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Traditional seesaw mechanisms provide an elegant theoretical framework in explaining the tiny yet
nonzero masses of neutrinos. Nevertheless, they face significant challenges in experimental searches,
primarily because the energy scale associated with the seesaw mechanism is too high to be directly reached
by terrestrial experiments. In this paper, we explore the gravitational waves (GWs) generated via graviton
bremsstrahlung during the decay of seesaw particles in the early Universe. Specifically, we compute the
GW spectrum resulting from the decay of the Higgs triplet within the type-II seesaw model. Our results
demonstrate that the resulting GW spectrum depends sensitively on the mass of the Higgs triplet and its
couplings to the Standard Model Higgs doublet and the left-handed lepton doublets. The detection of such a
high-frequency GW background could offer a unique experimental window into the seesaw mechanism
and provide indirect evidence for its validity.
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I. INTRODUCTION

The origin of the tiny but nonzero neutrino masses is a
longstanding puzzle in particle physics. The seesaw mecha-
nism [1–5], which extends the standard model (SM) with
seesaw particles, such as right-handed neutrino singlets or
scalar triplet with Y ¼ 1, has been so far the most elegant
one to accommodate the active neutrino masses. Notably,
the seesaw mechanism also provides explanation to the
matter-antimatter asymmetry of the Universe via the lepto-
genesis mechanism [6]. All those observations make the
testing of the seesaw mechanism a topic deserving meticu-
lous investigation.
However, it is difficult to test the seesaw mechanism

using the terrestrial experiments considering that the see-
saw scale is approaching to the scale of the grand
unification theory (GUT). Although many TeV scale see-
saw mechanisms [7–11] have been proposed, they loss
simplicity and naturalness in explaining the active neutrino
masses. Given that a direct test is not possible, several
indirect detection methods have been proposed, which
includes examining the lepton-flavor-violating process in
precision measurements [12], lepton number violation in

neutrino-less double beta decay [13], or testing lepto-
genesis with cosmological collider [14].
Since their discovery by ground-based interferometers

[15], gravitational waves (GWs) have become a new probe
of the early Universe physics, as they allow us to bypass the
cosmic fog that obscures light and offer a direct window
into epochs and physical processes—such as inflation
[16–20,20–30], GUT [31–33], dark matter [34–37], and
cosmic phase transitions [34,38–41]—that would other-
wise be inaccessible. There are proposals for detecting
GW spectrum in various frequency bands. Especially,
efforts are underway in designing new facilities for
testing high frequency GW, which mainly arise from
the physics at high energy scale. It has been shown
[42–46] that the thermal GW background, an analog of
the cosmic microwave background, reflects the energy
distribution of the SM plasma form which they are
produced by microscopic collisions. Mapping these
observations into neutrino physics, one can conclude
that GW can be taken as an indirect probe of the seesaw
mechanism. Actually, people have attempted to observ-
ing leptogenesis with GWs spectrum form graviton
bremsstrahlung in decays of right-handed neutrinos
during leptogenesis [47–50].
In this paper, we study the GW spectrum induced from

the type-II seesaw mechanism, which extends the SM with
a Y ¼ 1 scalar triplet Δ that couples to left-handed lepton
doublets lL as well as SM Higgs doublet H. Our results
differ from the study of GWs induced by the type-I seesaw
model in the following ways: (1) there are two decay
channels in the type-II seesaw model, namely Δ → HH
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and Δ → lLlL, the interplay of which may explicitly
modify the decoupling temperature of the Δ in the early
Universe; (2) the GW spectrum from the type-II seesaw
mechanism is relevant to the match between these two-type
interactions. Our illustrative numerical results show that the
GW spectrum induced by the bremsstrahlung in the decay
of the Higgs triplet is accessible by the proposed cavity
facilities [51,52] which are designed for the direct detection
of high frequency GWs.
The remaining the paper is organized as follows: In

Secs. II and III, we give a brief overview on the type-II
seesaw mechanism and the decay of the Higgs triplet as
well as its evolution in the early Universe. Section IV is
devoted to the calculation of the GW spectrum. The last
part is conclusion remarks. The detail of the calculation,
including the Feynman rules and the squared amplitudes
are given in the Appendixes A and B.

II. THE TYPE-II SEESAW MODEL

The type-II seesaw mechanism extends the SM with a
SUð2ÞL triplet scalar field Δ with hypercharge Y ¼ 1. The
matrix representation of Δ reads as [53]

Δ ¼
0
@ Δþffiffi

2
p Δþþ

Δ0 − Δþffiffi
2

p

1
A ð1Þ

where Δþþ, Δþ, and Δ0 are the doubly charged, singly
charged and neutral components, whose charge conjugate

states are denoted as Δ−−, Δ−, and Δ0, respectively. The
relevant Lagrangian is given by

L ¼ LSM þ Tr½ðDμΔÞ†ðDμΔÞ� − VðH;ΔÞ

−
1

2
Yij
Δl

C
Liiσ2ΔlLj þ H:c: ð2Þ

where Dμ is the covariant derivative, lL is the left-handed
lepton doublet with YΔ the 3 × 3 symmetric Yukawa
coupling between the Higgs triplet and lepton doublets,
C ¼ iγ2γ0 being the charge conjugation operator. VðH;ΔÞ
is the potential taking the following form

