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The standard model of particle physics

Unsolved problems
• Dark matter
• Neutrino mass
• Baryon asymmetry
• Dark energy
• Quantum gravity
• ………

We need new physics 
Beyond the SM !!!

The Standard Model (SM) is GOOD, but ……
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13Neutrino mass model
T. Ohlsson et al. (2013)
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Scalar interactions

Decaying pNGB DM

l accidental Z2 symmetry : 
(0C‒symmetry :                0)

breaks C-symmetry0

l accidental Z2 symmetry :

l accidental Z2 symmetry :(long-lived DM)
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FIG. 3. Allowed parameter space in the (mω,ωε) plane, where
the shadowed regions are excluded by up-to-date observations,
the dashed curves represent the future sensitivities, and the
oblique lines are benchmark points that satisfy the DM relic
density.

which is independent of mω.
Matching to the observed value YDM → 4.4 ↑

10→10(mDM/GeV)→1(!obs
DM ĥ

2
/0.12) [3], we find

!ωĥ
2 → 0.12

(
mω

1GeV

)(
mN

103GeV

)2

↑
(

mε

1↑ 104GeV

)→1(
ωϑ

6↑ 1012GeV

)→2

, (11)

in agreement with numerical results. We have also veri-
fied consistency with micrOMEGAs [53].

As discussed above, conventional DM direct searches
are largely insensitive in this model due to the excep-
tionally large symmetry-breaking scale, ωϑ, which results
in a suppression of the coupling between DM and SM
particles. Nevertheless, a distinctive and potentially ob-
servable signal arises from the decay of DM into active
neutrinos. The decay rate of a DM particle into a pair of
Majorana neutrinos is given by [36]

”ω↑ϖMϖM
=

m
2
ϖ

4εω2
ϑ

mω , (12)

”ω↑ϖϖ ↓
(
mϖ

ωϑ

)2
, (13)

where ϑM = ϑ + ϑ
c is a four-component Majorana neu-

trino. The decay width is exceedingly suppressed by the
combination of the tiny neutrino mass and the large scale
ωϑ, guaranteeing the cosmological stability of the pNGB
DM on timescales far exceeding the age of the Universe.

For illustration, the DM lifetime, ϖω → ”→1
ω↑ϖMϖM

(in

the limit mN ↔ mω), can be expressed as

ϖω → 1023 sec

(
mϖ

0.1eV

)2(
mω

1GeV

)(
ωϑ

1013GeV

)→2

, (14)

which satisfies the experimental lower bound on DM
lifetime from Super-Kamiokande (SK) [54]. This ex-
treme longevity highlights the challenge of detecting such
DM through conventional astrophysical or laboratory
searches, but it also points to a clean and well-defined
target for neutrino observatories seeking extremely rare
signals.
In Fig. 3, we translate Eq. (12) into a lower bound on

the symmetry-breaking scale, ωϑ, as a function of the
DM mass, mω, based on the analysis in Ref. [55]. The
shaded region corresponds to the excluded region from
various experiments, while the dashed curves represent
future sensitivities. This mapping provides a direct con-
nection between the pNGB DM parameter space and ex-
perimental observables, illustrating that even in scenar-
ios with ultra-heavy ωϑ, neutrino decay channels remain
a promising probe of otherwise elusive DM.
Results.—We numerically solve Eq. (8) and fix the re-

sulting relic abundance to !ωĥ
2 = 0.12. The required

symmetry-breaking scale, ωϑ, is then determined as a
function of the DM mass mω with fixing mN = 1TeV
and mε = 10TeV (mN = 0.5TeV and mε = 5TeV), as
shown by solid purple (cyan) line in Fig. 3.
For TeV-scale HNLs, we find that the DM mass

mω ↭ 2GeV are excluded by Super-Kamiokande (SK)
searches [56], while the intermediate range 30MeV ↫
mω ↫ 60MeV is disfavored by constraints on the ϑ̄e

flux [57]. In contrast, the sub-GeV region remains consis-
tent with current neutrino data [54, 58], and interestingly
lies in the region that can be probed by ongoing experi-
ments such as JUNO [44] and upcoming neutrino facili-
ties such as Hyper-Kamiokande [45] and DUNE [46]. This
behavior reflects the interplay between the freeze-in pro-
duction rate and late-time decay signatures, which be-
come increasingly constrained at higher masses.
Remarkably, the same TeV-scale HNLs that gov-

ern DM production and decay also generate light neu-
trino masses, linking cosmology to the seesaw mecha-
nism. These states can be directly probed at high-energy
colliders through their mixing with SM leptons [59–
61]. At the LHC, HNLs are produced via charged-current
processes such as qq̄

↓ ↗ W
↔ ↗ Nϱ, followed by de-

cays N ↗ ϱW, ϑZ, ϑh [59, 62]. For Majorana HNLs,
this leads to the characteristic same-sign dilepton plus
jets signature with suppressed missing energy, provid-
ing a smoking-gun signal of the lepton-number viola-
tion [63]. Current LHC searches have already placed con-
straints on the active–sterile mixing down to |VϱN |2 →
ς
2 ↘ 10→1 for mN ↘ O(TeV) [23, 25]. Looking ahead,
the HL-LHC with an integrated luminosity of 3ab→1 is



Neutrino mass (inverse seesaw)

l fermion mass mixing matrix

l unitary mixing matrix
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TABLE I. Quantum numbers of the relevant SM and new
particles in the model, where eRj , ELj = (ω̂Lj ε

