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We discuss in detail the possibility that the “type-II Majoron”—that is, the pseudo-Nambu-Goldstone
boson that arises in the context of the type-II seesaw mechanism if the lepton number is spontaneously
broken by an additional singlet scalar—account for the dark matter (DM) observed in the Universe. We
study the requirements the model’s parameters have to fulfill in order to reproduce the measured DM relic
abundance through two possible production mechanisms in the early Universe, freeze-in and misalign-
ment, both during a standard radiation-dominated era and early matter domination. We then study
possible signals of type-II Majoron DM and the present and expected constraints on the parameter space
that can be obtained from cosmological observations, direct detection experiments, and present and
future searches for decaying DM at neutrino telescopes and cosmic-ray experiments. We find that—
depending on the Majoron mass, the production mechanism, and the vacuum expectation value of the
type-II triplet—all of the three decay modes (photons, electrons, neutrinos) of Majoron DM particles can
yield observable signals at future indirect searches for DM. Furthermore, in a corner of the parameter
space, detection of Majoron DM is possible through electron recoil at running and future direct detection
experiments.
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I. INTRODUCTION

After a decade of operations, the Large Hadron Collider
(LHC) has given no conclusive evidence of new phenom-
ena beyond those predicted by the Standard Model (SM) of
particle physics. In particular, no sign of new particles at the
TeV scale so far has been found. Similarly, dark matter
(DM) direct detection experiments, that is, searches for
nuclear recoils due to collisions with DM particles, have
been only providing ever more stringent constraints on
models where DM is made of weakly interacting massive
particles (WIMPs). In combination with the LHC bounds,
this significantly reduced the viable parameter space of
typical WIMP models, see, e.g., Refs. [1,2]. While the
WIMP paradigm is far from being excluded, these experi-
mental facts have recently motivated an increased
interest in alternative DM candidates, such as very light,

feebly-coupled—thus more elusive—particles, see, e.g.,
Refs. [3–6] and the references therein.
Paradigmatic examples of such light DM candidates are

provided by the QCD axion [7–9] and, more in general,
axionlike particles (ALPs), that is, pseudo-Nambu-
Goldstone bosons (pNGBs) of global Uð1Þ symmetries
spontaneously broken at high energies. These fields can
thus be interpreted as light remnants of some high-energy
new physics scale, usually related to outstanding problems
of the SM, such as the strong CP problem [7–9], the flavor
puzzle [10–18], the origin of neutrino masses [19–21].
Besides a possible resolution of the DM problem [22–24],
the possible connection to other open questions in particle
physics makes this class of models very appealing.
Furthermore, their rich phenomenology provides a unique
way to test new physics at scales inaccessible to any
foreseeable collider experiment.
In this paper, we consider one of the best motivated ALP

DM candidates: the Majoron, that is, the pNBG associated
with the spontaneous breaking of the lepton number [19].
This enables us to draw an appealing connection between
the origin of neutrino masses, the DM puzzle, past and
future searches for DM signatures in photon, electron, and

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 108, 115003 (2023)

2470-0010=2023=108(11)=115003(27) 115003-1 Published by the American Physical Society

https://orcid.org/0000-0001-9688-2439
https://orcid.org/0000-0002-9322-8076
https://orcid.org/0000-0001-8193-5665
https://orcid.org/0009-0008-5447-9551
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.115003&domain=pdf&date_stamp=2023-12-05
https://doi.org/10.1103/PhysRevD.108.115003
https://doi.org/10.1103/PhysRevD.108.115003
https://doi.org/10.1103/PhysRevD.108.115003
https://doi.org/10.1103/PhysRevD.108.115003
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


neutrino fluxes from the cosmos, as well as searches for
DM-electron scattering at direct-detection experiments
such as XENONnT [25], PandaX [26], LZ [27].
After the discovery of neutrino oscillations [28,29],

two decades of enormous experimental developments made
it possible to measure neutrino masses and mixing with
high precision, see Refs. [30–32] for the current status.
However, it remains undetermined whether the neutrino
mass terms are of the Dirac type, such as all the other
SM fermions, or Majorana [33] that would imply that
neutrinos and their own antiparticles coincide. This latter
possibility—whose simplest realization is provided by
the famous dimension-five Weinberg operator [34]—
necessarily requires violation of the lepton number.
While this may occur through an explicit breaking, such
as the one due to Majorana mass terms of right-handed
neutrinos within the simplest realization of the type-I
seesaw mechanism [35–38], a spontaneous breaking is
also a logical possibility. In general, the existence of a light
Majoron would be an unavoidable consequence of any
mechanism of generation of neutrino masses involving a
spontaneous breaking of the lepton number (as long as the
latter is a global symmetry).
In short, within a fairly wide class of models, it is natural

to add the Majoron field to the particle content of the SM
alongside the other fields involved in the generation of
neutrino masses, thus providing a compelling candidate
for ALP DM and a realistic target for searches, among
others, of neutrino lines at present and future neutrino
telescopes [39].
It is also interesting to notice that, in cosmology,

Majorons have recently gathered attention in the context
of possible solutions of the Hubble tension: it has been
shown that an additional radiation component due to light
Majorons as well as neutrino interactions mediated by
Majorons can relax the tension [40,41]—cf. Refs. [42–44],
for explicit realizations.
In the following pages, we focus in particular on a

Majoron model [45,46] based on type-II seesaw [47–52],
which consists in adding only two fields to the SM field
content: a scalar SUð2ÞL triplet and a scalar singlet
responsible for the spontaneous breaking of the lepton
number. Our aim is to study the model’s DM phenom-
enology that has received comparatively little attention in
the literature.1 In Sec. II, we review the model and discuss

how it is constrained by laboratory experiments, including
searches for the triplet at the LHC. In Sec. III, we
discuss two possible Majoron DM production mecha-
nisms, freeze-in and misalignment, both during a
standard radiation dominated epoch and an early mat-
ter-dominated era. In Sec. IV, we study the constraints on
the parameter space relevant for Majoron DM from
cosmological surveys, direct detection experiments,
and present and future searches for decaying DM at
neutrino telescopes and other cosmic-ray probes. We
summarize and draw our conclusions in Sec. V, while
some technical results and useful formulas are collected in
the Appendices.

II. TYPE-II MAJORON MODEL

One minimal extension to the SM, which can accom-
modate Majorana masses of neutrinos, consists in
introducing an SUð2ÞL triplet scalar field with lepton
number L ¼ −2, which couples with two lepton doublets.
Spontaneous breaking of the lepton number via the vacuum
expectation value (vev) of the triplet scalar field induces
neutrino Majorana mass terms and, at the same time,
provides a Nambu-Goldstone boson, the Majoron [20,21].
This minimal scenario for Majorana neutrino masses was
already ruled out long ago by the nonobservation of
Majorons in the decays of Z bosons at LEP.2

The famous type-II seesaw mechanism also features the
same scalar triplet [47–52], but the lepton number is
violated explicitly by the scalar cubic interaction involving
the triplet and two Higgs doublets. Therefore, no Majoron
appear and the phenomenological problems of the triplet
scalar model related to the presence of the Majoron field are
circumvented. However, one can impose that the origin of
the mass-dimensionful coupling of the scalar cubic term in
the type-II seesaw model is the vev of an extra scalar field
that spontaneously breaks the lepton number. The new
scalar field should be a singlet under the SM gauge
symmetries but it should be charged under the lepton
number Uð1ÞL. After the spontaneous breaking of the
lepton number, a Majoron state appears as in the triplet
scalar model. However, this Majoron field consists domi-
nantly of the imaginary component of the singlet field and
does not suffer the phenomenological problems that affect
the original triplet Majoron model, being in particular
consistent with the measured invisible width of the Z
boson. This possibility, which we call the type-II Majoron
model, was first proposed in Refs. [45,46], and various
aspects of its phenomenology have been discussed in,
e.g., Refs. [59–62]. The model is described in detail in
Appendix A. In this section, we discuss the most relevant
aspects for our analysis.

1For early studies on astrophysical signatures of Majoron DM
within type-I plus type-II seesaw see Refs. [53,54]. Freeze-in
production of Majoron DMwithin type-I seesaw has been studied
in Ref. [55]. For a discussion of freeze-in and freeze-out
production and experimental consequences of Majoron DM
within type-I (and type-I plus type-II) seesaw, cf. Ref. [56].
See also Ref. [57] for a recent study proposing, within the same
model we are considering here, a mechanism of Majoron mass
generation through explicit breaking plus scalar mixing and the
consequent implications for DM production.

2See Ref. [58] for a possible way to evade this constraint
introducing higher dimensional operators in the scalar
potential.

BIGGIO, CALIBBI, OTA, and ZANCHINI PHYS. REV. D 108, 115003 (2023)

115003-2



The part of the Lagrangian of the type-II Majoron model,
which is responsible for neutrino masses, reads

LtypeII ¼ ðYΔÞαβLc
αΔLβ þ κσΦTΔΦþ H:c:; ð2:1Þ

where Lα;β are lepton doublets whose flavor is denoted by
the indices α and β, and σ, Φ, and Δ are scalar fields in the
SUð2ÞL singlet, doublet, and triplet representation, respec-
tively.3 The superscript c on the field L denotes charge
conjugation. Notice that both the couplings YΔ and κ are
mass-dimensionless.
The SUð2ÞL triplet scalar field Δ carries lepton number

L ¼ −2, and the singlet field σ has L ¼ þ2, while the
doublet Φ, which is the SM Higgs scalar field, carries no
lepton number. As a consequence, the above Lagrangian is
invariant under the Uð1ÞL lepton number transformation,
but that symmetry is spontaneously broken by the vev
hσi ¼ v1=

ffiffiffi
2

p
of the singlet field. This spontaneous break-

ing of the lepton number brings about a Majoron field J
stemming from the imaginary part of σ.
After the electroweak symmetry is broken by the vev of

the doublet hΦ0i ¼ v2=
ffiffiffi
2

p
, the neutral component of the

triplet field acquires a vev hΔ0i ¼ v3=
ffiffiffi
2

p
too, which is

mediated by the triplet scalar field itself:

v3 ¼
1

2
κ
v1v22
M2

Δ
; ð2:2Þ

where MΔ is the mass of the triplet.4 The combination of
vevs relevant to the electroweak symmetry breaking is
identified as

vEW ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v22 þ 2v23

q
≃ 246 GeV: ð2:3Þ

The vev of the triplet contributes to the masses of
the weak gauge bosons and modifies the relation
between them. The deviation from the relation predicted
by the SM is measured in terms of the ρ parameter, which is
given by

ρ≡ M2
W

M2
Z cos

2 θW
¼ v22 þ 2v23

v22 þ 4v23
¼ v2EW

v2EW þ 2v23
: ð2:4Þ

The most conservative global fit of the electro-
weak precision observables (EWPO) reported in Ref. [63]
gives ρ ¼ 1.0002� 0.0009, which sets an upper bound
to the triplet vev, v3 < 7 GeV at 95% confidence
level.5

The Yukawa interaction in Eq. (2.1) in combination with
the vev of the triplet provides neutrino with Majorana mass
terms:

ðmνÞαβ ¼ −
ffiffiffi
2

p
ðYΔÞαβv3 ¼ −

1ffiffiffi
2

p ðYΔÞαβκv1
v22
M2

Δ
: ð2:5Þ

Notice that the standard neutrino mass formula of the
type-II seesaw mechanism is recovered considering that
the coupling of the trilinear scalar interaction ΦTΔΦ is
given by μ ¼ κv1=

ffiffiffi
2

p
.

The scalar potential and the masses of the physical states
are discussed in Appendix A. This sector of the model is
subject to bounds from vacuum stability and perturbative
unitarity [68–72]. In order to have a viable DM candidate,
the vevs of the scalar fields are required to exhibit the
hierarchical pattern

v3 ≪ v2 ≪ v1: ð2:6Þ

In fact, at least one vev needs to be ultralarge in order to
suppress the Majoron couplings and make it long-lived
enough to be DM (see Sec. IV) and such a vev can only be
v1, because v3 is constrained by EWPO, as discussed
above, and v2 must provide the main source of the observed
electroweak-symmetry breaking. This implies that the
mixing among the CP-odd scalars is very small—as one
can see by inspecting the mixing matrixOI in Eq. (A11) for
the regime of Eq. (2.6). Consistently with this observation,
and for the sake of the perturbativity constraints mentioned
above, we assume all couplings of the scalar potential to be
≪ 1 and small mixing to occur in the real scalar sector too.
We stress that our conclusions do not depend on the
details of the scalar potential, as long as the couplings
are not too large. The small mixing regime also prevents the
Majoron (and the real component of the singlet) to
thermalize with the hot bath in the early universe. This and
other cosmological consequences of the κ term will be
discussed in Sec. III. In addition, as we will see below, κ is

3Here we follow the notation adopted in Ref. [61], where the
hypercharge assignment ofΦ is −1=2. The triplet fieldΔ contains
an antisymmetric tensor for the index of the SUð2ÞL fundamental
representation, which is necessary to form an SUð2ÞL singlet
together with two Φs. See Appendix A for details.