VðH;ΔÞ ¼ −μ2HH†H þ λðH†HÞ4 þM2
ΔTr½Δ†Δ�

þ λsTr½Δ†Δ�2 þ λhsTr½Δ†Δ�ðH†HÞ

−
1

2
μHTiσ2Δ†H þ H:c:; ð3Þ

where MΔ is the mass of the Higgs triplet, λ, λs and λhs are
quartic couplings, μ is a dimension one parameter describ-
ing triple coupling between the Higgs doublet and the
triplet. After the electroweak symmetry breaking, the SM
Higgs doublet acquires a vacuum expectation value (VEV)
v0 ¼ 246 GeV [54]. The last term in the Lagrangian (3)
induces a VEV for the neutral component of the Higgs
triplet, vΔ. In the limit of MΔ ≫ v0, the VEVof the Higgs
triplet can be approximated as

vΔ ≃
μv20
4M2

Δ
: ð4Þ

The neutrino mass matrix is then generated as

Mij
ν ¼ Yij

ΔvΔ ¼ Yij
ν
μv20
4M2

Δ
; ð5Þ

which can be diagonalized by the 3 × 3 Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix U [55–57],

U†MνU� ¼ diagfm1; m2; m3g ð6Þ

where m1, m2, and m3 are the mass eigenvalues of active
neutrinos, and U can be parametrized as

U ¼

0
BB@

c12c13 s12c13 s13e−iδCP

−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13

1
CCAdiagðeiΦ1=2; 1; eiΦ2=2Þ ð7Þ

where sij ¼ sin θij, cij ¼ cos θij, δCP is the Dirac CP-violating phase, and Φ1 and Φ2 are the Majorana phases. Using data
from from various neutrino oscillation experiments, the global fit results for neutrino masses and mixing parameters are
presented in Table I [58–60] for both normal hierarchy (NH) and inverted hierarchy (IH).
The recent DESI data [61,62] prefers the normal hierarchy of neutrino masses [63] and the lightest neutrino mass can be

taken as massless, so the neutrino masses may be given as

0 ∼m1 ≪ m2 ≈
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

21

q
≈ 8.6 × 10−3 eV < m3 ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

32 þ Δm2
21

q
≈ 5.0 × 10−2 eV: ð8Þ

Using the normal hierarchy data listed in Table I and setting the Majorana phases to Φ1 ¼ Φ2 ¼ 0 for simplicity, the
Yukawa matrix YΔ is given by
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YΔ≈
10−3 eV

vΔ

0
B@

2.4−1.1i −0.13þ4.0i −6.0þ4.4i

−0.13þ4.0i 26þ0.48i 21þ0.074i

−6.0þ4.4i 21þ0.074i 29−0.42i

1
CA:

ð9Þ

There are constraints on the vΔ from the precision mea-
surements of the ρ-parameter [64,65] and ensuring that the
observed neutrino masses are generated while maintaining
the perturbative Yukawa couplings [66], which give the
upper bound and lower bound. One has

2.56 GeV≳ vΔ ≳ 0.05 eV: ð10Þ

These bounds can be translated into constraints on the
parameter μ as

10 GeV
M2

Δ
v20

≳ μ ≳ 0.2 eV
M2

Δ
v20

: ð11Þ

Given these constraints one can analyze the decay of the
Higgs triplet, which will be done in the next section.

III. HIGGS TRIPLET EVOLUTION
IN THE EARLY UNIVERSE

Given Lagrangian (2), we can directly extract the
Feynman rules for various vertices, which are presented
in the Appendix A, and use them to calculate the decay
widths of the Higgs-triplet components. Decay widths for
the dilepton channel are given by [53,58,67]

ΓΔþþ→eþi e
þ
j
¼ jYij

Δj2
δij þ 1

MΔ

16π
; ΓΔþ→eþi ν̄j

¼ jYij
Δj2

MΔ

32π
;

ΓΔ0→ν̄iν̄j
¼ jYij

Δj2
δij þ 1

MΔ

16π
ð12Þ

and decay widths for the di-Higgs channel are given by

ΓΔþþ→HþHþ ¼ μ2

32πMΔ
; ΓΔþ→HþH0 ¼ μ2

32πMΔ
;

ΓΔ0→H0H0 ¼ μ2

32πMΔ
ð13Þ

where δij is the Kronecker delta function. The charge
conjugate partner of the Higgs triplet components shares
the same decay width. The total decay width, summed over
rates for all decay channels, is given by

ΓΔ ¼
X
i≥j

ΓΔ→lLilLj
þ ΓΔ→HH ¼

X
i;j

jYij
Δj2

MΔ

32π
þ μ2

32πMΔ

¼ MΔ

32π

�
2.57 × 10−3 eV2

v2Δ
þ 16M2

Δv
2
Δ

v40

�
; ð14Þ

where i and j run from 1 to 3. In the first row, the
summation over i and j is restricted to i ≥ j to avoid double
counting for symmetric final states under the exchange of i
and j. In the second row, we have used numerical results
given in the Eq. (9). Branching ratios are defined as

