−5 10−10 10−18

mχ = 1012 GeV 6.3× 108 GeV

I GW spectrum:

h2ΩGW(f) ' 5.5× 10−22

(
f

Hz

)( yφ
10−10

)−1

× y2fBrχ

( mχ

1012 GeV

)4
I Peak frequency:

fpeak ' 1.2× 1017
( mχ

1012 GeV

)( yφ
10−10

)−1
Hz

I yf = 1 and Brχ = 0.1 in the figure
I Large mχ and/or small yφ may be

excluded by BBN
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4. Summary and prospect
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Summary
I GWs from particle decay during reheating
I Typically GWs are high frequencies
I Large h2ΩGW if

• Brχ and Γχ are not too small
• mχ > T ⇒ nonthermal

I yφ & 6.5× 10−19 from BBN, leading to(
y2fBrχ

0.1

)(
mχ

3.8× 108 GeV

)5

. 1

Prospect
I Other processes? (e.g. scatterings)
I Not limited to the Higgs boson decay
I Particles in SUSY and GUT
I Other spins
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