4Here MΔ is actually an “average” value of the masses of the
Higgs bosons from the triplet, and strictly speaking, the triplet
vev is mediated by the neutral CP-even Higgs boson H3. The
masses of the physical scalar fields, which are given in Appen-
dix A, depend on the full description of the scalar potential.
However, in the parameter region that we are interested in, the
triplet Higgs bosons, H3, A, H�, and H��, all have similar
masses of the order MΔ, see below.

5The triplet scalar contributions to the mass of the W boson
were revisited in Refs. [64–66] in light of the recent measurement
based on data collected at CDF II [67]. Even though large values
of v3 (as required, e.g., by Majoron DM production through the
freeze-in mechanism, see Sec. III) decreaseMW at the tree level, it
is still possible to reproduce the CDF result via loop contributions
involving the states in Δ.
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bounded from below by searches for extra Higgs bosons at
the LHC.

A. Spectrum of the model and LHC bounds

Let us now turn to the spectrum of the model. The scalar
sector comprises the following physical states: three
CP-even Higgs bosons (H1, H2, H3), a CP-odd
Higgs boson A, two singly-charged Higgs bosons H�,
two doubly-charged Higgs bosons H��, and the Majoron
J, which—together with the three Nambu-Goldstone
bosons ðG0; G�Þ that become the longitudinal components
of the electroweak bosons—add up to the 12 degrees of
freedom present in the three complex scalar fields of
the model.
Due to the small mixing regime that we are working in,

the (mainly) singlet Higgs boson H1 decouples from the
rest of the spectrum and is super heavy, MH1

∼ v1 ≫ vEW.
H2 consists dominantly of the neutral component
of the doublet, and we identify it with the SM Higgs
boson, that is, we set MH2

¼ MHSM
≃ 125 GeV. The other

Higgs bosons mainly originate from the triplet, and their
masses mainly stem from a common origin, which is
the κ term in Eq. (2.1). Consequently, they have masses
of similar size that, expressed in terms of κ and the vevs,
read

M2
H3

≃M2
HA

≃M2
H� ≃M2

H�� ≃M2
Δ ≡ 1

2
κ
v1v22
v3

: ð2:7Þ

For the full description of the scalar sector, we again refer to
Appendix A.
The collider phenomenology of the triplet Higgs model

has been extensively discussed in, e.g., Refs. [69,72–84].
Since fields charged under the electromagnetic Uð1Þ
can be produced through the Drell-Yan process, the LHC
can set a robust bound to the masses of the charged
Higgs bosons regardless of the details of the model. In
particular, searches for the production of doubly-charged
states pp → HþþH−− followed by decays into W bosons,
H�� → W�W�, are the most relevant for scenarios
with v3 > Oð10−4Þ GeV [83]. The null result of such
searches at the LHC [85] provide a lower limit on the
mass of the triplet, MΔ ≳ 400 GeV. Following from
Eq. (2.7), this limit can be interpreted in our case as a
lower bound to κ:

κ≳2.7×10−7
�

MΔ

400GeV

�
2
�

v3
1GeV

��
2×107GeV

v1

�
: ð2:8Þ

Finally, we need to discuss the mass MJ of the Majoron
field. Indeed, the Majoron cannot be a genuine Nambu-
Goldstone boson—that is, exactly massless—in order for it

to be a candidate for DM. In other words, a Majoron
mass term must arise out of a (small) explicit breaking
of the lepton number. Such breaking can originate from
higher-dimensional Planck-suppressed operators, which is
consistent with the commonly accepted notion that no
global symmetry is preserved within quantum gravity—
see, e.g., Ref. [86] for a recent review. A straightforward
example is provided by operators only involving the scalar
singlet [87,88]:

LLNV ⊃
λm;n

Md−4
Pl

σmσ�n þ H:c:; ð2:9Þ

where MPl ¼ 1.22 × 1019 GeV is the Planck mass,
d ¼ mþ n ≥ 5, λm;n are dimensionless coefficients, and
the lepton number is explicitly broken ifm ≠ n. As one can
see, the above operators would induce contributions to the
Majoron mass MJ as

M2
J ∼ λm;n

vd−21

Md−4
Pl

: ð2:10Þ

As we will show in the following, Majoron DM
requires v1 ≳ 107 GeV. In such a regime, d ¼ 5 operators
induce

MJ ≃ 10 GeVðλm;nÞ1=2
�

v1
107 GeV

�
3=2

; ð2:11Þ

thus the mass range relevant for DM detection
(10 keV≲MJ ≲ 100 MeV, see Sec. IV) require small
couplings λm;n ≲ 10−12–10−4 for v1 ≳ 107 GeV. If the
dominant contributions to MJ arise at dimension 6, we
have instead

MJ ≃ 10 keVðλm;nÞ1=2
�

v1
107 GeV

�
2

; ð2:12Þ

hence the whole of the mass range we are interested
in is accessible for d ¼ 6 operators with coefficients
λm;n ¼ Oð1Þ.
Notice that, even if present, operators such as

σmσ�nðΦ†ΦÞp and σmσ�nðΔ†ΔÞp (of dimension d ¼ m þ
nþ 2p, with mþ n ≥ 3 and p ≥ 1) would give subdomi-
nant contributions to MJ compared to the operators in
Eq. (2.9) of the same dimensionality, as a consequence of
the vev hierarchy of Eq. (2.6). As we will see in the next
subsection, the couplings of the Majoron relevant to DM
phenomenology (that is, those to photons and SM fer-
mions) arise from mixing in the scalar sector. As a
consequence, the explicit breaking of the lepton number
provided by Eq. (2.9)—which does not substantially
contribute to the mixing among singlet, doublet and

BIGGIO, CALIBBI, OTA, and ZANCHINI PHYS. REV. D 108, 115003 (2023)

115003-4



triplet—does not affect the Majoron couplings and thus
DM production and decays.6 Hence MJ can be safely
treated as a free parameter with no consequence on the
Majoron interactions, and so will we do throughout the
paper.7

B. Majoron couplings and decays

Being dominantly part of the singlet σ, the type-II
Majoron inherits couplings to SM fields through mixing
in the scalar sector, as shown in Appendix A. These can be
written as

LJ ¼ igPJffJfγ
5f −

1

4
gJγγJFμνF̃μν; ð2:13Þ

where f denotes the SM fermion species: neutrinos,
charged leptons, up and down quarks, f ¼ ν;l; u; d. The
couplings to the neutrino mass eigenstates (νi, i ¼ 1, 2, 3)
stem from the interaction YΔ of the triplet with lepton
doublets in Eq. (2.1) and, for the hierarchical regime
v3 ≪ v2 ≪ v1 that we are considering, read

gPJνiνi ≃ −
mνi

2v1
: ð2:14Þ

The couplings to the other fermions are

gPJlαlα ≃−mlα

2v23
v1v22

; gPJuαuα ≃muα

2v23
v1v22

;

gPJdαdα ≃−mdα

2v23
v1v22

; ð2:15Þ

where α ¼ 1, 2, 3 denotes the flavor of the fermion and,
again, we restricted to the hierarchical regime shown in
Eq. (2.6)—for the full expressions beyond this limit, see
Appendix A. Notice that the couplings to quarks and
charged leptons are ∝ v23=v

2
2. Furthermore, they are

flavor-conserving, since they are all inherited from the
fermion interactions with the Higgs doublet—in fact, Δ
does not couple to quarks and its neutral component does
not couple to charged leptons either—hence rotations of the
fields to the mass basis diagonalize them too.
Finally, the effective coupling with photons arises

from Majoron-pion mixing as well as loops of charged
fermions:

gJγγ ≃
2α

π

v23
v1v22

�
M2

J

M2
J −m2

π0
−
X
f

Q2
fN

f
cB1ðτfÞ

�
; ð2:16Þ

whereQf and N
f
c are, respectively, electric charge and color

multiplicity of the fermion f, and τf ≡ 4m2
f=M

2
J. The

expression of the loop function B1ðτfÞ can be found in
Appendix A. This function is such that B1ðτfÞ → 0 for
τf → ∞, that is, the Majoron decouples from photons for
MJ ≪ me. This is because the lepton number is anomaly free
hence there is noanomalousMajoron couplingwithphotons.8

In the mass range relevant to DM direct detection and
astrophysical probes that will focus on in Sec. IV, that is,
MJ ≈ 1 keV–100 MeV, the Majoron can only decay into
photons, neutrinos, and possibly electrons. The correspond-
ing decay rates read (see, e.g., Refs. [91,92])

ΓðJ → γγÞ ¼ M3
J

64π
jgJγγj2; ð2:17Þ

ΓðJ → νiνiÞ ¼
MJ

4π
jgPJνiνi j2 ≃

MJ

16π

�
mνi

v1

�
2

; ð2:18Þ

ΓðJ → eþe−Þ ¼ MJ

8π
jgPJeej2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

M2
J

s

≃
MJ

2π

�
me

v1

�
2
�
v3
v2

�
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

M2
J

s
: ð2:19Þ

6At first order in perturbation theory, the Majoron mass term introduces the following correction to the mass eigenstates of Eq. (A14):

Jð1Þ ¼ Jð0Þ −
ðδM2Þ31
M2

A
Að0Þ þ ðδM2Þ23ðδM2Þ31

M2
JM

2
A

Gð0Þ ≃ Jð0Þ −
M2

J

M2
A

v3
v1

Að0Þ;

Gð1Þ ¼ Gð0Þ −
ðδM2Þ32
M2

A
Að0Þ þ ðδM2Þ13ðδM2Þ32

M2
JM

2
A

Jð0Þ ¼ Gð0Þ;

Að1Þ ¼ Að0Þ þ ðδM2Þ13
M2

A

Jð0Þ þ ðδM2Þ23
M2

A

Gð0Þ ≃ Að0Þ þ M2
J

M2
A

v3
v1

Jð0Þ;

where ðδM2Þij ≡ ðOIÞi1M2
JðOT

I Þ1j and we considered the mixing matrix OI of Eq. (A11) in the regime v3 ≪ v2 ≪ v1. As we can see,
for MJ ≲ 100 MeV, MA ≃MΔ > 100 GeV, the operators responsible for M2

J induce a relative correction ∼M2
J=M

2
A ≲ 10−6, thus

completely negligible, to the singlet-triplet mixing (which is ∼v3=v1 at leading order) and do not affect the mixing with the doublet.
7This obviously requires exploiting the freedom of adjusting the above-defined operator coefficients λm;n.
8ALP couplings to the weak gauge bosons are similarly induced, cf., e.g., Ref. [89]. However, in the case of the type-II Majoron

within the regime in Eq. (2.6), they are too small to give rise to observable effects, such as the collider observables discussed in Ref. [90]
for general ALPs.
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Cosmological and astrophysical consequences of these
decays are discussed in Sec. IV.

C. Other laboratory constraints

The type-II seesaw triplet can mediate charged-
lepton-flavor-violating (cLFV) processes, such as
μ → eeē, cf. for instance Ref. [84]. See also Ref. [93]
for a discussion of distinctive cLFV signals of type-II
seesaw within the context of grand unified theories. The
current limit BRðμ → eeēÞ < 10−12 [94] translates into a
bound MΔ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijðYΔÞ21jjðYΔÞ11j
p

> 200 TeV, hence cLFV
muon decays typically require ðYΔÞαβ ≲ 0.005 for
MΔ ∼ 1 TeV. As we will discuss in the next section,
freeze-in production of Majoron DM is only possible if
indeed MΔ ≲ 1 TeV. However, we have seen that neutrino
masses require YΔ ∼mν=v3, hence we cannot expect
a signal at the upcoming cLFV search campaign (see,
e.g., [95]) unless v3 ≲ 10−7 GeV, a regime where the
Majoron DM phenomenology is solely controlled by its
decays into neutrinos, freeze-in DM production is not
effective and the observed relic density can only be
accounted for by the misalignement mechanism,
cf. Secs. III and IV. In addition, cLFV decays into
Majorons, such as μ → eJ, which can be powerful probes
of the leptonic couplings of other kinds of Majorons as well
as generic ALPs—cf. Refs. [92,96] for an overview—
cannot occur for the type-II Majoron, because its couplings
to charged leptons are flavor conserving, as discussed
above—see Eq. (2.15).
Neutrinoless double beta decays can also be mediated by

the doubly-charged Higgs boson, which is a component of
the triplet scalar [97]. The size of the contribution, given in
terms of the vevs and the triplet massMΔ, is approximately
mev33=ðv1v22M2

ΔÞ. This has to be compared with the
standard Majorana neutrino mass contribution ðmνÞee=p2

ν,
where pν is the momentum carried by a neutrino in an
atom, which is typically of the order of 0.1 GeV.
Considering the values of the parameters required by
Majoron DM, in particular v1 ≳ 107 GeV (see Sec. IV),
one can find that the triplet contribution is smaller than the
standard one [setting ðmνÞee to a value compatible with the
current limit from Ref. [98]] by several orders of magni-
tude. In addition, a recent result of the search for neutrino-
less double beta decays with Majoron emission provides a
direct bound to the Majoron-neutrino coupling at the level
of jgJνeνe j≲ 10−5 [99], which is also significantly larger
than the size of the coupling in the parameters’ range
relevant for DM Majorons, jgPJνiνi j ≃mνi=ð2v1Þ≲ 10−18.
Majoron-quark interactions can be constrained by

searches for Kþ → πþþ invisible at kaon experiments
such as NA62 [100]. In our case, the dominant contribution
to processes of the kind K → πJ comes from a J-penguin
diagram with a top and a W in the loop [101]. See
also Ref. [102], where this process was recently revisited.