BRL ¼
P

i≥jΓΔ→lLilLj

ΓΔ
; BRH ¼ ΓΔ→HH

ΓΔ
: ð15Þ

We plot the total decay width and the branching ratios as
functions of vΔ for fixed value ofMΔ in the left-panel of the
Fig. 1. It shows that the branching ratios for the dilepton
and di-Higgs channels become equal and the total decay
width is minimized when

vΔ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0.01 eV
MΔ

s
v0: ð16Þ

We show in the right-panel of the Fig. 1 two branching
ratios as the function of vΔ by setting MΔ ¼ 1014 GeV,
which shows that two branching ratios equal with each
other at vΔ ∼ 7.8 × 10−2 eV.
Now we can evaluate the evolution of the Higgs triplets

in the early Universe. Assuming that the mass of the Higgs
triplet is smaller than the reheating temperature,MΔ < Trh,
the Higgs triplet is initially relativistic and remain in
thermal equilibrium with the SM particles through gauge
interactions [49]. Specifically, the Higgs triplet reaches
thermal equilibrium with the SM plasma if its interaction
rate Γg exceeds the Hubble expansion rate Hrh at the time
of reheating, i.e., ΓgðTrhÞ > Hrh. Given that the Higgs
triplet carries both isospin and hypercharge, it can interact
with Standard Model particles through gauge interactions.
The thermally averaged interaction rate at the reheating
temperature is estimated as ΓgðTrhÞ ∼ g2Trh [68] where g

TABLE I. Neutrino oscillation parameters with their best-fit
values for both normal hierarchy (NH) and inverted hierarchy
(IH) [59,60]. Δm3l ¼ Δm31 for NH and Δm3l ¼ Δm32 for IH.

Parameter NH IH

sin2 θ12 0.304þ0.012
−0.012 0.304þ0.013

−0.012

θ12=° 33.45þ0.77
−0.75 33.45þ0.78

−0.75

sin2 θ23 0.450þ0.019
−0.016 0.570þ0.016

−0.022

θ23=° 42.1þ1.1
−0.9 49.0þ0.9

−1.3

sin2 θ13 0.02246þ0.00062
−0.00062 0.02241þ0.00074

−0.00062

θ13=° 8.62þ0.12
−0.12 8.61þ0.14

−0.12

δCP=° 230þ36
−25 278þ22

−30

Δm2
21=10

−5 eV2 7.42þ0.21
−0.20 7.42þ0.21

−0.20

Δm2
3l=10

−3 eV2 þ2.510þ0.027
−0.027 −2.490þ0.026

−0.028
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stands for relevant coupling, and Hrh ¼
ffiffiffiffiffiffiffi
gρ�π2
90

q
T2
rh

MP
.

Consequently, the Higgs triplet achieves thermal equilib-
rium provided that g >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Trh=MP

p
. Considering that

gY ∼Oð0.1Þ, the thermalization condition is easily satis-
fied. After reheating, the number density of the Higgs
triplet is given by [68,69]

nΔðTÞ ¼
gΔ� ζð3Þ
π2

T3; ð17Þ

where ζð3Þ ≈ 1.202 is the Riemann zeta function, and
gΔ� ¼ 6 being the relativistic effective degrees of free-
dom of the Higgs triplet. Introducing comoving variable
YΔ ≡ nΔa3 where a is the scale factor of the Universe,
the Boltzmann equation for the Higgs triplet can be
written as

dYΔ

dt
¼ −hΓΔiðYΔ − Yeq

Δ Þ: ð18Þ

The thermally averaged decay width in this expression
is given by

hΓΔi ¼ ΓΔ
K1ðMΔ=TÞ
K2ðMΔ=TÞ

; ð19Þ

where K1 and K2 are the modified Bessel functions of
the second kind. The equilibrium number density of the
Higgs triplet is denoted by neqΔ . The Hubble parameter is
defined as

HðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρΔ þ ρSM
3M2

P

s
; ð20Þ

where MP ¼ 2.4 × 1018 GeV being the reduced Planck
mass. In the regime T < MΔ, the equilibrium term and

the Bessel functions can be safely neglected, and the
Boltzmann equation can be solved analytically, yielding

ρΔðtÞ ¼ ρΔðtMÞ
�
aðtMÞ
aðtÞ

�
3

e−ΓΔðt−tMÞ: ð21Þ

The time at which Higgs triplets decayed away can be
estimated as

tD ¼ Γ−1
Δ ; ð22Þ

which relates to the decay temperature TD through the
Hubble parameter as HðTDÞ ≃ 1=2tD in the standard
radiation-dominated Universe, and HðTDÞ ≃ 2=3tD in an
early matter-dominated era.
If the neutrino masses are solely generated by the type-II

seesaw mechanism, the total decay width is minimized
when the branching ratios for the dileptonic and di-Higgs
channels equal with each other, resulting in the lowest
decouple temperature. In this case, the parameters vΔ and
MΔ are related with each other by Eq. (16), leaving only a
single free parameter, which can be chosen as MΔ.
Consequently, the Boltzmann equation in Eq. (18) becomes
independent of the model parameters. In this case, the
decay temperature TD is always larger than the mass of the
Higgs triplet for all values of μ andMΔ. Alternatively, if the
neutrino masses are not solely generated by the type-II
seesaw mechanism, the Yukawa couplings YΔ cannot be
solely determined by the Eq. (9). In this case, we can
redefine the total decay rate as

Γtot
Δ ¼ ζ2

32π
MΔ: ð23Þ

where ζ is the function of the Yukawa coupling and the
triple Higgs coupling constant. In this case, the Higgs
triplets can decay after they become nonrelativistic as long