→
Lj )

T , and
H are the SM right-handed singlet, left-handed doublet, and
Higgs doublet, respectively, with j = 1,2,3 being the genera-
tion index.

eRj ELj H NRj SLj ϑ

SU(2)L 1 2 2 1 1 1
U(1)Y →1 →1/2 1/2 0 0 0
U(1)L 1 1 0 1 2 1
spin 1/2 1/2 0 1/2 1/2 0

dictive connections among three sectors, with the HNLs
playing a pivotal role, as illustrated schematically by
the triangular diagram in Fig. 1 : (i) inverse-seesaw neu-
trino mass generation, (ii) freeze-in production of DM
from TeV-scale HNLs, and (iii) DM decay into neutri-
nos. The lepton-number symmetry-breaking scale that
controls the HNL masses simultaneously suppresses the
DM decays, ensuring its cosmological longevity while per-
mitting observable neutrino signals.

For collider-accessible TeV-scale HNLs, imposing the
observed relic abundance and current lifetime bounds
restricts the DM mass to the sub-GeV regime. In this
range, the DM decay into neutrinos is testable at
JUNO [44] and next-generation detectors such as Hyper-
Kamiokande [45] and DUNE [46]. The discovery of TeV-
scale HNLs would therefore imply a correlated neutrino
signal from the DM decay, establishing a concrete and
experimentally accessible bridge among collider physics,
cosmology, and neutrino astronomy.

Model.—We consider a minimal extension of the SM
by introducing singlet fermions NR and SL, along with
a complex singlet scalar ω carrying lepton number under
a global U(1)L symmetry. The relevant particle content
and their quantum numbers are summarized in Tab. I. In
particular, the lepton number assignments of the new
fields are chosen such that the interactions ωNRNR and
ωSLSL are forbidden for simplicity. The relevant inter-
actions are

L → ↑ELH̃YDNR ↑ SLYNNRω↑ 1

2
SLµSS

c
L +H.c.,(1)

where EL = (ε̂L ϑ
→
L )T is the SM left-handed doublet,

H̃ = iϖ
2
H

↑ with H the SM Higgs doublet and ϖ
2 the

second Pauli matrix. Here YD and YN are 3↓ 3 Yukawa
matrices, while µS is a small 3↓3 Majorana mass matrix
that softly breaks lepton number and realizes the inverse
seesaw mechanism [17–19].

After spontaneous symmetry breaking, the scalar fields
are expanded around their vacuum expectation values as

H =




0

1↔
2
(ϱh + h)



 , ω =
1↔
2
(ϱω + ς+ iφ) , (2)

where ϱh ↗ 246GeV and ϱω correspond to electroweak
and lepton-number breaking scales, respectively. The
fields h and ς are CP-even scalars,1 while φ is a pNGB
associated with spontaneous lepton-number breaking.
Working in the one-generation limit of the leptons and

assuming µS ↘ mD ↘ mN , with mD = YDϱω/
↔
2 and

mN = YNϱω/
↔
2, the mass eigenstates of neutral leptons

can be obtained perturbatively. In particular, the light
neutrino state is approximately

ε ↗
(
1↑ ↼

2
/2

)
ε̂L ↑ ↼SL + ↼ ↽N

c
R , (3)

where ↼ ≃ mD/mN and ↽ ≃ µS/mN , while the HNL
states N1,2 ⇐ N

c
R ⇒ SL are nearly degenerate and form

a quasi-Dirac lepton with a small admixture of the left-
handed neutrino, ε̂L, of order ↼. The light neutrino mass
is given by

mD = 1↓
2
YDϱh , mN = 1↓

2
YN ϱω (4)

mε ↗ 0.1eV

(
µS

1keV

)(
mD

10GeV

)2(
mN

1TeV

)→2

. (5)

This illustrates a key advantage of the inverse see-
saw : sub-eV neutrino masses can be realized with TeV-
scale heavy states, in contrast to the canonical seesaw
which typically requires mN ⇐ 1014GeV. The smallness
of µS softly breaks lepton number, which is restored in
the limit µS ⇑ 0.
To generate a mass for the pNGB, we introduce a linear

soft-breaking term in the scalar potential [40–42],

Vsoft = ↑ 1↔
2
⇀
3
ωRe(ω) , (6)

which yields m
2
ϑ = ⇀

3
ω/(2ϱω) with ⇀ω > 0. The pNGB

nature of φ, characterized bymϑ ↘ ϱω, therefore requires
⇀ω ↘ ϱω [47]. An additional virtue of this linear soft-
breaking term is that it can evade the cosmic domain
wall problem [48], as pointed out in Ref. [40].
An accidental Z2 symmetry (not a subgroup of U(1)L )

can be identified in the scalar sector, under which the
real fields transform as ς ⇑ ς and φ ⇑ ↑φ. This sym-
metry can be understood as a remnant of a charge-
conjugation transformation, ω ⇑ ω

↑, acting on the com-
plex scalar. Consequently, the pNGB φ, being Z2-odd, is
stable at the renormalizable level and provides a natu-
ral DM candidate. However, the Yukawa interaction YN
in Eq. (1) explicitly breaks this symmetry, rendering φ

metastable. Its dominant decay channel is φ ⇑ ε̄ε, with
a rate strongly suppressed by the small neutrino masses