The authors of Ref. [101] discuss the decay occurring
through the mixing of the Higgs with a light scalar χ and
give a bound to the mixing parameter θ defined as
ðθmf=vÞχf̄f. In the type-II Majoron model, the mixing
parameter θ then corresponds to

ffiffiffi
2

p
v23=ðv1v2Þ, see

Eq. (2.15). According to Ref. [102], the NA62 limit
translates into the bound θ ≲ 10−4, while for values of
the vevs corresponding to a Majoron DMwe find θ ≲ 10−8.
Similarly, we find that the parameter region where the
Majoron is a good DM candidate is far beyond the
sensitivity reach of ALP searches at B-factories [103]
and in π decays [104].

III. MAJORON PRODUCTION IN THE EARLY
UNIVERSE

Throughout this paper, we require that the parameters of
the model, besides fulfilling the constraints discussed in the
previous section, be such that the Majoron is a good DM
candidate. To be more specific, the Majoron must be
produced in the early universe as cold DM, and its relic
abundance today must reproduce the value inferred from
cosmological observations, ΩDMh2 ¼ 0.12 [105]. In this
section, we review two possible production mechanisms for
Majoron DM and provide the formulas to estimate its relic
density.

A. Misalignment mechanism

The misalignment mechanism, first introduced for
the QCD axion [22–24], is one of the most popular
DM production mechanisms within ALP scenarios in
general [6]. If the global symmetry (in our case, the lepton
number) is broken before inflation, the ALP field attains a
uniform value across all observable universe. If such initial
value is misaligned from the minimum of the potential, the
field starts falling to the minimum at the temperature Tosc
where the Hubble parameter HðTÞ becomes comparable to
the mass of the ALP, and the energy dissipated by the
oscillation of the classical field about the minimum is
converted into energy carried by the ALP, such that the
resulting relic ALPs act as cold DM.
Assuming a standard evolution of the universe (with

radiation dominating the energy budget of the universewhen
the field starts oscillating), one obtains the following
estimate of theMajoron relic density [106] (see alsoRef. [6])

ΩJh2 ¼
ρJðToscÞ

ρc0

g�sðT0ÞT3
0

g�sðToscÞT3
osc

h2; ð3:1Þ

where h ≃ 0.68,9 ρc0 is the critical density today, g�sðTÞ is
the effective number of entropy degrees of freedom at a

9The measurements of the local distance ladder suggest a
larger value, cf. the review in Ref. [63]. Here we adopt the value
suggested by the Planck satellite [105].
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temperature T, ρJðTÞ is the energy density of Majoron at T,
and T0 is the temperature of radiation (that is, relic photons)
today. With the initial misalignment of the Majoron field
parametrized as J0 ¼ v1θ0, the energy density at Tosc is
expected to be ρJðToscÞ ¼ 1

2
M2

Jv
2
1θ

2
0. Substituting this into

Eq. (3.1), we find that the final relic density would be
determined by the initial value of the Majoron field, of the
order of the scale of the lepton number violation as [106]

ΩJh2 ≃ 0.12
�

v1θ0
1.9 × 1013 GeV

�
2
�

MJ

1 μeV

�
1=2
�

90

g�ðToscÞ
�
1=4

;

ð3:2Þ

where g�ðToscÞ is the effective number of relativistic degrees
of freedom at Tosc. In Fig. 1, we show the contours
corresponding to ΩJh2 ¼ 0.12 as black lines on the
MJ − v1 plane, assuming a standard history of the
early universe. As wewill see in Sec. IV, direct DM searches
through electron recoil events, such as those performed at
theXENONnTexperiment [25], can be sensitive toMajoron
DM with MJ ∼Oð1 − 10Þ keV, v1 ∼Oð107Þ GeV, and
v3 ∼Oð1Þ GeV. For those values of the parameters, the
formula in Eq. (3.2) suggests that the standardmisalignment
mechanism could only account for a tiny fraction of the
observed DM relic density. As a consequence, if a DM
signal will be discovered at XENONnT or other direct
searches in the future, one would need another production
mechanism.On the other hand,wewill also see that searches
for DM decaying into gamma rays or neutrinos can be

sensitive to Majoron DM produced through the misalign-
ment mechanism.
Since the history of the universe before the big bang

nucleosynthesis (BBN) is not experimentally probed yet,
we are still allowed to assume various nonstandard cos-
mological scenarios to occur between inflation and the
BBN. For example, it is possible that the universe under-
went an era in which the energy budget was dominated
by nonrelativistic matter before the radiation-dominated
era, so long as the reheating temperature TR (at which
the two eras are switched) is set to be higher than the
BBN temperature, which is in the MeV range [107–110].
In such a setup, the oscillation of the Majoron field
would start during the early matter-dominated era. The
formula for the relic density in Eq. (3.1) has to be modified
by replacing Tosc with the reheating temperature TR.
The energy density at TR is related to that at Tosc as
ρJðTRÞ ¼ ρJðToscÞH2ðTRÞ=H2ðToscÞ, since the Majoron is
cold DM and H2 ∝ a−3 in the early matter-dominated era.
The initial energy density is as in the standard case, that
is, ρJðToscÞ ¼ 1

2
M2

Jv
2
1θ

2
0 ≃ v21θ

2
0H

2ðToscÞ. Substituting these
expressions into the modified Eq. (3.1), we can find that the
final relic density is [106]

ΩJh2 ≃ 0.12

�
v1θ0

9 × 1014 GeV

�
2
�

TR

10 MeV

�
; ð3:3Þ

which, as we can see, does not depend on the mass
of the Majoron nor on g�s. The contours corresponding
to ΩJh2 ¼ 0.12 for early matter domination are shown as
red lines in Fig. 1. Reproducing the correct relic density
with v1 ∼Oð107Þ GeV would require too high a value of
TR, in fact inconsistently TR ≫ Tosc. Hence the misalign-
ment mechanism in the early matter-dominated era would
do not help explain a possible DM signal at the XENONnT
experiment in the future—however, it further opens up
the parameter space that can be tested by indirect DM
searches, as we will see in the next section. As shown in the
following, Majoron DM with such low values of v1 can be
instead efficiently produced via the freeze-in mechanism.

B. Freeze-in mechanism

As we have seen in the previous section, LHC searches
for extra Higgs bosons require nonzero κ, cf. Eq. (2.8), and
therefore, there are inevitable scalar-Majoron interactions,
which lead to Majoron production in the early universe,
even if the Majoron field is decoupled from the thermal
bath due to its feeble couplings, through the so-called
freeze-in mechanism [111]. The possible production proc-
esses are10

FIG. 1. Contours on the MJ − v1 plane corresponding to
ΩJh2 ¼ 0.12 from the misalignment mechanism for Majoron
oscillations starting either during a standard radiation-dominated
era (RD, black lines) or an early matter-dominated era (MD, red
lines), and for different values of the initial misalignment angle θ0
and the reheating temperature TR.

10Here we assume MH3
> MA. If MA < MH3

, A → H3J is
counted in, instead of H3 → AJ.
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H� → W�J; H2;3 → ZJ; A → H2J;

H3 → AJ; H2;3 → JJ: ð3:4Þ

The decay rates of these processes and the details of the
relic density calculation are given in Appendix B. We find
that the Majoron pair-production processes are suppressed
in comparison with the single production ones, and the
rates of the decays of the SM-like Higgs boson (H2) are
smaller than those of a triplet Higgs boson ðH3; A;H�Þ by
orders of magnitude. Furthermore, the process H3 → AJ is
suppressed by the small mass splitting between H3 and A.
Therefore, the dominant production processes are the
first three in Eq. (3.4) with the triplet scalar in the
initial state.
Freeze-in production is at work approximately until the

temperature of the universe drops below the mass of the
parent particle, which is MΔ in this scenario. Note that
before the electroweak phase transition, the vevs v2 and v3
are null and the Majoron interactions are turned off, i.e., the
freeze-in production happens only after the EWPT. In other
words, to make the triplet scalars massive and turn on the
cubic interactions with a Majoron at the temperature
T > MΔ, we have to assume that the electroweak phase
transition (EWPT) occurs at a temperature higher than
the triplet scalar mass, i.e., TEWPT > MΔ > 400 GeV.11

Naively, the critical temperature of EWPT in the SM
is expected to be around the mass of the SM Higgs
boson [112], and therefore, freeze-in Majoron production
seems to require an extension of the scalar potential, such
that the critical temperature is increased. In this work,
we do not step into the issue of the phase transition.
Nevertheless, we notice the EWPT at a temperature higher
than the SM Higgs mass is not forbidden by any phenom-
enological observation. For recent studies on high-
temperature EWPT (and EW symmetry nonrestoration)
see, e.g., Refs. [113–116].
Employing Eqs. (2.2), (B6), and (B9), the relic density

from the above decay processes can be estimated as12

ΩJh2 ≃ 0.12

�
110

g�ðMΔÞ
�
3=2
�

MJ

10 keV

��
MΔ

500 GeV

�

×

�
2 × 109 GeV

v1

�
2
�

v3
5 GeV

�
2

; ð3:5Þ

such that the Majoron is overproduced in the parameter
region explored by direct detection experiments—MJ ∼
Oð1 − 10Þ keV, v1 ∼Oð107Þ GeV, v3 ∼Oð1Þ GeV—see
Sec. IV.
Majoron overproduction is not the only problem. It is

possible that the scalar quartic interactions from the κ term
keep the Majoron in equilibrium with the thermal bath,
in contrast with the starting assumption of the freeze-in
mechanism. To avoid thermal equilibrium (and thermal
production) of Majorons, we have to set the value of κ—or
equivalently that of MΔ once the vevs are fixed, see
Eq. (2.7)—smaller than a certain value. This upper bound
to κ can be estimated through the Gamow’s criterion of
thermalization, i.e., comparing the rate Γ of a given process
with the rateH of expansion of the universe. To be specific,
we focus on the following quartic interaction contained in
the κ term of Eq. (2.1),

LtypeII ⊃
1

2
κI1R2

2I3; ð3:6Þ

where I1 is the imaginary part of the singlet scalar field, R2

is the real part of the neutral component of the doublet field,
and I3 is the imaginary component of the triplet field. As
discussed in Sec. II, the Majoron field consists dominantly
of I1, and R2 and I3 are the main components of the SM
Higgs boson H2 and the CP-odd Higgs boson A, respec-
tively. In short, this interaction induces Majoron production
through the process H2H2 → AJ. The rate Γðκ; TÞ of this
scattering process is estimated as

Γðκ; TÞ≡ nR2
ðTÞσðR2R2 → I3I1; κ; TÞ; ð3:7Þ

where nR2
is the number density of R2 and σðR2R2 → I3I1Þ

is the cross section of the process, which is given by
σ ¼ jκj2=ð16πE2

CMÞ in the massless limit. The centre-of-
mass energy ECM at a given temperature T can be estimated
as ECM ¼ 2ER2

≃ 2ρR2
=nR2

≃ 5.4T, where the number and
energy densities, nR2

and ρR2
, of R2 are given by the Bose-

Einstein distribution. The thermalization is assessed by
comparing this interaction rate Γwith the Hubble parameter
HðTÞ at a given T. If Γðκ; TÞ < HðTÞ, the interaction stays
out of equilibrium at T. The Hubble parameter in the
standard radiation-dominated early universe is given by

HðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π3

45
g�ðTÞ

r
T2

MPl
; ð3:8Þ

where MPl ¼ 1.22 × 1019 GeV is the Planck mass, and the
number of degrees of freedom can be set at g� ≃ 110 in the
range of temperatures we are interested in.
In Fig. 2, the boundary of the condition, Γ ¼ H, is shown

in the T-κ plane with a solid blue curve, where v1 and v3 are
set at values compatible with the sensitivity of XENONnT,
as discussed in Sec. IV. Note that since Γ=H ∝ 1=T, the

11In our calculations of the Majoron relic density, we do not
specify the temperature of the EWPT and use the standard freeze-
in formulas with an integration of the Majoron production from
an infinitely high temperature. However, the total relic density is
dominated by the result of the integration around T ∼MΔ.
Therefore, our results are still valid if one assumes that TEWPT
is higher than MΔ only by an Oð1Þ factor.