FIG. 1. Left: decay widths of the Higgs triplet as functions of vΔ forMΔ ¼ 1014 GeV. Right: branching ratios for Higgs-triplet decays
into leptons (BRL) and into Higgs bosons (BRH) as functions of vΔ for the same mass. The vertical dashed line in the left panel marks
the value of vΔ at which the total decay width is minimized; this value coincides with the intersection of BRL and BRH in the right panel.
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as ζ < 18
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MΔ=MP

p
. Furthermore, the Universe may

experience an early matter-dominated era due to the
existence of nonrelativistic Higgs triplets, if the energy
density of the Higgs triplets ρΔ exceeds that of radiation ρR
before they decay. The condition for this situation to
occur is

ζ < 0.38

ffiffiffiffiffiffiffi
MΔ

MP

s
: ð24Þ

Figure 2 shows the evolution of the energy density of the
Higgs triplet and radiation for MΔ ¼ 1014 GeV and
ζ ¼ 10−4. Here, tM marks the time when Higgs triplets
become nonrelativistic, tMD denotes the onset of the early
matter-dominated era, and tD is the decay time defined by
Eq. (22), which also corresponds to the end of the early
matter-dominated era. As can be seen from the figure, the
Universe may undergoes an early matter-dominated phase
driven by the nonrelativistic Higgs triplet before it decays
away. The presence of an early matter-dominated era
implies that GW signals originating from matter decay
can be distinguished from those produced by the SM
thermal plasma [49].

IV. GRAVITATIONAL WAVE SPECTRUM

There are many sources for stochastic GWs in the early
Universe, such as first order phase transitions [70–73],
oscillation of cosmic strings [74], or thermal fluctuations of
the plasma, etc. In the early Universe, gravitons can also be
generated from graviton bremsstrahlung process [75,76] in
the decays of the Higgs triplet. The Feynman diagrams that
contribute to nonzero amplitudes of the graviton

bremsstrahlung [16] are shown in Fig. 3. The detailed
Feynman rules are presented in the Appendix A.
The evolution of the energy density of GWs is governed

by the following Boltzmann equation

dρGW
dt

þ 4HρGW ¼ CΔ→LLg þ CΔ→HHg ð25Þ

where CΔ→LLg and CΔ→HHg are the collision terms for
generating graviton during the decay of the Higgs triplet
into dilepton and di-Higgs, given by

CΔ→LLg ¼
κ2MΔζ

2

1024π3
BRL

Z
dωnΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

�
1 − 2

ω

MΔ

�

×

�
2 − 2

MΔ

ω
þM2

Δ
ω2

�
ω2; ð26Þ

and

CΔ→HHg ¼
κ2MΔζ

2

1024π3
BRH

Z
dωnΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

×

�
2 −

MΔ

ω

�
2

ω2; ð27Þ

where nΔ is the number density of the Higgs triplet, and
κ ¼ ffiffiffi

2
p

=MP being the coupling between graviton and SM
particles. The detailed derivation of the above two equa-
tions can be found in the Appendix B.
Introducing the comoving variable YGW ¼ ρGWa4, the

Boltzmann equation for the energy density of GWs can be
written as

FIG. 2. Evolution of the energy densities for the Higgs triplet and radiation, with MΔ ¼ 1014 GeV and ζ ¼ 10−4. The red solid line
represents the energy density of the Higgs triplets, while the black dashed line represents that of radiation.

TESTING THE TYPE-II SEESAW MECHANISM WITH … PHYS. REV. D 113, 075026 (2026)

075026-5



dYGW

dt
¼ a4ðCΔ→LLg þ CΔ→HHgÞ: ð28Þ

The GWs spectrum at present time is given by

ΩGWh2ðfÞ ¼
1

ρcr;0

dρGW;0

d ln f
h2 ¼ 1

ρcr;0

dðYGWðt0Þa−4ðt0ÞÞ
d ln f

h2;

ð29Þ

where ρcr;0 ¼ 3H2
0M

2
P is the present-day critical energy

density of the universe, with H0 ¼ 100h km s−1 Mpc−1

being the Hubble parameter today. ρGW;0 denotes the
present energy density of GWs, and f is the present-day
frequency of GWs, which is related to the graviton energy
by f ¼ ω0=2π, where ω0 is the graviton energy at present.
By solving the Boltzmann equation (28), we obtain the

present-day GWs spectrum as

ΩGWh2 ¼
h2

ρcr;0

dρGW
d lnω

ðt0Þ ¼
h2

ρcr;0
a−4ðt0Þ

Z
tD

tM

dt
d

d lnω
YGW

¼ M2
Δζ

2

512π3M2
P

h2

ρcr;0

Z
tD

tM

dt
a4ðtÞ
a4ðt0Þ

ρΔðtÞωðtÞ

×

�
BRL

�
1− 2

ωðtÞ
MΔ

��
1− 2

ωðtÞ
MΔ

þ 2
ωðtÞ2
M2

Δ

�

þBRH

�
1− 2

ωðtÞ
MΔ

�
2
�
; ð30Þ

where ρΔ ≡ nΔMΔ is the energy density of the Higgs
triplet. We integrate the collision term from time tM, when
the Higgs triplets start to decay, to tD when they are mostly
decayed out. Subsequently, the energy of the graviton is
redshifted to present time t0. The frequency of the GWs at
the present is given by