1
We assume negligible mixing between them, such that h corre-

sponds to the observed Higgs boson, while ω is a heavier scalar

state.
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TABLE I. Quantum numbers of the relevant SM and new
particles in the model, where eRj , ELj = (ω̂Lj ε

→
Lj )

T , and
H are the SM right-handed singlet, left-handed doublet, and
Higgs doublet, respectively, with j = 1,2,3 being the genera-
tion index.

eRj ELj H NRj SLj ϑ

SU(2)L 1 2 2 1 1 1
U(1)Y →1 →1/2 1/2 0 0 0
U(1)L 1 1 0 1 2 1
spin 1/2 1/2 0 1/2 1/2 0

dictive connections among three sectors, with the HNLs
playing a pivotal role, as illustrated schematically by
the triangular diagram in Fig. 1 : (i) inverse-seesaw neu-
trino mass generation, (ii) freeze-in production of DM
from TeV-scale HNLs, and (iii) DM decay into neutri-
nos. The lepton-number symmetry-breaking scale that
controls the HNL masses simultaneously suppresses the
DM decays, ensuring its cosmological longevity while per-
mitting observable neutrino signals.

For collider-accessible TeV-scale HNLs, imposing the
observed relic abundance and current lifetime bounds
restricts the DM mass to the sub-GeV regime. In this
range, the DM decay into neutrinos is testable at
JUNO [44] and next-generation detectors such as Hyper-
Kamiokande [45] and DUNE [46]. The discovery of TeV-
scale HNLs would therefore imply a correlated neutrino
signal from the DM decay, establishing a concrete and
experimentally accessible bridge among collider physics,
cosmology, and neutrino astronomy.

Model.—We consider a minimal extension of the SM
by introducing singlet fermions NR and SL, along with
a complex singlet scalar ω carrying lepton number under
a global U(1)L symmetry. The relevant particle content
and their quantum numbers are summarized in Tab. I. In
particular, the lepton number assignments of the new
fields are chosen such that the interactions ωNRNR and
ωSLSL are forbidden for simplicity. The relevant inter-
actions are

L → ↑ELH̃YDNR ↑ SLYNNRω↑ 1

2
SLµSS

c
L +H.c.,(1)

where EL = (ε̂L ϑ
→
L )T is the SM left-handed doublet,

H̃ = iϖ
2
H

↑ with H the SM Higgs doublet and ϖ
2 the

second Pauli matrix. Here YD and YN are 3↓ 3 Yukawa
matrices, while µS is a small 3↓3 Majorana mass matrix
that softly breaks lepton number and realizes the inverse
seesaw mechanism [17–19].

After spontaneous symmetry breaking, the scalar fields
are expanded around their vacuum expectation values as

H =




0

1↔
2
(ϱh + h)



 , ω =
1↔
2
(ϱω + ς+ iφ) , (2)

where ϱh ↗ 246GeV and ϱω correspond to electroweak
and lepton-number breaking scales, respectively. The
fields h and ς are CP-even scalars,1 while φ is a pNGB
associated with spontaneous lepton-number breaking.
Working in the one-generation limit of the leptons and

assuming µS ↘ mD ↘ mN , with mD = YDϱω/
↔
2 and

mN = YNϱω/
↔
2, the mass eigenstates of neutral leptons

can be obtained perturbatively. In particular, the light
neutrino state is approximately

ε ↗
(
1↑ ↼

2
/2

)
ε̂L ↑ ↼SL + ↼ ↽N

c
R , (3)

where ↼ ≃ mD/mN and ↽ ≃ µS/mN , while the HNL
states N1,2 ⇐ N

c
R ⇒ SL are nearly degenerate and form

a quasi-Dirac lepton with a small admixture of the left-
handed neutrino, ε̂L, of order ↼. The light neutrino mass
is given by

↼ ≃ mD

mN

↽ ≃ µS

mN

(4)

mD = 1↓
2
YDϱh , mN = 1↓

2
YN ϱω (5)

mε ↗ 0.1eV

(
µS

1keV

)(
mD

10GeV

)2(
mN

1TeV

)→2

. (6)

This illustrates a key advantage of the inverse see-
saw : sub-eV neutrino masses can be realized with TeV-
scale heavy states, in contrast to the canonical seesaw
which typically requires mN ⇐ 1014GeV. The smallness
of µS softly breaks lepton number, which is restored in
the limit µS ⇑ 0.
To generate a mass for the pNGB, we introduce a linear

soft-breaking term in the scalar potential [40–42],

Vsoft = ↑ 1↔
2
⇀
3
ωRe(ω) , (7)

which yields m
2
ϑ = ⇀

3
ω/(2ϱω) with ⇀ω > 0. The pNGB

nature of φ, characterized bymϑ ↘ ϱω, therefore requires
⇀ω ↘ ϱω [47]. An additional virtue of this linear soft-
breaking term is that it can evade the cosmic domain
wall problem [48], as pointed out in Ref. [40].
An accidental Z2 symmetry (not a subgroup of U(1)L )

can be identified in the scalar sector, under which the
real fields transform as ς ⇑ ς and φ ⇑ ↑φ. This sym-
metry can be understood as a remnant of a charge-
conjugation transformation, ω ⇑ ω