12The scattering processes also contribute to Majoron produc-
tion. However, they are always subdominant within the parameter
space that we are interested in, see Appendix B.
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scattering process comes into equilibrium only at a low
temperature. This plot should be read as follows; Fixing a
value of κ, i.e., MΔ, we determine a horizontal line. Then,
we start from the right end (high T) of the line and move to
the left (low T) along the line as the universe evolves. When
we hit the blue curve, the process H2H2 → AJ comes into
equilibrium and Majorons are thermally produced through
it. To avoid thermal production of Majorons through the
scattering process, the interaction rate Γmust be suppressed
before we hit the blue curve. There are two possibilities to
circumvent the thermalization: (a) nR2

is suppressed by the
Boltzmann factor, or (b) σ is turned off because of the
kinematical threshold of the process. The Boltzmann
suppression is activated at T < MHSM

in this case, and to
have T < MHSM

below the blue curve (before hitting the
blue curve), we have to set κ < 1.5 × 10−6 which corre-
sponds to MΔ ≲ 670 GeV with the vevs given in this
example. In other words, taking into account the LHC
bound, the possible range for the triplet mass is narrowed
down to 400 GeV < MΔ ≲ 670 GeV. Note that Majorons
are overproduced from the freeze-in processes with the
value of κ suggested by this range ofMΔ, cf. Eq. (3.5), if we
assume values of the vevs that can be tested at the
XENONnT experiment as in this plot. The suppression
of the process by the kinematical threshold works for
ECM < MΔ, which corresponds to T < MΔ=5.4. We find
that this condition appears on the left of the solid blue curve

in Fig. 2, and therefore, the suppression from the kinemati-
cal threshold is not available for any choice of κ (hence
MΔ). The other scattering processes induced by the κ term
provide similar conditions.
In summary, freeze-in production of type-II Majorons

testable at direct detection experiments has two problems
(i) DM overproduction and (ii) the condition of nontherm-
alization in combination with the LHC bounds. However,
those two shortcomings can be lifted simultaneously by
considering a nonstandard cosmic history. When the BBN
starts at T ∼MeV, the universe must be dominated by
radiation, however, there are no strict phenomenological
requirements on the development of the universe before
that, as we already mentioned in Sec. III A. We can suppose
that nonrelativistic matter, which is not coupled to radiation
thermally, dominates the energy budget of the universe
before the radiation-dominated era. The Majoron relic
density can be then adjusted by the dilution due to the
late-time production of entropy, which is caused by the
decay of matter into radiation. In addition, the Hubble
parameter in the early matter-dominated era is modified,
and it helps avoid the thermal production of Majorons, as
we will see later.
Following the discussion in Refs. [117,118], we can

calculate the freeze-in production of Majorons during the
early matter-dominated era with the effect of the dilution
due to the late-time entropy injection. The details of the
calculation are presented in Appendix B. Here we give an
approximate formula of the relic density from the decay
processes:

ΩJh2 ≃ 0.12

�
90

g�ðTRÞ
�
3=2
�

MJ

10 keV

��
500GeV

MΔ

�
6

×

�
2.7×107GeV

v1

�
2
�

v3
5GeV

�
2
�

TR

20GeV

�
7

; ð3:9Þ

which is only valid for TR ≪ MΔ. Setting the reheating
temperature at Oð10Þ GeV, the correct relic density can be
reproduced with MΔ ∼ 500 GeV and the vevs and MJ that
the XENONnT experiment is sensitive to. This size
of MΔ together with those reference values of the vevs
suggests a relatively large value of κ, which enhances the
rates of the scalar scattering processes leading to thermal
production of Majorons. However, in the early matter-
dominated era, where T > TR, the Hubble parameter is
modified as

HðTR; TÞ ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π3

45
g�ðTÞ

r
T4

MPlT2
R
; ð3:10Þ

cf. Eqs. (C5) and (C7) in Appendix C. By setting TR
to be smaller than the masses of the scalars, the Hubble
parameter is enhanced in comparison with the standard
case, and the Gamow’s criterion of thermalization can be

FIG. 2. Constraints on κ: temperature at which a four-scalar
interaction in the κ term enters thermal equilibrium is indicated
with the solid blue curve, i.e., Majorons are thermalized through
the κ interaction in the light blue region. The extra Higgs searches
at LHC set the lower bound toMΔ, which is indicated with a gray
line [83]. By assuming an early matter-dominated era and setting
the reheating temperature as TR ¼ f50; 100g GeV, the solid blue
curve of the thermalization condition is relaxed as indicated by
the dashed curves.
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fulfilled with a larger value of κ. The values of κ and T
which fulfill Γ ¼ H with the reheating temperature
TR ¼ f50; 100g GeV are shown as dashed curves in
Fig. 2: for those values of TR the light blue region would
retreat above the dashed lines.
In short, the upper bound to κ is significantly relaxed in a

scenario with an early matter-dominated era, and we have a
chance to reproduce the correct relic density within the
parameter region that XENONnT can explore in future. This
can be seen in Fig. 3: in the left panel, the relic densityΩJh2

is shown as a function of κ—and, through Eq. (2.7),
equivalently MΔ—as a black solid curve. Here, the
vevs and the mass of the Majoron field are fixed
at v1 ¼ 5 × 107 GeV, v3 ¼ 5 GeV, and MJ ¼ 10 keV.
The contribution from the scattering processes to the
Majoron production rate is included, although subdominant,
cf. Eq. (B16). As discussed above, for standard freeze-in
production occurring during a radiation-dominated epoch,
the triplet mass is constrained within the range indicated
by the black arrows. The black curve clearly shows that
Majorons from the standard freeze-in mechanism are over-
produced by orders of magnitude for the values ofMΔ in the
allowed range. The orange curve is calculated by assuming
an early matter-dominated era with TR ¼ 30 GeV, which
shows that the correct relic density can be reproduced
between the LHC bound and the modified bound from
the thermalization condition indicated with the orange
arrow. In the right panel of Fig. 3, we can find the necessary
reheating temperature TR in order to reproduce the

correct relic density of Majorons for a given triplet mass
MΔ. The combination of the relic density condition
and the thermalization condition places the upper bound
to the mass of the triplet scalar field, MΔ ≲ 1100 GeV.
In the future, the LHC bound is expected to reach up to
640 GeV [83], and the parameter space will be significantly
narrowed down.
Light DM particles produced by the freeze-in mecha-

nism are not thermalized, but a significant amount of them
may carry large enough momentum, and this may be in
conflict with the bounds on warm DM from structure
formation. Lyman-α observations translate into a lower
limit on the DM mass in the 10–15 keV range, if standard
cosmology is assumed [119–121]. However, notice
that this bound is not directly applicable to the scenario
discussed above, which is based on Majoron production
during an early matter-dominated era. A reconsideration
of the Lyman-α bound for such an exotic cosmic history
would be needed. For definiteness, in the following,
we will regard freeze-in production of Majorons with
OðkeVÞ mass as marginally compatible with structure
formation.

IV. CONSTRAINTS ON TYPE-II MAJORON
DARK MATTER

A. Present status

Besides the conditions for a substantial production in the
early universe discussed in the previous section, a minimal

FIG. 3. Left: relic densities of Majoron with the standard freeze-in mechanism (black) and the freeze-in in the early matter-dominated
era (orange). The reheating temperature is set TR ¼ 30 GeV for the orange curve. The bound from extra Higgs boson searches at the
LHC is indicated with the label “LHC excl.” In the region indicated as “J thermalized,” the scalar quartic interactions from the κ term
thermalize at T ¼ MHSM

. This bound is denoted by a black arrow for the standard freeze-in case, and by an orange for the freeze-in in the
early matter domination. Right: contour on which the correct relic density is reproduced in the plane of the triplet scalar massMΔ and the
reheating temperature TR. Above the blue dashed curve, the κ quartic interaction comes into equilibrium and Majorons are thermally
produced.
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requirement for the Majoron to be a viable DM candidate is
its stability on cosmological timescales. In other words,
the Majoron lifetime τJ should at least exceed the age
of the universe t0 ≈ 13.8 Gyr. τJ can be calculated from the
decay rates given in Sec. II B. For a Majoron with
MJ ≪ me but still heavier than neutrinos, the decays into
the three pairs of neutrino eigenstates dominate. From
Eq. (2.18), one then gets for the Majoron lifetime in this
regime:

1=ΓðJ → ννÞ ≃ 15 Gyr
�
0.01 eV2P

im
2
νi

�

×

�
10 keV
MJ

��
v1

3.8 × 107 GeV

�
2

: ð4:1Þ

As we can see, for a given Majoron mass, the requirement
τJ > t0 translates into a lower bound to v1. In other words,
only a very large lepton-number breaking scale v1 can
make the Majoron long-lived enough for it to be a DM
candidate, which, together with the constraints on v2 and v3
from Eqs. (2.3) and (2.4), implies the vev hierarchy
anticipated in Eq. (2.6). A somewhat stronger model-
independent constraint to the lifetime of Majoron DM
can be obtained from observations of the cosmic micro-
wave background (CMB), because the late time decay of
the DM particles would affect the density fluctuations and
the spectrum of the CMB even if the decay products are
invisible [122,123]. Taking into account some tensions
with other cosmological data, the most conservative limit is
τJ > 63 Gyr [123].
Unlike decays into neutrinos, Majoron decay rates into

γγ and eþe− have a substantial dependence on v3, scaling
as ∼v43. On the one hand, these modes can be suppressed
for small values of v3, since the Majoron decouples from
fermions in the limit v3 → 0, see Eq. (2.15). On the other
hand, if v3 is sizeable, they dominate and entail much
stronger constraints on the Majoron DM parameter
space. For instance, the CMB bound on DM particles
decaying into photons or electrons corresponds to
lower limits on the partial lifetimes of the order of
1024–1025 s [124], while from Eq. (2.19) we find that
our model predicts

1=ΓðJ → eþe−Þ ≃ 1.2 × 1025 s
�
5 MeV
MJ

�

×

�
1 GeV
v3

�
4
�

v1
1015 GeV

�
2

: ð4:2Þ

The above cosmological bounds are summarized in
Fig. 4 where the regions of the MJ − v1 plane excluded
by various searches and constraints are shown for different
values of v3: the portion of the plane corresponding to
τJ < t0 and that excluded by the CMB data [123,124] are

indicated in blue.13 Evidently, the CMB constraints are
particularly strong for large rates of J → γγ (that require
MJ ∼me and sizeable v3) and if J → eþe− is kinematically
allowed (and, again, v3 is large enough to provide a
substantial coupling of the Majoron with electrons), reach-
ing values of v1 as large as ∼1016 GeV.
The oblique lines in Fig. 4 indicate where on the

MJ − v1 plane the observed DM relic density is achieved,
that is, ΩJh2 ¼ 0.12, through the two production mech-
anisms discussed in Sec. III. The black line corresponds to
the misalignment mechanism occurring in the radiation-
dominated epoch with θ0 ¼ 1. As we can see from
Fig. 1, all of the parameter space above the black line
could be compatible with the observed relic density either
due to the standard misalignment mechanism or through
misalignment during early matter domination. The
yellow lines correspond to the freeze-in mechanism with
MΔ ¼ 400 GeV during a radiation-dominated era (solid
line) and an early matter-dominated era with TR ¼
20 GeV (dashed line). In other words, the whole region
of the parameter space below the solid yellow line can
yield ΩJh2 ¼ 0.12 through freeze-in with an appropriate
low-scale value of TR. However, as we can see, the freeze-
in mechanism ceases to provide sufficient DM production
for v3 ≲ 0.1 GeV. The vertical green line indicates the
approximate lower bound on the mass of freeze-in DM
from Lyman-α observations, MJ ≳ 10 keV [119–121].
As discussed at the end of the previous section, such a
constraint cannot be straightforwardly applied to freeze-in
during an early matter-dominated epoch (dashed yellow
line)—although one should not expect that a Majoron
with MJ ≪ OðkeVÞ be viable. Furthermore, it is well
known that mass limits of this kind have no meaning in
the case of misalignment-produced ALPs that, being
extremely nonrelativistic, do not affect structure formation
and are thus allowed to be much lighter.
Provided an efficient production mechanism and the

fulfillment of the above constraints from cosmological
observations, the type-II Majoron is a good DM candidate
that can be searched for and further constrained by direct-
detection and indirect-detection DM experiments. Let us
start discussing the latter class of probes. Being a decaying
DM particle, the type-II Majoron will yield signals that,
depending on MJ, can be searched for by surveys of
astrophysical X-rays/gamma-rays, cosmic-ray electrons
and positrons, and neutrino lines.
Stringent constraints on light DM decaying into

photons can be obtained from the measurements of the
diffuse X-ray and gamma-ray galactic and extragalactic

13The plots were produced assuming a hierarchical neutrino
spectrum, mν1 ≪ mν2 < mν3 , and normal ordering, that is,P

i m
2
νi ≃ Δm2

atm þ Δm2
sol ≃ 2.6 × 10−3 eV2, a choice that some-

what increases the Majoron lifetime if the neutrino modes are the
dominant decays, as one can see from Eq. (4.1).
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backgrounds performed by a variety of satellite telescopes.
For the range of DM masses that we are considering here,
these bounds translate into lower limits on the partial
lifetime τγγ ≡ 1=ΓðJ → γγÞ in the range 1026–1029 s. The
purple-shaded regions in Fig. 4 show the impact of these
constraints on the type-II Majoron parameter space. ForMJ
up to OðMeVÞ we employed the limits on τγγ collected in
Ref. [125], including the bound from the INTEGRAL
satellite as recently reevaluated in Ref. [126]. For heavier
Majorons, we adopted the results of Ref. [127].
Above the kinematic threshold MJ ¼ 2me, a distinctive

signature of Majoron DM stems from the decay J → eþe−.
The red regions in Fig. 4 are excluded by constraints on
DM decaying into eþe− as obtained in Ref. [128] consid-
ering the cosmic-ray data of the Voyager satellite,
and in Ref. [129] analyzing the x-ray data collected by
XMM-Newton. This latter bound stems from the upscatter-
ing of low-energy galactic photons due to the electron pair
that would generate an x-ray emission. We find that it is
more stringent than the Voyager limit with the exception of
the mass window 16 MeV≲MJ ≲ 40 MeV.