f ¼ ωðt0Þ
2π

¼ 1

2π

�
gS�ðT0Þ
gS�ðTDÞ

�
1=3 T0

TD
ωðtDÞ: ð31Þ

During the decay of the Higgs triplets, if an early matter-
dominated era does not occur, the scale factor evolves as
aðtÞ ∝ t1=2. Conversely, if such an era arises, the evolution
proceeds in two stages: aðtÞ ∝ t1=2 for tM < t < tMD,
where tMD marks the onset of matter domination, followed

by aðtÞ ∝ t2=3 for tMD < t < tD. After the Higgs triplets
have effectively decayed (t > tD), the universe returns to a
radiation-dominated era.
We show the GW spectrum arising from the graviton

bremsstrahlung in the decay of Higgs triplet in the Fig. 4.
The plot in the left panel shows the GW spectra when the
Higgs triplets trigger an early matter-dominated (EMD) era,
while the plot in the right panel shows the GW spectra in a
standard radiation-dominated scenario (without an EMD
era), both in the case of equal branching ratios
ðBRH ¼ BRL ¼ 1=2Þ. We show results for two mass
scales: MΔ ¼ 1014 GeV (red lines) and MΔ ¼ 1015 GeV
(blue lines). Solid and dashed lines distinguish between
different values of ζ. In the EMD case (left), we set ζ ¼
10−3 and 10−4, whereas in the radiation-dominated case
(right), we choose ζ ¼ 10−1 and 10−1.5.
To analyze how the GW spectrum scales with the

coupling ζ and the Higgs triplet mass MΔ, we assume
that the decay occurs instantaneously at tD. Under this
assumption, the GW spectrum can be expressed as

ΩGWh2 ¼
h2

ρcr;0

ζ2

512π3
M2

Δ
M2

P

1

Γtot
Δ
ρΔðtDÞ

a4ðtDÞ
a4ðt0Þ

ωðtDÞ

×

�
BRL

�
1− 2

ωðtDÞ
MΔ

��
1− 2

ωðtDÞ
MΔ

þ 2
ωðtDÞ2
M2

Δ

�

þBRH

�
1− 2

ωðtDÞ
MΔ

�
2
�
; ð32Þ

where all time dependent quantities in the integrand
are evaluated at tD. If the Higgs triplet does not trigger
an early matter-dominated era, we have ρΔðtDÞa3ðtDÞ ¼
e−1ρΔðtMÞa3ðtMÞ ∝ MΔ, where we have assumed tD ≫ tM
in the first equality. In addition, since aðtDÞ=aðt0Þ ∝
T−1
D ∝ ðζ ffiffiffiffiffiffiffi

MΔ
p Þ−1, the GW spectrum scales with MΔ

and ζ as ΩGWh2 ∝ M5=2
Δ ζ−1F ðxDÞ, where F ðxDÞ≡

xD½BRLð1 − xDÞð1 − xD þ x2D=2Þ þ BRHð1 − xDÞ2� with
xD ≡ 2ωðtDÞ=MΔ, which is maximized at xD ¼ 0.36 in
the case of BRL ¼ BRH ¼ 1=2. Consequently, the peak
frequency of the GW spectrum can be evaluated as

FIG. 3. Feynman diagrams for graviton bremsstrahlung in the decay of Higgs triplets. The left two diagrams are for the process
Δ → HHg, and the right two diagrams are for the process Δ → LLg.
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fpeak ¼ 0.36 ×
1

2π

�
gS�ðT0Þ
gS�ðTDÞ

�
1=3 T0

TD

MΔ

2

¼ 1.3 × 1010 Hz

�
MΔ

1015 GeV

�
1=2

�
ζ

10−1

�
−1
: ð33Þ

The scaling laws for the GW spectrum and the peak
frequency are consistent with the numerical results shown
in the right panel of Fig. 4. On the other hand, if the Higgs
triplet triggers an early matter-dominated era, this era ends
at time tD with ρΔðtDÞ ¼ ρSMðtDÞ. Consequently, the GW

spectrum scales as ΩGWh2 ∝ M2
ΔF ðxDÞ. The scaling law

for the peak frequency is the same as in the previous case,
but the overall amplitude of the spectrum is independent of
ζ and scales as M2

Δ. These scaling behaviors align with the
numerical results presented in the left panel of Fig. 4.
We show the effects of different branching ratios on

the GW spectrum in Fig. 5. The limiting cases of pure di-
Higgs ðBRH ¼ 1;BRL ¼ 0Þ and pure dilepton ðBRH ¼ 0;
BRL ¼ 1Þ decay channels are depicted by the red and blue
lines, while the dashed line represents the case of equal

FIG. 4. GW spectra produced by graviton bremsstrahlung from Higgs triplet decays, assuming BRH ¼ BRL ¼ 1=2. The different
colors correspond to various values ofMΔ, while dashed and solid lines represent different values of ζ. The plot in the left-panel displays
the spectra in a scenario where the Higgs triplets trigger an early matter-dominated (EMD) era. Conversely, the one in the right-panel
illustrates the spectra in a standard radiation-dominated scenario.