↑, acting on the com-
plex scalar. Consequently, the pNGB φ, being Z2-odd, is

1
We assume negligible mixing between them, such that h corre-

sponds to the observed Higgs boson, while ω is a heavier scalar

state.
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TABLE I. Quantum numbers of the relevant SM and new
particles in the model, where eRj , ELj = (ω̂Lj ε

→
Lj )

T , and
H are the SM right-handed singlet, left-handed doublet, and
Higgs doublet, respectively, with j = 1,2,3 being the genera-
tion index.

eRj ELj H NRj SLj ϑ

SU(2)L 1 2 2 1 1 1
U(1)Y →1 →1/2 1/2 0 0 0
U(1)L 1 1 0 1 2 1
spin 1/2 1/2 0 1/2 1/2 0

dictive connections among three sectors, with the HNLs
playing a pivotal role, as illustrated schematically by
the triangular diagram in Fig. 1 : (i) inverse-seesaw neu-
trino mass generation, (ii) freeze-in production of DM
from TeV-scale HNLs, and (iii) DM decay into neutri-
nos. The lepton-number symmetry-breaking scale that
controls the HNL masses simultaneously suppresses the
DM decays, ensuring its cosmological longevity while per-
mitting observable neutrino signals.

For collider-accessible TeV-scale HNLs, imposing the
observed relic abundance and current lifetime bounds
restricts the DM mass to the sub-GeV regime. In this
range, the DM decay into neutrinos is testable at
JUNO [44] and next-generation detectors such as Hyper-
Kamiokande [45] and DUNE [46]. The discovery of TeV-
scale HNLs would therefore imply a correlated neutrino
signal from the DM decay, establishing a concrete and
experimentally accessible bridge among collider physics,
cosmology, and neutrino astronomy.

Model.—We consider a minimal extension of the SM
by introducing singlet fermions NR and SL, along with
a complex singlet scalar ω carrying lepton number under
a global U(1)L symmetry. The relevant particle content
and their quantum numbers are summarized in Tab. I. In
particular, the lepton number assignments of the new
fields are chosen such that the interactions ωNRNR and
ωSLSL are forbidden for simplicity. The relevant inter-
actions are

L → ↑ELH̃YDNR ↑ SLYNNRω↑ 1

2
SLµSS

c
L +H.c.,(1)

where EL = (ε̂L ϑ
→
L )T is the SM left-handed doublet,

H̃ = iϖ
2
H

↑ with H the SM Higgs doublet and ϖ
2 the

second Pauli matrix. Here YD and YN are 3↓ 3 Yukawa
matrices, while µS is a small 3↓3 Majorana mass matrix
that softly breaks lepton number and realizes the inverse
seesaw mechanism [17–19].

After spontaneous symmetry breaking, the scalar fields
are expanded around their vacuum expectation values as

H =




0

1↔
2
(ϱh + h)



 , ω =
1↔
2
(ϱω + ς+ iφ) , (2)

where ϱh ↗ 246GeV and ϱω correspond to electroweak
and lepton-number breaking scales, respectively. The
fields h and ς are CP-even scalars,1 while φ is a pNGB
associated with spontaneous lepton-number breaking.
Working in the one-generation limit of the leptons and

assuming µS ↘ mD ↘ mN , with mD = YDϱω/
↔
2 and

mN = YNϱω/
↔
2, the mass eigenstates of neutral leptons

can be obtained perturbatively. In particular, the light
neutrino state is approximately

ε ↗
(
1↑ ↼

2
/2

)
ε̂L ↑ ↼SL + ↼ ↽N

c
R , (3)

where ↼ ≃ mD/mN and ↽ ≃ µS/mN , while the HNL
states N1,2 ⇐ N

c
R ⇒ SL are nearly degenerate and form

a quasi-Dirac lepton with a small admixture of the left-
handed neutrino, ε̂L, of order ↼. The light neutrino mass
is given by

↼ ≃ mD

mN

↽ ≃ µS

mN

(4)

mD = 1↓
2
YDϱh , mN = 1↓

2
YN ϱω (5)

mε ↗ 0.1eV

(
µS

1keV

)(
mD

10GeV

)2(
mN

1TeV

)→2

. (6)

This illustrates a key advantage of the inverse see-
saw : sub-eV neutrino masses can be realized with TeV-
scale heavy states, in contrast to the canonical seesaw
which typically requires mN ⇐ 1014GeV. The smallness
of µS softly breaks lepton number, which is restored in
the limit µS ⇑ 0.
To generate a mass for the pNGB, we introduce a linear

soft-breaking term in the scalar potential [40–42],

Vsoft = ↑ 1↔
2
⇀
3
ωRe(ω) , (7)

which yields m
2
ϑ = ⇀

3
ω/(2ϱω) with ⇀ω > 0. The pNGB

nature of φ, characterized bymϑ ↘ ϱω, therefore requires
⇀ω ↘ ϱω [47]. An additional virtue of this linear soft-
breaking term is that it can evade the cosmic domain
wall problem [48], as pointed out in Ref. [40].
An accidental Z2 symmetry (not a subgroup of U(1)L )

can be identified in the scalar sector, under which the
real fields transform as ς ⇑ ς and φ ⇑ ↑φ. This sym-
metry can be understood as a remnant of a charge-
conjugation transformation, ω ⇑ ω

↑, acting on the com-
plex scalar. Consequently, the pNGB φ, being Z2-odd, is

1
We assume negligible mixing between them, such that h corre-

sponds to the observed Higgs boson, while ω is a heavier scalar

state.