Constraints on DM decaying into neutrinos can be
obtained from the fluxes of cosmic neutrinos [130] mea-
sured by experiments such as Borexino [131], KamLAND
[132], Super-Kamiokande [133,134]. Here, we employ the
bounds that these experiments set on potential neutrino lines
as evaluated in Ref. [39]—see also Refs. [135–137]. Since
the Majoron field directly couples to neutrino mass eigen-
states, the neutrinos produced in Majoron decays do not
undergo oscillations [39]. Consequently, the flavor compo-
sition of the neutrino flux is the same at the source and at the
detection point, and is given by

αl ¼
P

im
2
νi jUlij2P
im

2
νi

ð4:3Þ

(whereUli are entries of the PMNS matrix and l ¼ e, μ, τ)
such that the neutrino and antineutrino fluxes for the flavorl
are∝ αlΓðJ → ννÞ [39]. Hence the quantities αl control the
relative importance of searches targeting different neutrino
flavors and how they compare with the CMB bound that
depends only on ΓðJ → ννÞ. In Fig. 4, in order to compare

FIG. 4. Bounds on type-II Majoron DM on theMJ − v1 plane for different values of v3. In the dark blue region the Majoron lifetime is
shorter than the age of the universe (“τJ < t0”); the light blue region is excluded by CMB and other cosmological observations
(“CMB”); the purple region is excluded by X-ray and gamma-ray data (“γ-rays”); bounds on Majoron DM decaying into electro-
positron are shown in red (“eþe−”); the gray regions are excluded by neutrino experiments: Borexino (“Bo”), KamLAND (“KL”),
Super-Kamiokande (“SK”). The orange region represents the direct-detection limit on DM coupling to electrons recently reported by
XENONnT (“Xe-nT”). The vertical green line is an illustrative lower bound from structure formation on the mass on freeze-in produced
Majoron DM (“Lyα”). The yellow lines correspond to ΩJh2 ¼ 0.12 from freeze-in mechanism in a radiation-dominated era (solid) and
an early matter dominated-era with TR ¼ 20 GeV (dashed); the black line corresponds to the misalignment mechanism with θ0 ¼ 1. See
the text for details and references.
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the type-II Majoron decay rates with the limits reported in
Refs. [39,135] (with the Super-Kamiokande limit adapted
from Ref. [130]), we assume normal ordering,
mν1 ≪ mν2 < mν3 , and take the best-fit values of the
oscillation parameters from Ref. [31]. The impact of other
possible choices for the neutrino parameters will be dis-
cussed in the next subsection. The resulting excluded
regions are depicted in gray. Notice that, for values of
v3 ≲ 10−3 GeV, the only searches that are currently sensi-
tive to our Majoron DM parameter space are those
performed employing neutrino data. In other words,
for small values of v3, the Majoron DM pheno-
menology is dominated by the J → νν decays that do not
depend on v3 itself,14 hence the bounds shown in the last
panel of the figure apply to lower values of v3 aswell. Future
prospects of all kinds of searches for decaying DM are
discussed in the next subsection.
The electron-Majoron interaction can also give rise to an

electron recoil signal detectable at DM direct-detection
experiments.15 The currently most sensitive search has been
performed by XENONnT with an exposure of 1.16 ton ×
year and interpreted in terms of ALP DM with mass in the
range 1–130 keV, yielding upper limits on the ALP
coupling with electrons of the order 10−14–10−13 [25].
In our case, from Eq. (2.15), we get for the Majoron-
electron coupling

jgPJeej ≃
2mev23
v1v22

≃ 1.7 × 10−15
�
107 GeV

v1

��
v3

1 GeV

�
2

: ð4:4Þ

Hence, XENONnT is sensitive to keV-scale Majoron DM
evading the CMB bound—which requires v1 > 107 GeV,
as we have seen above—provided that v3 > 1 GeV, a value
close to the current upper limit from electro-weak precision
observables, v3 < 7 GeV. In Fig. 4, the region excluded by
XENONnT is shown in orange. As discussed in the
previous section, the corner of the parameter space that
direct-detection experiments are sensitive to can be com-
patible with the observed DM relic density only if our type-
II Majoron is produced through the freeze-in mechanism
occurring during an early matter-dominated era (yellow
dashed line). It is well known that a keV-scale (or lighter)
long-lived ALP emitted by electrons in stars would provide
an extra cooling process affecting stellar evolution [148].
On the other hand, present astrophysical observations are
largely compatible with the standard cooling process due to
the emission of neutrinos and disfavor ALP coupling with
electrons larger than Oð10−13Þ [149–151]. Hence star
cooling bounds are currently weaker than the limit provided
by XENONnT in the region of the parameter space we are
considering.

B. Future prospects

Let us now move to consider the prospect of testing type-
II Majoron DM at future experiments. As we have seen
above, searches for DM-electron scattering at direct detec-
tion experiments recently started to test a corner of our
Majoron paremeter space, for MJ ∼ 1–10 keV and large
values of v3, that is, close to the EWPO limit. In the left plot
of Fig. 5, we show the projected sensitivity of XENONnTas

FIG. 5. Prospected sensitivity to the type-II Majoron of direct (left plot) and indirect (right plot) DM searches for two illustrative
choices of v3. The current XENONnT bound is shown as an orange region, while the gray-shaded areas are excluded by the other
constraints displayed in Fig. 4. The dark orange dashed line depicts the sensitivity of XENONnT with the planned exposure of
20 ton × year. The purple (orange) dashed line shows the impact of future constraints on DM decaying into γγ (eþe−). The oblique lines
correspond to ΩJh2 ¼ 0.12 as in Fig. 4. See the text for further details.

14This follows from the coupling with neutrinos shown in
Eq. (A27) in the limit of Eq. (2.6) that, as we argued, is necessary
for Majorons of cosmological interest.

15For ALP explanations, including related tests and possible
issues, of the electron recoil signal reported by XENON1T [138]
but later excluded by XENONnT [25], cf., e.g., Refs. [139–147].
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obtained by naively rescaling the expected limit reported
in Ref. [25] according to the final exposure goal of the
experiment—20 ton × year [152]. A comparable exposure
is to be expected at analogous direct-detection experiments
such as PandaX [26] and LZ [27]. As we can see, the limit
on v1 will be improved by roughly a factor of two, up to
v1 ∼ 108 GeV. That direct detection experiments can be to
any extent sensitive to this instance of ALP DM is a
remarkable consequence of the fact that the lepton number
is anomaly free, hence theMajoron decouples from photons
for MJ ≪ me, see Eq. (2.17). Otherwise, this corner of the
parameter space would be completely excluded by X-ray
constraints, as discussed in the literature addressing the
(now excluded) excess observed in the XENON1T experi-
ment [138]—see, in particular, Refs. [139,140].
In the right panel of Fig. 5 we show the future constraints

on decaying DM for v3 ¼ 1 GeV. Decreasing the value of

v3, the limit on v1 just scales as ∼v23, until sensitivity is lost
for v3 ≲ 10−3 GeV, as shown in Fig. 4. The purple line
shows the reach of future searches for DM decaying
into photons. For small MJ the most sensitive probe will
be provided by the instruments aboard the THESEUS
mission [153], while the GECCO telescope [154] is
expected to give the best prospects for MJ ≳ 0.2 MeV.
For a compilation of the future limits on decaying DM
in the X-ray to soft gamma-ray region, see Ref. [125].
GECCO will also be sensitive to DM decaying into
electrons [154]. As the orange dashed line shows, this
can yield a factor of ten improvement on the bound on v1
for 1 MeV≲MJ ≲ 10 MeV.
The prospects of future neutrino experiments—adapted

from the results of Ref. [136]—are displayed in Fig. 6 by
dashed lines: orange for Hyper-Kamiokande (HK) [155],
purple for JUNO [156]. As in Fig. 4, the lifetime/CMB

FIG. 6. Current and future expected limits on the type-II Majoron DM parameter space from neutrino experiments for different choices
of the neutrino mass spectrum. First line: normal mass ordering (NO); Second line: inverted mass ordering (IO). The excluded blue
regions and the ΩJh2 ¼ 0.12 line from misalignment are as in Fig. 4. Present limits are shown in gray, future limits from JUNO and
Hyper-Kamiokande (“HK”) are indicated by dashed purple lines and orange lines respectively. See the text for details.
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bounds and the current neutrino constraints are shown in
blue and gray respectively. For the former constraints, we
take τJ ¼ 1=ΓðJ → ννÞ, that is, they are valid as long as
v3 ≲ 10−3 GeV, as we can see from Fig. 4, while the
bounds set by neutrino experiments do not depend on v3.
As we mentioned, for small enough values of v3, these are
the only relevant limits on the parameter space of type-II
Majoron DM. In Fig. 6 we show values ofMJ up to 1 GeV,
hence, compared to Fig. 4, we can additionally display a
limit from the measurement of the atmospheric muon
neutrino flux at Super-Kamiokande (“SK atm”) as derived
in Ref. [130].16 The relative importance of this search
compared to the other limits from neutrino experiments

(based on observations of ν̄e) and the bounds on the
Majoron lifetime depends on the flavor composition of
the neutrino flux given by Eq. (4.3). In order to gauge the
dependence of αl on the neutrino parameters, we show in
Fig. 6 four different possible neutrino mass spectra, still
setting the oscillation parameters to the best-fit values
reported in Ref. [31]: normal mass ordering (NO) with
mν1 ¼ 0 or 0.04 eV; inverted mass ordering (IO) with
mν3 ¼ 0 or 0.04 eV.17 Notice that the largest value of the
absolute mass scale is chosen so as to be (marginally)
compatible with the cosmological upper limit

P
i mνi <

0.13 eV [157]. The above choices for the neutrino mass
spectrum yield

NO : ðαe;αμ; ατÞ ¼ ð0.03; 0.55; 0.42Þ ½mν1 ¼ 0�; ð0.23; 0.41; 0.36Þ ½mν1 ¼ 0.4 eV�:
IO : ðαe;αμ; ατÞ ¼ ð0.49; 0.22; 0.29Þ ½mν3 ¼ 0�; ð0.41; 0.28; 0.31Þ ½mν3 ¼ 0.4 eV�:

The accidental suppression of the electron portion of the
neutrino flux for NO withmν1 ¼ 0 explains why, in the top-
left panel of Fig. 6, the Borexino limit barely extends beyond
the CMB limit and, in the large mass regime, the future HK
sensitivity does not seem to be able to improve over the limit
from atmospheric neutrinos. As we can see from the other
plots, this is not the case for the other three considered
spectra, for which, in particular, Hyper-Kamiokande may
improve the current bound by about one order of magnitude.
Let us recall that, above the black lines in Figs. 5 and 6,

the whole parameter space can be compatible with the
observed DM relic abundance through the misalignment
mechanism. These figures thus show that depending on
MJ, v3, and the details of the production mechanism, all of
the three considered decay modes (γγ, eþe−, νν) of
Majoron DM particles could yield observable signals at
upcoming experiments.

V. SUMMARY AND CONCLUSIONS

In this study, we have worked within the context of type-
II seesaw, which is perhaps the most economical model to
address the origin of neutrino masses, one of the out-
standing questions in particle physics. Besides providing a
simple UV completion to the neutrino Majorana mass
terms, type-II seesaw enjoys other theoretically and phe-
nomenologically desirable features. To name a few, the
triplet scalar in type-II seesaw can account for the observed
baryon asymmetry through leptogenesis [158,159] and it
can also play a fundamental role in gauge coupling

unification within the context of minimal grand unified
theories [93,160–166].
Here, we considered a minimal extension of the type-II

seesaw mechanism that dynamically addresses the breaking
of the lepton number by introducing an additional scalar
singlet [45,46]. We showed that the resulting PNGB, the
type-II Majoron, is an excellent dark matter candidate, thus
adding the nature of dark matter to the number of out-
standing problems that type-II seesaw can account for. We
performed the first systematic study of the production of
type-II Majoron DM in the early universe and its possible
signals at direct and indirect detection experiments. The
latter searches can be sensitive to our model, because the
type-II Majoron is an instance of DM that, depending on its
mass, decays into eþe−, γγ, νν.
We have shown that type-II Majorons can account for the

measured DM relic abundance in its entirety, if produced
through either the freeze-in mechanism or the misalignment
mechanism. Freeze-in production can occur through the
decay of the heavy states belonging to the scalar triplet into
a Majoron and a SM Higgs or gauge boson, see Eq. (3.4),
which requires a triplet mass MΔ ≲ 1 TeV, hence light
enough to be tested at the LHC and/or future colliders.
Provided that, freeze-in production can be effective, while
the model can evade at the same time constraints on
decaying dark matter, up to values of the lepton-number
breaking vev v1 of the order of 109 GeV if the triplet vev v3
is Oð1Þ GeV, see Fig. 4. For lower values of v1, Majoron

16Notice thatMJ ¼ 1 GeV is above the kinematic thresholds of
Majoron decays into muons and hadrons, J → μþμ− and
J → πππ. Nevertheless, we checked that the resulting constraints
are still subdominant as long as v3 ≲ 10−4 GeV.