FIG. 5. GW spectra sourced by graviton bremsstrahlung in the Higgs triplet decay for MΔ ¼ 1014 GeV, ζ ¼ 10−3 and various
branching ratios. The solid red and blue lines represent the pure Higgs and leptonic decay channels, respectively. These two cases nearly
overlap below the peak frequency but exhibit small distinction in the high-frequency regime. The dashed line corresponds to the case of
equal branching ratios ðBRH ¼ BRL ¼ 1=2Þ. By varying the branching ratios, the total GW spectrum transitions between these two
limiting cases.
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branching ratios ðBRH ¼ BRL ¼ 1=2Þ. We can see that
varying the branching ratios does not affect the spectrum in
the low frequency regime, but it changes the spectrum
slightly in the vicinity of the peak frequency. By adjusting
the branching ratios, the spectral curves vary smoothly
between these two limiting cases.
In the Fig. 6, we show the total GW spectrum by setting

branching ratios of the di-Higgs and dilepton processes
equal with each other. As shown, the GW spectrum could
be detected by the resonant cavities experiments [51,52,77–
79]. Besides, these GW signals are clearly distinguishable
from the GW background sourced by the SM thermal
plasma in the high frequency regime provided that the
Higgs triplets trigger an early matter dominated era,
otherwise the GW signals would be overwhelmed by the
thermal GW background. Additionally, the low frequency
tail of the spectrum remains identifiable against the thermal
GW background. Furthermore, future facilities for
detecting higher frequency graviton may help to identify
the signal of the Higgs triplet.

V. SUMMARY AND REMARKS

Seesaw are elegant mechanisms in addressing the tiny
but nonzero active neutrino masses. Testing these mech-
anisms are longstanding challenges of the high energy
physics. People have proposed a new strategy to test the
physics of the very Universe via high frequency GWs. In
this paper, we have calculated the GW spectrum arising

from the graviton bremsstrahlung process during the out of
equilibrium decay of the Higgs triplet, which is the typical
particle in the type-II seesaw model. We have studied the
thermal history of the Higgs triplet, which may causes a
prematter-dominated epoch in the early Universe for typical
couplings between the Higgs triplet and the SM plasma.
The GW spectrum is also derived, whose shape depends on
the inputs of YΔ and μ.
We note that the early Universe hosts a plethora of

potential sources for high-frequency GWs beyond the type-
II seesaw model, including inflationary reheating, phase
transitions associated with grand unified theories or
extended gauge symmetries, and the decay of heavy scalars
in the Peccei-Quinn model. A systematic derivation of the
GW spectra for these diverse scenarios is a crucial direction
for future research. By identifying unique spectral
features—such as specific slopes or peak structures—we
can aim to distinguish these sources from one another,
thereby using high-frequency GW data to constrain the
underlying new physics.
Although, currently there is no technology to observe

GWs beyond kHz frequency, the GW spectrum emitted
from the decay of the Higgs triplet can be reached by
proposed cavity experiments designed for detecting high-
frequency GWs. Understanding the origin of high-fre-
quency GWs is a new pathway to explore the high energy
scale physics. Developing new capability of measuring
high frequency GWs may help us open the door of the

FIG. 6. GW spectra produced by graviton bremsstrahlung in the decays of Higgs triplets by assuming equal branching ratios for the
leptonic and Higgs channels, i.e., BRL ¼ BRH ¼ 1=2. We fix the Higgs triplet massMΔ ¼ 1015 GeV but vary the coupling: ζ ¼ 10−1

(blue line) corresponds to the scenario without an early matter-dominated era, while ζ ¼ 10−4 (red line) corresponds to the scenario with
an early matter-dominated era. The sensitivity curves for the resonant-cavity experiments are depicted with dotted lines, and the GW
spectrum from the SM thermal plasma for a reheating temperature Trh ¼ 1016 GeV is plotted by black dashed line.
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neutrino physics in the ultraviolet sector as well as the new
physics beyond the SM. Future precision surveys of CMB
and its spectral distortion missions, such as polarized
radiation interferometer for spectral distortions and infla-
tion exploration [80], the primordial inflation explorer
(PIXIE) [81,82] and its next-generation concept Super-
PIXIE, as well as ESA’s Voyage 2050 program [83],
hold the potential to probe the stochastic GW back-
ground as high as 1012 Hz. In parallel, we highlight
substantial advances in direct- detection techniques
employing high-Q resonant cavities, quantum sensors,
and cryogenic technologies, which represent promising
avenues for exploring the physics at the high-frequency
GW frontier.
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APPENDIX A: FEYNMAN RULES

In this appendix, we present the Feynman rules for the
relevant vertices used in our calculations.

The interaction Lagrangian for the triplet and leptons/
Higgs is given by Eq. (2), expanding it in terms of the
component fields, we have [84]

L ⊃ −
1

2
μðΔ−−HþHþ −

ffiffiffi
2

p
Δ−H0Hþ − Δ0H0H0Þ þ H:c:

−
1

2
Yij
ν ðΔ0νTiLCνjL −

ffiffiffi
2

p
ΔþeTiLCνjL − ΔþþeTiLCejLÞ

þ H:c: ðA1Þ
where we have used the property that Yij

ν is symmetric. The
Feynman diagrams for the interaction vertices are shown in
Fig. 7, the corresponding vertex factors are

Δþþ −Hþ −Hþ vertex∶ − iμ

Δþ −H0 −Hþ vertex∶ i

ffiffiffi
2

p

2
μ

Δ0 −H0 −H0 vertex∶ iμ

Δþþ − eþi − eþj vertex∶ − iYij
ν PL

Δþ − eþi − ν̄j vertex∶ i

ffiffiffi
2

p

2
Yij
ν PL

Δ0 − ν̄i − ν̄j vertex∶ − iYij
ν PL ðA2Þ

where PL ¼ ð1 − γ5Þ=2 is the left-handed projection
operator.
The graviton interacts with other particles through the

following effective interaction Lagrangian

Lint ¼ −
κ

2
hμνTμν ðA3Þ

FIG. 7. Feynman diagrams for the interaction vertices for the Higgs triplet and leptons/Higgs bosons.
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where hμν is the graviton field, κ ¼ ffiffiffi
2

p
=MP [85], and Tμν is

the energy-momentum tensor of the matter fields. For the
scalar field ϕ, complex scalar field χ, and fermion field ψ ,
their energy-momentum tensors are given by [86]