Lifetime of dark matter
l pNGB DM mainly decays into a pair of neutrinos

l This width is remarkably small due to the tiny neutrino mass 
and a large symmetry-breaking scale, e.g.,

which satisfies the experimental lower bound on DM lifetime 
from Super-Kamiokande.
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Lower bound on DM lifetime

C.A. Argüelles et al., PRD 2023
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Freeze-in production of DM
l DM can be produced non-thermally from the Higgs boson 
and HNLs via the freeze-in mechanism.

l HNLs can reach thermal equilibrium with the SM plasma 
through a sizable       and                    (IR freeze-in).
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Boltzmann equation
l We assume               and

reaction rate

l In terms of comoving number density

Bessel function
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Analytical solution for Boltzmann equation 
l Using the narrow width approximation 

l Integrating the Boltzmann eq. from x = 0 to x = ∞

l DM Relic abundance
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We demonstrate that TeV-scale heavy neutral leptons (HNLs) responsible for inverse-seesaw neu-
trino mass generation can simultaneously fix the cosmological abundance and decay properties of
dark matter (DM). The spontaneous breaking of lepton number gives rise to a pseudo-Nambu-
Goldstone boson that serves as a light DM candidate, whose mass originates from a small explicit
symmetry-breaking term. The same HNLs that generate neutrino masses produce the DM via freeze-
in and mediate its decay into neutrinos, leading to a tight correlation among neutrino masses, DM
relic abundance, and DM lifetime. For collider-accessible TeV-scale HNLs, the observed relic den-
sity and lifetime constraints point to sub-GeV DM, yielding observable neutrino signals at JUNO
and next-generation detectors such as Hyper-Kamiokande and DUNE. This framework establishes
a predictive and experimentally testable link between neutrino mass generation and DM.

!ωĥ
2 → 0.12

(
mω

1GeV

)(
mN

103GeV

)2(
mε

104GeV

)→1(
ωϑ

6↑ 1012GeV

)→2

, (1)

Introduction.—The origin of neutrino mass and the
identity of dark matter (DM) remain two of the most
profound open questions in particle physics and cosmol-
ogy. Neutrino oscillation experiments have established
that neutrinos are massive, providing the first direct ev-
idence of physics beyond the Standard Model (SM), yet
the mechanism responsible for their tiny masses is still
unclear [1, 2]. At the same time, cosmological and astro-
physical observations point to a non-baryonic DM com-
ponent whose particle nature remains elusive [3]. A uni-
fied and experimentally testable framework linking neu-
trino mass generation and DM is therefore highly desir-
able.

Heavy neutral leptons (HNLs) can provide a com-
pelling explanation for neutrino mass through the see-
saw mechanism [4–11], and may also account for the
baryon asymmetry of the Universe via leptogenesis [12–
16]. In particular, the inverse seesaw mechanism natu-
rally generates sub-eV neutrino masses while allowing the
HNLs to reside at the TeV scale [17–19]. Such TeV-scale
states are actively searched for in collider experiments
through multi-lepton final states and electroweak pro-
duction channels [20–25]. For smaller active-sterile mix-
ing angles and lighter masses, they may yield displaced-
vertex signatures, motivating dedicated long-lived par-
ticle searches [26–29]. Despite this rich phenomenology,
conventional inverse-seesaw constructions neither predict
a viable DM candidate nor correlate neutrino mass pa-
rameters with cosmological observables [30].

Pseudo-Nambu-Goldstone bosons (pNGBs) arising
from spontaneous lepton-number breaking, commonly re-
ferred to as Majorons, have long been investigated as DM
candidates [31, 32]. Their cosmological production and

decay into neutrinos have been explored in various con-
texts [33–39]. In most existing constructions, however,
the parameters governing neutrino mass generation, DM
relic abundance, and DM lifetime are treated as com-
pletely independent inputs, and a direct connection to
collider-accessible neutrino mass models is missing.

In this Letter, we demonstrate that a minimal exten-
sion of the inverse seesaw model can simultaneously de-
termine neutrino mass, DM production, and DM decay
in a coherent framework and thus in a predictive man-
ner. The spontaneous breaking of lepton number intro-
duces a pNGB that serves as a light DM candidate, whose
mass arises from a small explicit breaking term [40–
43]. Remarkably, the same TeV-scale HNLs responsible

FIG. 1. Triangular connection for sub-GeV DM production,
DM signal, and neutrino mass generation via TeV-scale HNLs.

4

FIG. 3. Allowed parameter space in the (mω,ωε) plane, where
the shadowed regions are excluded by up-to-date observations,
the dashed curves represent the future sensitivities, and the
oblique lines are benchmark points that satisfy the DM relic
density.

In the parameter region of interest, an analytic esti-
mate can be obtained. In particular, for !ω → mω, the
narrow-width approximation applies, and the reaction
rate in Eq. (10) can be approximately given by

RNN→εε ↑
m

3
ωm

2
N T

16ω3ε2
ϑ

K1(xω)Bω→εε , (12)

where Bω→εε ↓ !ω→εε/!ω ↑ 1. Substituting it into
Eq. (11) and integrating, we obtain

Yε(x↑) ↑ 405
↔
10

2(2ω)5
m

2
NmPl

g↓s
↔
g↓ ε

2
ϑmω

, (13)

which is independent of mε.
Matching to the observed value YDM ↑ 4.4 ↗

10↔10(mDM/GeV)↔1(”obs
DM ĥ

2
/0.12) [3], we find

”εĥ
2 ↑ 0.12

(
mε

1GeV

)(
mN

103GeV

)2

↗
(

mω

104GeV

)↔1(
εϑ

6↗ 1012GeV

)↔2

, (14)

in agreement with numerical results. We have also veri-
fied consistency with micrOMEGAs [53].