17We remind that for NO, the spectrum is such that mν1 <

mν2 ½¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ν1 þ Δm2
sol

q
� < mν3 ½¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ν1 þ Δm2
atm

q
�, while for IO

one hasmν3 < mν1 ½¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ν3 þ Δm2
atm

q
� < mν2 ½¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ν1 þ Δm2
sol

q
�,

whereΔm2
atm andΔm2

sol are respectively the atmospheric and solar
neutrino mass splittings.
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relic density can be made consistent with cosmological
observations either by decreasing v3 or by taking a low
value of the reaheating temperature TR, which would imply
freeze-in production taking place during an early matter
dominated era so causing a dilution of the final relic
abundance, as extensively discussed in Sec. III. In any
case, Fig. 4 shows that, below v3 ≃ 0.1 GeV, freeze-in
production ceases to be viable in particular due to CMB
constraints. This latter bound, in combination with lower
limits on the DM mass from structure formation, also
implies that Majoron DM requires v1 ≳ 107 GeV. Provided
that the above conditions are fulfilled, the freeze-in
mechanism can effectively produce type-II Majoron DM
for Majoron masses in the range 1–100 keV.
Misalignment production of type-II Majorons can

account for the entirety of the observed DM relic density
while being compatible with bounds on decaying DM for
v1 ≳ 1010 GeV. Below that value, Majorons are always a
subdominant DM component (unless another production
mechanism is at work, such as freeze-in), while above it the
Majoron relic abundance can match the observed one if one
decreases the value of the initial misalignment angle θ0 or,
again, if DM production occurs during an early matter
dominated era, which requires a low value of the reheating
temperature, cf. Sec. III and Fig. 1.
In Sec. IV, we have extensively discussed the constraints

on and discovery prospects of the type-II Majoron in the
regimewhere it is a viable DM candidate, as following from
its decay modes and coupling with electrons. For small
values of the triplet vev, v3 ≲ 10−3 GeV, the Majoron
phenomenology is dominated by its couplings with neu-
trinos, because thosewith other fermions (and consequently
photons) are suppressed by a factor ∼v23=v22 ≃ v23=v

2
EW. In

this regime, type-II Majoron DM is subject to constraints
from neutrino experiments and its decay J → νν can
be a target for searches of monochromatic neutrino
lines at upcoming neutrino telescopes as long as
MJ ≳ 10 MeV—see Fig. 6. If v3 > 10−3 GeV, the decays
J → eþe− and J → γγ can give rise to observable signals at
future x-ray and soft gamma-ray probes such as GECCO
[154], for values ofMJ as low asMJ ≈ 10 keV, see Figs. 4
and 5 (right). For lower Majoron masses, we found a corner
of the parameter space—v1 ≈ 107–108 GeV, 1 keV≲
MJ ≲ 10 keV, v3 > 1 GeV, a regime suitable for freeze-
in DM production—where the type-II Majoron can give an
electron recoil signal observable at direct detection experi-
ments such as XENONnT [25], see Fig. 5 (left). This is a
consequence of the fact that, being the lepton number free
of electromagnetic anomalies, Majorons enjoy suppressed
coupling with photons for MJ ≪ me, which makes
them a plausible target for direct detection experiments in
a regime where other ALP DM candidates are excluded by
x-ray data [139,140].
Finally, another distinctive feature of the type-II Majoron

that we found is that its interactions with SM fermions are

flavor conserving, being inherited from mixing with the
Higgs doublet. This gives rise to a different phenomeno-
logy compared to other ALPs of cosmological interest
(including the Majorons from type-I seesaw [91] and type-
III seesaw [167]) that are instead tightly constrained by
searches for two-body flavor-violating decays of mesons or
leptons into an invisible ALP a, such as K → πa and
μ → ea, see Refs. [18,92,96,125,168–170]. Hence flavor
processes of such kind are not only a promising avenue to
search for a wide class of ALP DM candidates but they can
also provide a handle for model discrimination in case of
positive signals.
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APPENDIX A: DETAILS ON THE TYPE-II
MAJORON MODEL

In the discussion of the model, we mainly follow the
notation adopted in Ref. [61]. As discussed in Sec. II, in
addition to the SUð2ÞL doublet scalar Φ, which is the SM
Higgs field, singlet and triplet scalars, σ and Δ, are
introduced,18

σ¼ 1ffiffiffi
2

p ðv1þR1þ iI1Þ; Φ¼
� 1ffiffi

2
p ðv2þR2þ iI2Þ

ϕ−

�
; ðA1Þ

Δ ¼
 

1ffiffi
2

p ðv3 þ R3 þ iI3Þ Δþ=
ffiffiffi
2

p

Δþ=
ffiffiffi
2

p
Δþþ

!
; ðA2Þ

where v1;2;3 are the vacuum expectation values, R1;2;3 and
I1;2;3 are the real and imaginary part of the neutral
components. The triplet scalar carries lepton number −2
so that it can have a Yukawa interaction with two lepton
doublets, cf. Eq. (A19). The doublet scalar, which is to be

18Notice that the triplet field Δ is defined differently from the
literature on the triplet Higgs model such as Refs. [69,78–80,83]
by an antisymmetric tensor (and also some signs).
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identified with the SM Higgs scalar, does not have lepton number charge. The lepton number assignment of the singlet
scalar is þ2 so that the σΦTΔΦ term becomes invariant under the Uð1Þ lepton number transformation. In this setup, the
lepton number is spontaneously broken by the vacuum expectation value of the singlet field, which provides a Nambu-
Goldstone boson, the Majoron, in the imaginary component of the singlet field.19

Invariance under the SM gauge symmetries and the lepton number determine the scalar potential as follows

−LS ¼ μ21σ
�σ þ μ22Φ†Φþ μ23Tr½Δ†Δ� þ λ1ðΦ†ΦÞ2 þ λ2ðTr½Δ†Δ�Þ2

þ λ3Φ†ΦTr½Δ†Δ� þ λ4Tr½Δ†ΔΔ†Δ� þ λ5Tr½Φ†Δ†ΔΦ�
þ β1ðσ�σÞ2 þ β2ðσ�σÞðΦ†ΦÞ þ β3ðσ�σÞTr½Δ†Δ� − κ½σΦTΔΦþ H:c:�: ðA3Þ

The mass matrices of the component fields follow from the quadratic terms in the potential:

−LS ⊃
1

2
RaðM2

RÞabRb þ
1

2
IaðM2

I ÞabIb þ S−a ðM2
H�ÞabSþb þ Δ−−M2

H��Δþþ; ðA4Þ

where the singly-charged scalars are labeled as

S�1 ¼ ϕ�; S�2 ¼ Δ�; ðA5Þ

and the mass matrices are

ðM2
RÞab ¼

0
BBB@

2β1v21 þ 1
2
κ
v2
2
v3
v1

β2v1v2 − κv2v3 β3v1v3 − 1
2
κv22

β2v1v2 − κv2v3 2λ1v22 ðλ3 þ λ5Þv2v3 − κv1v2

β3v1v3 − 1
2
κv22 ðλ3 þ λ5Þv2v3 − κv1v2 2ðλ2 þ λ4Þv23 þ 1

2
κ
v1v22
v3

1
CCCA; ðA6Þ

ðM2
I Þab ¼ κ

0
BBB@

1
2

v2
2
v3
v1

v2v3
1
2
v22

v2v3 2v1v3 v1v2
1
2
v22 v1v2 1

2

v1v22
v3

1
CCCA; ðA7Þ

ðM2
H�Þab ¼

�
κv1 −

1

2
λ5v3

�0B@ v3 − 1ffiffi
2

p v2

− 1ffiffi
2

p v2 1
2

v2
2

v3

1
CA; ðA8Þ

M2
H�� ¼ 1

2

�
κ
v1v22
v3

− 2λ4v23 − λ5v22

�
: ðA9Þ

The mass eigenstates, Hi, Ai, H�
i , and H��, are given in

terms of the mixing matrices O as

Hi ¼ ðORÞiaRa; Ai ¼ ðOIÞiaIa;
H�

i ¼ ðO�ÞiaS�a ; H�� ¼ Δ��: ðA10Þ

The matrices OI and O� can be explicitly expressed in
terms of the vevs as

ðOIÞia ¼

0
B@

cv1V2 −2cv2v23 −cv22v3
0 v2

V −2 v3
V

1
2
b v2

v1
b 1

2
b v2

v3

1
CA;

ðO�Þia ¼
�

c� s�
−s� c�

�
; ðA11Þ

where

V ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v22 þ 4v23

q
; c≡ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v21V
4 þ 4v22v

4
3 þ v42v

2
3

p ;

b≡ 2v1v3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21V

2 þ v22v
2
3

p ; ðA12Þ

c� ≡ v2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v22 þ 2v23

p ; s� ≡
ffiffiffi
2

p
v3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v22 þ 2v23
p : ðA13Þ

In the mass eigenbasis specified by the mixing matrices in
Eq. (A11), the Nambu-Goldstone bosons and the Higgs
bosons are identified as follows:

J ¼ A1; G0 ¼ A2; A ¼ A3;

G� ¼ H�
1 ; H� ¼ H�

2 ; ðA14Þ

where J is the Majoron field, G0 and G� become the
longitudinal components of the weak gauge bosons,

19We assume that there is a small explicit lepton number
violating term in the scalar potential, which provides a mass to the
Majoron field, although we will not write the term explicitly in
Eq. (A3).
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and A and H� are CP-odd and charged Higgs bosons with
mass

M2
A ¼ 1

2
κ

�
v1v22
v3

þ v22v3
v1

þ 4v1v3

�
;

M2
H� ¼ 1

2

�
κ
v1
v3

−
1

2
λ5

�
ðv22 þ 2v23Þ: ðA15Þ

Since the rank of the mass matrix M2
R is three in general,

there are three CP-even Higgs bosons. We are working
in the small-mixing regime (β2;3 ≪ 1 and κ ≪ 1),
ðORÞia ≃ δia,

20 and therefore, H1 mainly consists of the
singlet field, with mass MH1

≃ 2β1v21, and is decoupled
from the other scalars. In addition, H1 does not participate
in any gauge interaction, hence it remains out of equilib-
rium during the whole history of the universe. The 125 GeV
Higgs boson is identified to H2, while H3 is an extra

CP-even Higgs boson, which has a mass of M2
H3

≃ 1
2
κ
v1v22
v3
.

Since the extra Higgs bosons except for H1, i.e., H3, A,
H�, and H��, are made dominantly of the triplet field Δ,
and their masses stem mainly from a common origin,
which is the κ term in Eq. (A3), their masses are of a similar
size:

M2
H3

≃M2
A ≃M2

Δ ≡ 1

2
κ
v1v22
v3

; ðA16Þ

M2
H� ≃M2

Δ −
1

4
λ5v22; ðA17Þ

M2
H�� ≃M2

Δ −
1

2
λ5v22: ðA18Þ

The gauge interactions of the scalars are listed in the
Appendix of Ref. [61]. We will give the necessary scalar
cubic and quartic interactions.
The Yukawa interactions in this model are given as

LY ¼ ðYΔÞαβLc
αΔLβ þ ðYlÞαβLαlRβiσ2Φ�

þ ðYuÞαβQ̄αuRβΦþ ðYdÞαβQ̄αdRβiσ2Φ� þ H:c:;

ðA19Þ

where lR is a right-handed lepton singlet, Q is a quark
doublet, uR and dR are up- and down-type quark singlets,
respectively, and iσ2 is an antisymmetric tensor for the
indices of SUð2ÞL fundamental representations. This pro-
vides the fermion masses and the interactions among the
scalars and the fermions,