Tϕ
μν ¼ ∂μϕ∂νϕ − ημνLϕ;

Tχ
μν ¼ ∂μχ

†
∂νχ þ ∂μχ∂νχ

† − ημνLχ ;

Tψ
μν ¼ i

4
ψ̄ðγμ ∂

↔

ν þ γν ∂
↔

μÞψ − ημνLψ ðA4Þ

where L are the Lagrangians for the corresponding fields,

and ψ̄ ∂

↔

μψ ≡ ψ̄∂μψ − ð∂μψ̄Þψ . The polarization tensor of
the graviton εμν satisfies the following conditions [87,88]:

εiμν ¼ εiνμ symmetric

ωμε
iμν ¼ 0 transverse

ημνε
iμν ¼ 0 traceless

εiμνεj�μν ¼ δij orthonormal ðA5Þ

where ωμ is the four-momentum of the graviton. Due to the
traceless condition, the nonzero interaction vertices are
shown in Fig. 8.
The polarization sum of the graviton is given by

X
i

εαβi ε�μνi ¼ 1

2
ðη̂αμη̂βν þ η̂ανη̂βμ − η̂μνη̂αβÞ ðA6Þ

with

η̂μν ≡ ημν −
ωμω̄ν þ ωνω̄μ

ω · ω̄
ðA7Þ

where ω̄μ ≡ ðω;−ω⃗Þ. We use ω to denote the energy of the
graviton, ω⃗ to denote its spatial momentum,ωμ to denote its
four-momentum and ω · ω̄ is the scalar product of two four-
vectors.

APPENDIX B: COLLISION TERMS

In this section, we present the detailed derivation of the
collision terms for generating GWs from the decay of Higgs
triplets into a pair of leptons and a pair of Higgs bosons.

1. Collision term for Δ → LLg

The Higgs triplet has three components: a doubly
charged scalar Δþþ, a singly charged scalar Δþ, and a
neutral scalar Δ0. Each component can decay into a pair of
leptons of any generation, accompanied by the emission of
a graviton. The Hermitian conjugate of the Higgs triplet
undergoes similar graviton-emission processes involving
antiparticles, which give the same contribution as their
particle counterparts. The collision term for generating
GWs from the leptonic decay channels of the Higgs triplet
involves all these processes, and is given by the sum of the
collision terms for each individual process

CΔ→LLg ¼ 2

�X
i≥j

CΔþþ→eþi e
þ
j g

þ
X
ij

CΔþ→eþi ν̄jg

þ
X
i≥j

CΔ0→ν̄i ν̄jg

�
ðB1Þ

where the factor of 2 comes from the contributions of the
antiparticles. The summations over i and j run over the
three lepton generations. For processes symmetric under
i ↔ j, we sum only over i ≥ j to avoid double counting.
We present a detailed calculation of the collision term for

Δþþ → eþi e
þ
j g, and the collision terms for the other two

processes can be obtained analogously. The collision term
for Δþþ → eþi e

þ
j g is given by

CΔþþ→eþi e
þ
j g
¼
Z

dΠΔþþfΔþþ
dΠeþi

dΠeþj

1þδij
dΠgð2πÞ4δ4

×

�X
pi−

X
pf

�
jMΔþþ→eþi e

þ
j g
j2ω: ðB2Þ

FIG. 8. Feynman rules for the graviton interaction with real scalar, complex scalar, and fermion fields.
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Here, dΠ ¼ 1
ð2πÞ32E d

3p is the Lorentz-invariant phase space volume element. The amplitude is the sum of the contributions

from the two Feynman diagrams shown in Fig. 9, and is given by

iMΔþþ→eþi e
þ
j g

¼ v̄ðpeþi
Þð−iYij

ΔPLÞ
iðpeþj

þ ωÞ · γ
ðpeþj

þ ωÞ2
�
−
κ

2
ipμ

eþj
γν
�
vðpeþj

Þε�μν

þ v̄ðpeþi
Þ
�
−
κ

2
ipμ

eþi
γν
� iðpeþj

þ ωÞ · γ
ðpeþj

þ ωÞ2 ð−iYij
ΔPLÞvðpeþj

Þε�μν: ðB3Þ

Here, the indices i and j are not summed. The Feynman diagram for emitting a graviton from theΔþþ line gives a vanishing
contribution for the amplitude, because only moving particles can emit gravitons, and we choose the rest frame of Δþþ to
calculate the Lorentz-invariant amplitude.
Squaring the amplitude and summing over the polarizations of the graviton and spins of the leptons, we have

jMΔþþ→eþi e
þ
j g
j2 ¼ κ2

8
jYij

Δj2M2
Δ

�
1 − 2

ω

MΔ

��
2 − 2

MΔ

ω
þM2

Δ
ω2

�
: ðB4Þ

The calculation of the amplitude was performed with the help of the package FeynCalc [89–92].
The integration over the phase space of final states gives