As discussed above, conventional DM direct searches
are largely insensitive in this model due to the excep-
tionally large symmetry-breaking scale, εϑ, which results
in a suppression of the coupling between DM and SM
particles. Nevertheless, a distinctive and potentially ob-
servable signal arises from the decay of DM into active
neutrinos. The decay rate of a DM particle into a pair of

Majorana neutrinos is given by [36]

!ε→ϖMϖM
=

m
2
ϖ

4ωε2
ϑ

mε , (15)

!ε→ϖϖ ↘
(
mϖ

εϑ

)2
, (16)

where ϑM = ϑ + ϑ
c is a four-component Majorana neu-

trino. The decay width is exceedingly suppressed by the
combination of the tiny neutrino mass and the large scale
εϑ, guaranteeing the cosmological stability of the pNGB
DM on timescales far exceeding the age of the Universe.
For illustration, the DM lifetime, ϖε ↑ !↔1

ε→ϖMϖM
(in

the limit mN ≃ mε), can be expressed as

ϖε ↑ 1023 sec

(
mϖ

0.1eV

)2(
mε

1GeV

)(
εϑ

1013GeV

)↔2

, (17)

which satisfies the experimental lower bound on DM
lifetime from Super-Kamiokande (SK) [54]. This ex-
treme longevity highlights the challenge of detecting such
DM through conventional astrophysical or laboratory
searches, but it also points to a clean and well-defined
target for neutrino observatories seeking extremely rare
signals.
In Fig. 3, we translate Eq. (15) into a lower bound on

the symmetry-breaking scale, εϑ, as a function of the
DM mass, mε, based on the analysis in Ref. [55]. The
shaded region corresponds to the excluded region from
various experiments, while the dashed curves represent
future sensitivities. This mapping provides a direct con-
nection between the pNGB DM parameter space and ex-
perimental observables, illustrating that even in scenar-
ios with ultra-heavy εϑ, neutrino decay channels remain
a promising probe of otherwise elusive DM.
Results.—We numerically solve Eq. (11) and fix the re-

sulting relic abundance to ”εĥ
2 = 0.12. The required

symmetry-breaking scale, εϑ, is then determined as a
function of the DM mass mε with fixing mN = 1TeV
and mω = 10TeV (mN = 0.5TeV and mω = 5TeV), as
shown by solid purple (cyan) line in Fig. 3.
For TeV-scale HNLs, we find that the DM mass

mε ↭ 2GeV are excluded by Super-Kamiokande (SK)
searches [56], while the intermediate range 30MeV ↫
mε ↫ 60MeV is disfavored by constraints on the ϑ̄e

flux [57]. In contrast, the sub-GeV region remains consis-
tent with current neutrino data [54, 58], and interestingly
lies in the region that can be probed by ongoing experi-
ments such as JUNO [44] and upcoming neutrino facili-
ties such as Hyper-Kamiokande [45] and DUNE [46]. This
behavior reflects the interplay between the freeze-in pro-
duction rate and late-time decay signatures, which be-
come increasingly constrained at higher masses.
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Enhanced Poincaré symmetry
l In the               limit, one can perform independent Poincaré
transformation that leave the actions separately invariant.

l Poincaré sym. is enhanced :
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We demonstrate that TeV-scale heavy neutral leptons (HNLs) responsible for inverse-seesaw neu-
trino mass generation can simultaneously fix the cosmological abundance and decay properties of
dark matter (DM). The spontaneous breaking of lepton number gives rise to a pseudo-Nambu-
Goldstone boson that serves as a light DM candidate, whose mass originates from a small explicit
symmetry-breaking term. The same HNLs that generate neutrino masses produce the DM via freeze-
in and mediate its decay into neutrinos, leading to a tight correlation among neutrino masses, DM
relic abundance, and DM lifetime. For collider-accessible TeV-scale HNLs, the observed relic den-
sity and lifetime constraints point to sub-GeV DM, yielding observable neutrino signals at JUNO
and next-generation detectors such as Hyper-Kamiokande and DUNE. This framework establishes
a predictive and experimentally testable link between neutrino mass generation and DM.
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Introduction.—The origin of neutrino mass and the
identity of dark matter (DM) remain two of the most
profound open questions in particle physics and cosmol-
ogy. Neutrino oscillation experiments have established
that neutrinos are massive, providing the first direct ev-
idence of physics beyond the Standard Model (SM), yet
the mechanism responsible for their tiny masses is still
unclear [1, 2]. At the same time, cosmological and astro-
physical observations point to a non-baryonic DM com-
ponent whose particle nature remains elusive [3]. A uni-
fied and experimentally testable framework linking neu-
trino mass generation and DM is therefore highly desir-
able.