LY ¼ −
1

2
mνiνL

c
iνLi −mlαlLαlRα −muiuLiuRi −mdidLidRi

−
mνi

v3
ðU†

PMNSÞiαðO�Þ12νLcilLαGþ −
mνi

v3
ðU†

PMNSÞiαðO�Þ22νLcilLαHþ

−
1ffiffiffi
2

p ðU�
PMNSÞαi

mνi

v3
ðU†

PMNSÞiβlL
c
αlLβΔþþ

þ
ffiffiffi
2

p
mlα

v2
ðO�Þ11νLαlαGþ þ

ffiffiffi
2

p
mlα

v2
ðO�Þ21νLαlαHþ

− ðV†
CKMÞij

ffiffiffi
2

p
muj

v2
ðO�Þ11dLiuRjG− − ðV†

CKMÞij
ffiffiffi
2

p
muj

v2
ðO�Þ21dLiuRjH−

þ ðVCKMÞij
ffiffiffi
2

p
mdj

v2
ðO�Þ11uLidRjGþ þ ðVCKMÞij

ffiffiffi
2

p
mdj

v2
ðO�Þ21uLidRjHþ

−
1

2

mνi

v3
ðORÞj3νLciνLiHj − i

1

2

mνi

v3
ðOIÞj3νLciνLiAj

−
mlα

v2
ðORÞi2lLαlRαHi þ i

mlα

v2
ðOIÞi2lLαlRαAi

−
mui

v2
ðORÞj2uLiuRiHj − i

mui

v2
ðOIÞj2uLiuRiAj

−
mdi

v2
ðORÞj2dLidRiHj þ i

mdi

v2
ðOIÞj2dLidRiAj þ H:c:; ðA20Þ

where the masses of the fermions are given by

20Notice that, in Sec. IVof Ref. [61], the authors sort the masses and use the label i ¼ 1, 2, 3 from smallest to largest, while here the
labelHi¼1;2;3 indicates the dominant component among Ra¼1;2;3. In short,H1 is not the lightest neutral CP-even Higgs boson but the one
that consists dominantly of the singlet scalar, which is the heaviest.
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mνi ≡ −
ffiffiffi
2

p
v3
�
Ydiag
Δ

�
i
; mlα ≡

v2ffiffiffi
2

p
�
Ydiag
l

�
α
; ðA21Þ

mui ≡ −
v2ffiffiffi
2

p
�
Ydiag
u

�
i
; mdi ≡

v2ffiffiffi
2

p
�
Ydiag
d

�
i
; ðA22Þ

in terms of the diagonal matrices Ydiag
X , obtained by

diagonalizing the Yukawa matrices in Eq. (A19).
Although the anomaly contribution to the Jγγ interaction

cancels, the Majoron in this model has an interaction with
photons through (i) Majoron-pion mixing and (ii) triangle
diagrams that depends on the mass of the fermions in the
loop. The contribution (i) is calculated in Sec. 7 of
Ref. [89]. The coefficients in the formula Eq. (92) in
Ref. [89] correspond to the parameters of the type-II
Majoron model as

cuu
f

¼−2cv23;
cdd
f

¼2cv23; cγγ ¼cGG¼0; ðA23Þ

where c is the combination of vevs given in Eq. (A12). The
contribution (ii) is discussed in Sec. 4 of Ref. [89]. For
Majorons with a mass in the range that we are interested in,
only the contributions from first-generation fermions are
relevant. The coefficients for the up- and down-type quarks
are given above. For the electron-loop contribution, we
need the coefficient cee, which is given as

cee
f

¼ 2cv23: ðA24Þ

Substituting Eqs. (A23) and (A24) into Eqs. (46) and (47)
of Ref. [89], we can obtain the loop contributions in the
Majoron-photon coupling gJγγ.

21

We can now summarize the Majoron couplings in the
type-II Majoron model:

LJ ¼ igPJffJfγ
5f −

1

4
gJγγJFμνF̃μν; ðA25Þ

with

gPJνiνi ¼ −
1

2
mνicv

2
2; gPJlαlα ¼ −2mlαcv

2
3;

gPJuiui ¼ 2muicv
2
3; gPJdidi ¼ −2mdicv

2
3; ðA26Þ

gJγγ ¼
2α

π
cv23

�
M2

J

M2
J −m2

π0
− B1ðτeÞ þ

4

3
B1ðτuÞ −

1

3
B1ðτdÞ

�
;

ðA27Þ

where the quantity c appearing in the above expressions,
for the regime of parameters as in Eq. (2.6), is approx-
imately given by c ≃ ðv1v22Þ−1, and the loop function B1

reads [171]

B1ðτfÞ≡ 1 − τff2ðτfÞ;

fðτfÞ≡

8>><
>>:

arcsin 1ffiffiffi
τf

p ; τf ≥ 1;

π
2
þ i

2
ln

1þ
ffiffiffiffiffiffiffi
1−τf

p
1−

ffiffiffiffiffiffiffi
1−τf

p ; τf < 1;
ðA28Þ

and τf ≡ 4m2
f=M

2
J. Notice that above approximate expres-

sion for the Majoron-pion mixing term is valid in the
small mixing regime, jm2

π −M2
Jj ≫ ðfπ=v1ÞmJmπ0 and

MJ ≠ mπ0 [171]. The resulting decay rates relevant for a
Majoron with a mass in the keV–MeV range are given in
Eqs. (2.17)–(2.19).

APPENDIX B: RELIC DENSITY OF TYPE-II
MAJORONS FROM FREEZE-IN

The decay rates relevant for the freeze-in production of
type-II Majorons are22

ΓðH� → W�JÞ ¼ g2js�ðOIÞ12 þ
ffiffiffi
2

p
c�ðOIÞ13j2

64π

M3
H�

M2
W

�
1 −

M2
W

M2
H�

�
3

; ðB1Þ

ΓðH3 → ZJÞ ¼ g2jðORÞ32ðOIÞ12 − 2ðORÞ33ðOIÞ13j2
64πc2W

M3
H3

M2
Z

�
1 −

M2
Z

M2
H3

�
3

; ðB2Þ

21With the Majoron interactions in Lagrangian equation (A20), we obtain B1ðτfÞ − 1 instead of B1ðτfÞ in Eq. (47) of Ref. [89] as a
contribution from the loop of the fermion f [171]. However, the “−1” part cancels summing over the contributions from different
fermions in each generation, because the lepton number is anomaly free. In the final expression Eq. (A27), we only have B1ðτfÞ as in
Ref. [89], which correctly decouples in the heavy fermion limit, mf ≫ MJ.

22Depending on the mass hierarchy of the triplet scalars, H3 → AJ or A → H3J also produce Majorons. However, the masses are
almost degenerate and the decay rates are suppressed in comparison to the main production processes in Eq. (B6).
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ΓðA → H2JÞ ¼
jgH2AJj2
16πMA

�
1 −

M2
H2

M2
A

�
; ðB3Þ

ΓðH3 → JJÞ ¼ 1

32π
M3

H3

�ððOIÞ11Þ2
v1

ðORÞ31 þ
ððOIÞ12Þ2

v2
ðORÞ32 þ

ððOIÞ13Þ2
v3

ðORÞ33
�
2

; ðB4Þ

where the cubic coupling gHiAJ is given as

gHiAJ ¼
h
ðβ2v1 þ κv3ÞðORÞi1 þ 2λ1v2ðORÞi2 þ ððλ3 þ λ5Þv3 þ κv1ÞðORÞi3

i
ðOIÞ12ðOIÞ32

þ
h
β3v1ðORÞi1 þ ðλ3 þ λ5Þv2ðORÞi2 þ 2ðλ2 þ λ4Þv3ðORÞi3

i
ðOIÞ13ðOIÞ33

þ
h
2β1v1ðORÞi1 þ β2v2ðORÞi2 þ β3v3ðORÞi3

i
ðOIÞ11ðOIÞ31

þ κv2ðORÞi2
h
ðOIÞ11ðOIÞ33 þ ðOIÞ13ðOIÞ31

i
þ κ
h
v2ðORÞi1 þ v1ðORÞi2

ih
ðOIÞ12ðOIÞ33 þ ðOIÞ13ðOIÞ32

i
þ κ
h
v2ðORÞi3 þ v3ðORÞi2

ih
ðOIÞ11ðOIÞ32 þ ðOIÞ12ðOIÞ31

i
: ðB5Þ

In the parameter region we are interested in, the decay rates of Eqs. (B1)–(B3) can be approximated to

X
�
ΓðH� → W�JÞ ≃ ΓðH3 → ZJÞ ≃ ΓðA → H2JÞ ≃

κ2v22
16πMΔ

; ðB6Þ

which are the main engine of the freeze-in production of Majorons. The decay rate ofH3 → JJ is significantly smaller than
them. The SM Higgs boson also decays into Majoron(s), and the decay rates are

ΓðH2 → ZJÞ ¼ g2jðORÞ22ðOIÞ12 − 2ðORÞ23ðOIÞ13j2
64πc2W

M3
H2

M2
Z

�
1 −

M2
Z

M2
H2

�
3

; ðB7Þ

ΓðH2 → JJÞ ¼ 1

32π
M3

H2

�ððOIÞ11Þ2
v1

ðORÞ21 þ
ððOIÞ12Þ2

v2
ðORÞ22 þ

ððOIÞ13Þ2
v3

ðORÞ23
�
2

: ðB8Þ

They only contribute to the Majoron production sub-
dominantly.
The relic density of Majorons produced through

B1 → B2J and B → JJ results [111]

ΩJh2 ≃
1.09 × 1027

g�sðMB1
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g�ðMB1
Þp ΓðB1 → B2JÞMJ

M2
B1

; ðB9Þ

ΩJh2 ≃
2.18 × 1027

g�sðMBÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðMBÞ

p ΓðB → JJÞMJ

M2
B

; ðB10Þ

where g�ðTÞ is the relativistic degrees of freedom at a
temperature T, and g�sðTÞ is the effective degrees of
freedom for entropy at T.
Following the procedure developed in Sec. 6.3 in

Ref. [111], we can calculate the relic density of Majoron
produced from 2 → 2 scattering processes with the scalars
Δ, Φ1, Φ2, and J, where Δ and Φi denote the components

of triplet and doublet scalar fields, respectively. Here we
have to take into account the masses of the bath particles,
which are neglected in the calculation in Ref. [111]. Setting
the mass MΔ of the heaviest particle in the process as the
lower limit of the momentum in the integration, the
Boltzmann equation reads

dnJ
dt

þ 3HnJ ≃
2T

512π6

Z
∞

M2
Δ

dsdΩPΔΦPΦJjMj2K1ð
ffiffiffi
s

p
=TÞffiffiffi
s

p

þ T
512π6

Z
∞

M2
Δ

dsdΩPΦΦPΔJjMj2K1ð
ffiffiffi
s

p
=TÞffiffiffi
s

p

≃
3jκj2
128π5

MΔT3K1ðMΔ=TÞ; ðB11Þ

where K1ðxÞ is the modified Bessel function of the first
kind, and Pij is a function introduced in Ref. [111], which
is defined as
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Pij ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − ðmi þmjÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − ðmi −mjÞ2

q
2
ffiffiffi
s

p ; ðB12Þ

with s denoting the center-of-mass energy. Defining YJðTÞ≡
nJðTÞ=sðTÞ, we can write the Boltzmann equation as

YJðTeqÞ ¼
3jκj2
128π5

MΔ

Z
∞

Teq

dTT2
K1ðMΔ=TÞ
HðTÞsðTÞ ; ðB13Þ

where sðTÞ is the entropy density at T, not the center-of-mass
energy. In the radiation-dominated era T > Teq—where Teq

is the temperature of the epoch of matter-radiation equality—
the Hubble parameter is

HðTÞ ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π3

45
g�ðTÞ

r
1

MPl
T2; ðB14Þ

and the entropy density is expressed in terms of the effective
degrees of freedom as

sðTÞ ¼ 2π2

45
g�sðTÞT3: ðB15Þ

With YJðTeqÞ ¼ YJðT0Þ, the relic density resulting from the
scattering processes is23

ΩJh2 ¼
YJðT0Þs0

ρc0
MJh2 ≃

5.55 × 1023

g�sðMΔÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðMΔÞ

p jκj2 MJ

MΔ
;

ðB16Þ

where s0, ρc0, and T0 are the entropy, the critical density, and
the temperature today.
The terms in the scalar potential, which contribute to the

scattering processes are

−L ⊃ κ

�
1

2
I1R2

2I3 −
1

2
I1I22I3 þ I1R2I2R3 − i

1ffiffiffi
2

p I1R2ϕ
−Δþ þ i

1ffiffiffi
2

p I1R2ϕ
þΔ−

þ 1ffiffiffi
2

p I1I2ϕ−Δþ þ 1ffiffiffi
2

p I1I2ϕþΔ− − i
1ffiffiffi
2

p I1ϕ−ϕ−Δþþ þ i
1ffiffiffi
2

p I1ϕþϕþΔ−−
�
: ðB17Þ

Freeze-in DM production in an early matter-dominated
era is discussed in Refs. [117,118]. Following Sec. B.2
in Ref. [118], here we derive the formula of the relic density
of Majoron produced from the decay process B1 → B2J.
Here we start with Eq. (B.20) in Ref. [118], which is the
quantity XJ ≡ nJa3 at the reheating temperature TR,

24

XJðaRÞ ≃
ffiffiffiffiffiffi
3

8π

r
MPl

Z
aR

0

da
a2ffiffiffiffiffiffiffiffiffiffiffiffi
ρMðaÞ

p CB1→B2JðaÞ; ðB18Þ

where aR is the scale factor at TR and ρMðaÞ is the energy
density of the matter component, which are explicitly given
in Appendix C. The collision term CB1→B2JðaÞ of the
process B1 → B2J is calculated to be

CB1→B2JðaÞ ≃
M2

B1
ΓðB1 → B2JÞ

2π2
TK1

�
MB1

T

�
; ðB19Þ

and the temperature T is related to the scale factor a as
T ¼ TRa

3=8
R =a3=8 in the early matter-dominated era,

cf. Eq. (C6). Substituting this into Eq. (B18), we have

XJðaRÞ ≃
ffiffiffiffiffiffiffi
90

8π3

r
MPl

TR

M2
B1
ΓðB1 → B2JÞ

2π2
a3Rffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðaRÞ

p
×
Z

1

0

dxx25=8K1

�
MB1

TR
x3=8

�
; ðB20Þ

where x≡ a=aR. With YJðT0Þ ¼ YJðaRÞ ¼ XðaRÞ
a3RsðTRÞ, we

arrive at the relic density formula

ΩJh2 ≃
2.33 × 1026

g�sðTRÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðTRÞ

p �Z
1

0

dxx25=8K1

�
MB1

TR
x3=8

��

×
ΓðB1 → B2JÞM2

B1
MJ

T4
R

: ðB21Þ

This result reproduces the power-law of the formula
presented in Ref. [118], Eq. (2.11).
One can calculate the contribution from 2 → 2 scattering

processes in the same way. The result is

ΩJh2 ≃
3.53 × 1023

g�sðTRÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðTRÞ

p �Z
1

0

dxx19=8K1

�
MΔ

TR
x3=8

��

× jκj2 MΔMJ

T2
R

: ðB22Þ

In the range of TR ≃ 20–50 GeV, the degrees of freedom
are g�ðTRÞ ¼ g�sðTRÞ ≃ 90.