Z
dΠeþi

dΠeþj
dΠgð2πÞ4δ4ðpΔþþ − peþi

− peþj
− pgÞ ¼

Z
dωdEeþi

1

32π3
ðB5Þ

The distribution function of the Higgs triplet in thermal equilibrium is approximated by the Maxwell-Boltzmann
distribution, i.e., fΔþþ ¼ e−EΔþþ=T . The phase space integration over Δþþ can be performed as

Z
dΠΔþþfΔþþ ¼ 1

2MΔ

nΔ
gΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

; ðB6Þ

where nΔ is the number density of the Higgs triplet, gΔ ¼ 6 is the internal degrees of freedom of the Higgs triplet,K1 andK2

are the modified Bessel functions of the second kind, and we have assumed that the Higgs triplet remains in kinetic
equilibrium while it decays. With these ingredients, the collision term for Δþþ → eþi e

þ
j g can be written as

CΔþþ→eþi e
þ
j g

¼ κ2MΔ

512π3
jYij

Δj2
1þ δij

Z
dωdEeþi

nΔ
gΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

�
1 − 2

ω

MΔ

��
2 − 2

MΔ

ω
þM2

Δ
ω2

�
ω

¼ κ2MΔ

512π3
jYij

Δj2
1þ δij

Z
dω

nΔ
gΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

�
1 − 2

ω

MΔ

��
2 − 2

MΔ

ω
þM2

Δ
ω2

�
ω2: ðB7Þ

In the second step, we integrated over Eeþi
from MΔ=2 − ω to MΔ=2.

FIG. 9. Feynman diagrams for graviton bremsstrahlung in the decay of double charged Higgs triplets.
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Similarly, we can obtain the collision terms for the other
two processes

CΔþ→eþi ν̄jg
¼ κ2MΔ

1024π3
jYij

Δj2
Z

dω
nΔ
gΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

κ2

16

×

�
1 − 2

ω

MΔ

��
2 − 2

MΔ

ω
þM2

Δ
ω2

�
ω2; ðB8Þ

and

CΔ0→ν̄i ν̄jg ¼
κ2MΔ

512π3
jYij

Δj2
1þ δij

Z
dω

nΔ
gΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

×

�
1 − 2

ω

MΔ

��
2 − 2

MΔ

ω
þM2

Δ
ω2

�
ω2: ðB9Þ

Summing over all the generations of leptons, we obtain the
total collision term for Δ → LLg

CΔ→LLg¼
MΔκ

2

1024π3
X
i;j

jYij
Δj2nΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

×
Z

dω

�
1−2

ω

MΔ

��
2−2

MΔ

ω
þM2

Δ
ω2

�
ω2: ðB10Þ

2. Collision term for Δ → HHg

Similarly, the collision term for generating GWs from the
Higgs decay channels is given by

CΔ→HHg ¼ 2ðCΔþþ→HþHþg þ CΔþ→H0Hþg þ CΔ0→H0H0gÞ
ðB11Þ

where the factor of 2 comes from the contributions of the
antiparticles. In fact, the collision terms for these three
processes are the same, we present a detailed calculation of
the collision term for Δþþ → HþHþg, which is given by

CΔþþ→HþHþg ¼
1

2

Z
dΠΔþþfΔþþdΠHþ

1
dΠHþ

2
dΠgð2πÞ4δ4

×

�X
pi −

X
pf

�
jMΔþþ→HþHþgj2ω

ðB12Þ

Here, the subscripts 1 and 2 are used to distinguish the
phase space variables of the two identical Higgs bosons in
the final state, and the factor 1=2 arises from the identical
particles in the final states. The amplitude is the sum of the
contributions from the two Feynman diagrams shown in

Fig. 10, and is given by

iMΔþþ→HþHþg¼ð−iμÞ i
ðpHþ

2
þωÞ2

�
−
κ

2
i2pμ

Hþ
2

pν
Hþ

2

�
ε�μν

þð−iμÞ i
ðpHþ

1
þωÞ2

�
−
κ

2
i2pμ

Hþ
1

pν
Hþ

1

�
ε�μν

ðB13Þ

Squaring the amplitude and summing over the polar-
izations of the graviton, we have

jMΔþþ→HþHþgj2 ¼
κ2

8
μ2
�
2 −

MΔ

ω

�
2

ðB14Þ

Therefore, the collision term for Δþþ → HþHþg can be
written as

CΔþþ→HþHþg ¼
1

2

κ2

8
μ2

1

32π3
nΔ=gΔ
2MΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

×
Z

dω

�
2 −

MΔ

ω

�
2

ω2 ðB15Þ

There is no a identical particles factor 1=2 in the collision
terms for Δþ → H0Hþg, but its squared amplitude is half
of that for Δþþ → HþHþg, so the collision term for Δþ →
H0Hþg is the same as that for Δþþ → HþHþg, and same
as the collision term for Δ0 → H0H0g. Thus, the total
collision term for Δ → HHg is given by

CΔ→HHg ¼ 6CΔþþ→HþHþg

¼ 1

1024π3
κ2μ2

nΔ
MΔ

K1ðMΔ=TÞ
K2ðMΔ=TÞ

×
Z

dω

�
2 −

MΔ

ω

�
2

ω2 ðB16Þ

FIG. 10. Feynman diagrams for graviton bremsstrahlung in the
decay of doubly charged Higgs triplets into a pair of singly
charged Higgs bosons.
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