Heavy neutral leptons (HNLs) can provide a com-
pelling explanation for neutrino mass through the see-
saw mechanism [4–11], and may also account for the
baryon asymmetry of the Universe via leptogenesis [12–
16]. In particular, the inverse seesaw mechanism natu-
rally generates sub-eV neutrino masses while allowing the
HNLs to reside at the TeV scale [17–19]. Such TeV-scale
states are actively searched for in collider experiments
through multi-lepton final states and electroweak pro-
duction channels [20–25]. For smaller active-sterile mix-
ing angles and lighter masses, they may yield displaced-
vertex signatures, motivating dedicated long-lived par-
ticle searches [26–29]. Despite this rich phenomenology,
conventional inverse-seesaw constructions neither predict
a viable DM candidate nor correlate neutrino mass pa-

rameters with cosmological observables [30].

Pseudo-Nambu-Goldstone bosons (pNGBs) arising
from spontaneous lepton-number breaking, commonly re-
ferred to as Majorons, have long been investigated as DM
candidates [31, 32]. Their cosmological production and
decay into neutrinos have been explored in various con-
texts [33–39]. In most existing constructions, however,
the parameters governing neutrino mass generation, DM
relic abundance, and DM lifetime are treated as com-

FIG. 1. Triangular connection for sub-GeV DM production,
DM signal, and neutrino mass generation via TeV-scale HNLs.
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Introduction.—The origin of neutrino mass and the
identity of dark matter (DM) remain two of the most
profound open questions in particle physics and cosmol-
ogy. Neutrino oscillation experiments have established
that neutrinos are massive, providing the first direct ev-
idence of physics beyond the Standard Model (SM), yet
the mechanism responsible for their tiny masses is still
unclear [1, 2]. At the same time, cosmological and astro-
physical observations point to a non-baryonic DM com-
ponent whose particle nature remains elusive [3]. A uni-
fied and experimentally testable framework linking neu-
trino mass generation and DM is therefore highly desir-
able.

Heavy neutral leptons (HNLs) can provide a com-
pelling explanation for neutrino mass through the see-
saw mechanism [4–11], and may also account for the
baryon asymmetry of the Universe via leptogenesis [12–
16]. In particular, the inverse seesaw mechanism natu-
rally generates sub-eV neutrino masses while allowing the
HNLs to reside at the TeV scale [17–19]. Such TeV-scale
states are actively searched for in collider experiments
through multi-lepton final states and electroweak pro-
duction channels [20–25]. For smaller active-sterile mix-
ing angles and lighter masses, they may yield displaced-
vertex signatures, motivating dedicated long-lived par-
ticle searches [26–29]. Despite this rich phenomenology,
conventional inverse-seesaw constructions neither predict
a viable DM candidate nor correlate neutrino mass pa-

rameters with cosmological observables [30].

Pseudo-Nambu-Goldstone bosons (pNGBs) arising
from spontaneous lepton-number breaking, commonly re-
ferred to as Majorons, have long been investigated as DM
candidates [31, 32]. Their cosmological production and
decay into neutrinos have been explored in various con-
texts [33–39]. In most existing constructions, however,
the parameters governing neutrino mass generation, DM
relic abundance, and DM lifetime are treated as com-

FIG. 1. Triangular connection for sub-GeV DM production,
DM signal, and neutrino mass generation via TeV-scale HNLs.
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Introduction.—The origin of neutrino mass and the
identity of dark matter (DM) remain two of the most
profound open questions in particle physics and cosmol-
ogy. Neutrino oscillation experiments have established
that neutrinos are massive, providing the first direct ev-
idence of physics beyond the Standard Model (SM), yet
the mechanism responsible for their tiny masses is still
unclear [1, 2]. At the same time, cosmological and astro-
physical observations point to a non-baryonic DM com-
ponent whose particle nature remains elusive [3]. A uni-
fied and experimentally testable framework linking neu-
trino mass generation and DM is therefore highly desir-
able.

Heavy neutral leptons (HNLs) can provide a com-
pelling explanation for neutrino mass through the see-
saw mechanism [4–11], and may also account for the
baryon asymmetry of the Universe via leptogenesis [12–
16]. In particular, the inverse seesaw mechanism natu-
rally generates sub-eV neutrino masses while allowing the
HNLs to reside at the TeV scale [17–19]. Such TeV-scale
states are actively searched for in collider experiments
through multi-lepton final states and electroweak pro-
duction channels [20–25]. For smaller active-sterile mix-
ing angles and lighter masses, they may yield displaced-
vertex signatures, motivating dedicated long-lived par-

ticle searches [26–29]. Despite this rich phenomenology,
conventional inverse-seesaw constructions neither predict
a viable DM candidate nor correlate neutrino mass pa-
rameters with cosmological observables [30].

Pseudo-Nambu-Goldstone bosons (pNGBs) arising
from spontaneous lepton-number breaking, commonly re-
ferred to as Majorons, have long been investigated as DM
candidates [31, 32]. Their cosmological production and
decay into neutrinos have been explored in various con-
texts [33–39]. In most existing constructions, however,
the parameters governing neutrino mass generation, DM
relic abundance, and DM lifetime are treated as com-
pletely independent inputs, and a direct connection to
collider-accessible neutrino mass models is missing.

In this Letter, we demonstrate that a minimal exten-
sion of the inverse seesaw model can simultaneously de-
termine neutrino mass, DM production, and DM decay
in a coherent framework and thus in a predictive man-
ner. The spontaneous breaking of lepton number intro-
duces a pNGB that serves as a light DM candidate, whose
mass arises from a small explicit breaking term [40–
43]. Remarkably, the same TeV-scale HNLs responsible
for neutrino mass generate DM through freeze-in and
mediate its decay into neutrinos. Consequently, neutrino
masses, DM relic abundance, and DM lifetime are deter-
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TABLE I. Quantum numbers of the relevant SM and new
particles in the model, where eRj , ELj = (ω̂Lj ε

→
Lj )

T , and
H are the SM right-handed singlet, left-handed doublet, and
Higgs doublet, respectively, with j = 1,2,3 being the genera-
tion index.

eRj ELj H NRj SLj ϑ

SU(2)L 1 2 2 1 1 1
U(1)Y →1 →1/2 1/2 0 0 0
U(1)L 1 1 0 1 2 1
spin 1/2 1/2 0 1/2 1/2 0

for neutrino mass generate DM through freeze-in and
mediate its decay into neutrinos. Consequently, neutrino
masses, DM relic abundance, and DM lifetime are deter-
mined by the same underlying parameters and cannot be
chosen independently.

This model structure is seen to have tight and pre-
dictive connections among three sectors, with the HNLs
playing a pivotal role, as illustrated schematically by
the triangular diagram in Fig. 1 : (i) inverse-seesaw neu-
trino mass generation, (ii) freeze-in production of DM
from TeV-scale HNLs, and (iii) DM decay into neutri-
nos. The lepton-number symmetry-breaking scale that
controls the HNL masses simultaneously suppresses the
DM decays, ensuring its cosmological longevity while per-
mitting observable neutrino signals.

For collider-accessible TeV-scale HNLs, imposing the
observed relic abundance and current lifetime bounds
restricts the DM mass to the sub-GeV regime. In this
range, the DM decay into neutrinos is testable at
JUNO [44] and next-generation detectors such as Hyper-
Kamiokande [45] and DUNE [46]. The discovery of TeV-
scale HNLs would therefore imply a correlated neutrino
signal from the DM decay, establishing a concrete and
experimentally accessible bridge among collider physics,
cosmology, and neutrino astronomy.

Model.—We consider a minimal extension of the SM
by introducing singlet fermions NR and SL, along with
a complex singlet scalar ω carrying lepton number under
a global U(1)L symmetry. The relevant particle content
and their quantum numbers are summarized in Tab. I. In
particular, the lepton number assignments of the new
fields are chosen such that the interactions ωNRNR and
ωSLSL are forbidden for simplicity. The relevant inter-
actions are

L → ↑ELH̃YDNR ↑ SLYNNRω↑ 1

2
SLµSS

c
L +H.c.,(2)

where EL = (ε̂L ϑ
→
L )T is the SM left-handed doublet,

H̃ = iϖ
2
H

↑ with H the SM Higgs doublet and ϖ
2 the

second Pauli matrix. Here YD and YN are 3↓ 3 Yukawa
matrices, while µS is a small 3↓3 Majorana mass matrix
that softly breaks lepton number and realizes the inverse
seesaw mechanism [17–19].

After spontaneous symmetry breaking, the scalar fields
are expanded around their vacuum expectation values as

H =




0

1↔
2
(ϱh + h)



 , ω =
1↔
2
(ϱω + ς+ iφ) , (3)

where ϱh ↗ 246GeV and ϱω correspond to electroweak
and lepton-number breaking scales, respectively. The
fields h and ς are CP-even scalars,1 while φ is a pNGB
associated with spontaneous lepton-number breaking.
Working in the one-generation limit of the leptons and

assuming µS ↘ mD ↘ mN , with mD = YDϱω/
↔
2 and

mN = YNϱω/
↔
2, the mass eigenstates of neutral leptons

can be obtained perturbatively. In particular, the light
neutrino state is approximately

ε ↗
(
1↑ ↼

2
/2

)
ε̂L ↑ ↼SL + ↼ ↽N

c
R , (4)

where ↼ ≃ mD/mN and ↽ ≃ µS/mN , while the HNL
states N1,2 ⇐ N

c
R ⇒ SL are nearly degenerate and form

a quasi-Dirac lepton with a small admixture of the left-
handed neutrino, ε̂L, of order ↼. The light neutrino mass
is given by

↼ ≃ mD

mN

↽ ≃ µS

mN

(5)

mD = 1↓
2
YDϱh , mN = 1↓

2
YN ϱω (6)

mε ↗ 0.1eV

(
µS

1keV

)(
mD

10GeV

)2(
mN

1TeV

)→2

. (7)

This illustrates a key advantage of the inverse see-
saw : sub-eV neutrino masses can be realized with TeV-
scale heavy states, in contrast to the canonical seesaw
which typically requires mN ⇐ 1014GeV. The smallness
of µS softly breaks lepton number, which is restored in
the limit µS ⇑ 0.
To generate a mass for the pNGB, we introduce a linear

soft-breaking term in the scalar potential [40–42],

Vsoft = ↑ 1↔
2
⇀
3
ωRe(ω) , (8)

which yields m
2
ϑ = ⇀

3
ω/(2ϱω) with ⇀ω > 0. The pNGB

nature of φ, characterized bymϑ ↘ ϱω, therefore requires
⇀ω ↘ ϱω [47]. An additional virtue of this linear soft-
breaking term is that it can evade the cosmic domain
wall problem [48], as pointed out in Ref. [40].

1
We assume negligible mixing between them, such that h corre-

sponds to the observed Higgs boson, while ω is a heavier scalar

state.