23Note that Eq. (B16) includes the contributions from all three
possible scattering processes, i.e., Φ1Φ2 → ΔJ, Φ1Δ → Φ2J,
and Φ2Δ → Φ1J, cf. Eq. (B11).

24Note that MPl in Ref. [118] is the reduced Planck mass.
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APPENDIX C: EARLY
MATTER-DOMINATED ERA

The cosmology of an early matter-dominated era is
discussed in, e.g., Refs. [117,118]. Here we derive the
equations and relations that we used in our discussion on
the freeze-in production of Majorons in the early matter-
dominated era.
Suppose that a nonrelativistic matter field dominates the

energy budget of the universe before the radiation-domi-
nated era, and the matter field gradually decays to radiation
and injects entropy into the universe—an example being
provided by the oscillations of the inflaton field during the
epoch of its decay. Energy-momentum conservation
ðT totalÞμν;μ ¼ 0 determines the time-evolution of the energy
densities of the matter and radiation components, ρM and
ρR, as

dρM
dt

þ 3HρM ¼ −ΓMρM; ðC1Þ

dρR
dt

þ 4HρR ¼ ΓMρM; ðC2Þ

where ΓM is the decay rate of the matter particle and H ≡
ȧ=a is the Hubble parameter. Since the decay of the matter
field progresses gradually and the evolution of ρM is
dominantly described by the dilution due to the expansion
of the universe, the matter component evolves as

ρMðtÞ ¼ ρMin

�
ain
aðtÞ

�
3

; ðC3Þ

where ρMin and ain are the “initial” values of the energy
density of the matter component and the scale factor, i.e.,
the values at the time tin when the early matter-dominated
era began. In the evolution of the radiation component, the
source term from the decay of the matter field is important,
and the solution of the differential equation Eq. (C2) [with
Eq. (C3)] is given as

ρRðtÞ ¼ ρRin

�
ain
aðtÞ

�
4

þ 2

5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

8π
ρMin

r
ΓMMPl

��
ain
aðtÞ

�
3=2

−
�
ain
aðtÞ

�
4
�

≃
2

5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

8π
ρMin

r
ΓMMPl

�
ain
aðtÞ

�
3=2

; ðC4Þ

where ρRin is the initial value of ρR. Here we used the
Friedmann equation

HðaÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π

3
ρtotal

r
1

MPl
≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π

3
ρMðaÞ

r
1

MPl
ðC5Þ

in the early matter-dominated era.
Since the radiation species are in thermal equilibrium

and follow the statistical distribution, ρR ∝ T4—more
concretely, ρR ¼ ðπ2=30Þg�ðTÞT4—from Eq. (C4) we find
ρR ∝ a−3=2 in the early matter-dominated era. Combining
these two observations, we can find that the temperature T
is related to the scale factor a as

T ¼ TR
a3=8R

a3=8
; ðC6Þ

where aR and TR are the scale factor and the temperature
when ρM ¼ ρR. We call TR reheating temperature. With the
relation Eq. (C6), we can rewrite the evolution of ρM
Eq. (C3) as a function of T; The matter density is diluted
due to the expansion of the universe as ρM ∝ 1=a3, which
means ρM ∝ T8. From the temperature-dependence of ρM
and ρR and the definition of the reheating temperature,
we find

ρRðTÞ ¼
π2

30
g�ðTÞT4; ρMðTÞ ¼

π2

30
g�ðTÞ

T8

T4
R
; ðC7Þ

in the early matter-dominated era. Using the relation
Eq. (C6), they can be rewritten as functions of a, which
are used in our calculations of the relic density of Majoron.
The scale factor aR can be given as a function of TR with

the relation Ta ¼ const, which is valid in the radiation-
dominated era. The radiation-dominated era starts at TR and
ends at Teq which is the temperature of the matter-radiation
equality era. With aeq ¼ 1=3400 and Teq ¼ 0.75 eV, we
have

aR ¼ 0.75 × 10−9 GeV
3400

1

TR½GeV�
; ðC8Þ

which is used in the calculations of XJ, Eq. (B18).
Although one can solve the reheating temperature in terms
of ΓM as

TR ≃
ffiffiffi
2

5

r �
90

8π3g�ðTRÞ
�

1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓMMPl

p
; ðC9Þ

it is convenient to give TR as a free parameter.
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for ῡe from the sun at Super-Kamiokande I, Phys. Rev.
Lett. 90, 171302 (2003).

[134] H. Zhang et al. (Super-Kamiokande Collaboration), Super-
nova relic neutrino search with neutron tagging at Super-
Kamiokande-IV, Astropart. Phys. 60, 41 (2015).

[135] R. Coy and T. Hambye, Neutrino lines from DM decay
induced by high-scale seesaw interactions, J. High Energy
Phys. 05 (2021) 101.

[136] C. A. Argüelles, D. Delgado, A. Friedlander, A.
Kheirandish, I. Safa, A. C. Vincent et al., Dark matter
decay to neutrinos, arXiv:2210.01303.

[137] K. Akita and M. Niibo, Updated constraints and future
prospects on Majoron dark matter, J. High Energy Phys. 07
(2023) 132.

[138] E. Aprile et al. (XENON Collaboration), Excess electronic
recoil events in XENON1T, Phys. Rev. D 102, 072004
(2020).

[139] F. Takahashi, M. Yamada, and W. Yin, XENON1T excess
from anomaly-free axionlike dark matter and its implica-
tions for stellar cooling anomaly, Phys. Rev. Lett. 125,
161801 (2020).

[140] I. M. Bloch, A. Caputo, R. Essig, D. Redigolo, M.
Sholapurkar, and T. Volansky, Exploring new physics with
O(keV) electron recoils in direct detection experiments,
J. High Energy Phys. 01 (2021) 178.

[141] L. Di Luzio, M. Fedele, M. Giannotti, F. Mescia, and E.
Nardi, Solar axions cannot explain the XENON1T excess,
Phys. Rev. Lett. 125, 131804 (2020).

[142] F. Arias-Aragón, F. D’Eramo, R. Z. Ferreira, L. Merlo, and
A. Notari, Cosmic imprints of XENON1T axions,
J. Cosmol. Astropart. Phys. 11 (2020) 025.

[143] C. Han, M. L. López-Ibáñez, A. Melis, O. Vives, and J. M.
Yang, Anomaly-free leptophilic axionlike particle and its
flavor violating tests, Phys. Rev. D 103, 035028 (2021).

[144] F. Takahashi, M. Yamada, and W. Yin, What if ALP dark
matter for the XENON1T excess is the inflaton, J. High
Energy Phys. 01 (2021) 152.

[145] D. Buttazzo, P. Panci, D. Teresi, and R. Ziegler, Xenon1T
excess from electron recoils of non-relativistic dark matter,
Phys. Lett. B 817, 136310 (2021).

[146] C. Han, M. L. López-Ibáñez, A. Melis, O. Vives, and J. M.
Yang, Anomaly-free ALP from non-Abelian flavor sym-
metry, J. High Energy Phys. 08 (2022) 306.

[147] K. Sakurai and F. Takahashi, Anomaly-free axion dark
matter in three Higgs doublet model and its pheno-
menological implications, J. High Energy Phys. 07
(2022) 124.

[148] G. G. Raffelt, Astrophysical methods to constrain axions
and other novel particle phenomena, Phys. Rep. 198, 1
(1990).

[149] G. Raffelt and A. Weiss, Red giant bound on the axion—
electron coupling revisited, Phys. Rev. D 51, 1495 (1995).

[150] N. Viaux, M. Catelan, P. B. Stetson, G. Raffelt, J.
Redondo, A. A. R. Valcarce, and A. Weiss, Neutrino and
axion bounds from the globular cluster M5 (NGC 5904),
Phys. Rev. Lett. 111, 231301 (2013).

[151] M. M. Miller Bertolami, B. E. Melendez, L. G. Althaus,
and J. Isern, Revisiting the axion bounds from the Galactic
white dwarf luminosity function, J. Cosmol. Astropart.
Phys. 10 (2014) 069.

[152] E. Aprile et al. (XENON Collaboration), Projected WIMP
sensitivity of the XENONnT dark matter experiment,
J. Cosmol. Astropart. Phys. 11 (2020) 031.

[153] C. Thorpe-Morgan, D. Malyshev, A. Santangelo, J.
Jochum, B. Jäger, M. Sasaki, and S. Saeedi, THESEUS
insights into axionlike particles, dark photon, and
sterile neutrino dark matter, Phys. Rev. D 102, 123003
(2020).

[154] A. Coogan et al., Hunting for dark matter and new physics
with GECCO, Phys. Rev. D 107, 023022 (2023).

[155] K. Abe et al. (Hyper-Kamiokande Collaboration), Hyper-
Kamiokande design report, arXiv:1805.04163.

[156] F. An et al. (JUNO Collaboration), Neutrino physics with
JUNO, J. Phys. G 43, 030401 (2016).

[157] T. M. C. Abbott et al. (DES Collaboration), Dark Energy
Survey Year 3 results: Cosmological constraints from
galaxy clustering and weak lensing, Phys. Rev. D 105,
023520 (2022).

[158] N. D. Barrie, C. Han, and H. Murayama, Affleck-dine
leptogenesis from Higgs inflation, Phys. Rev. Lett. 128,
141801 (2022).

[159] N. D. Barrie, C. Han, and H. Murayama, Type II seesaw
leptogenesis, J. High Energy Phys. 05 (2022) 160.

[160] I. Dorsner and P. Fileviez Perez, Unification without
supersymmetry: Neutrino mass, proton decay and light
leptoquarks, Nucl. Phys. B723, 53 (2005).

[161] I. Dorsner, P. Fileviez Perez, and R. Gonzalez Felipe,
Phenomenological and cosmological aspects of a minimal
GUT scenario, Nucl. Phys. B747, 312 (2006).

[162] I. Dorsner and P. Fileviez Perez, Unification versus proton
decay in SU(5), Phys. Lett. B 642, 248 (2006).

[163] I. Dorsner, P. Fileviez Perez, and G. Rodrigo, Fermion
masses and the UV cutoff of the minimal realistic SU(5),
Phys. Rev. D 75, 125007 (2007).

BIGGIO, CALIBBI, OTA, and ZANCHINI PHYS. REV. D 108, 115003 (2023)

115003-26

https://doi.org/10.1016/j.physletb.2023.137919
https://doi.org/10.1016/j.physletb.2023.137919
https://doi.org/10.1103/PhysRevD.101.123514
https://doi.org/10.1007/JHEP11(2013)193
https://doi.org/10.1007/JHEP11(2013)193
https://doi.org/10.1103/PhysRevLett.119.021103
https://doi.org/10.1088/1475-7516/2023/07/026
https://doi.org/10.1088/1475-7516/2023/07/026
https://doi.org/10.1016/j.physletb.2008.05.040
https://doi.org/10.1016/j.physletb.2010.12.030
https://doi.org/10.1088/0004-637X/745/2/193
https://doi.org/10.1103/PhysRevLett.90.171302
https://doi.org/10.1103/PhysRevLett.90.171302
https://doi.org/10.1016/j.astropartphys.2014.05.004
https://doi.org/10.1007/JHEP05(2021)101
https://doi.org/10.1007/JHEP05(2021)101
https://arXiv.org/abs/2210.01303
https://doi.org/10.1007/JHEP07(2023)132
https://doi.org/10.1007/JHEP07(2023)132
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevLett.125.161801
https://doi.org/10.1103/PhysRevLett.125.161801
https://doi.org/10.1007/JHEP01(2021)178
https://doi.org/10.1103/PhysRevLett.125.131804
https://doi.org/10.1088/1475-7516/2020/11/025
https://doi.org/10.1103/PhysRevD.103.035028
https://doi.org/10.1007/JHEP01(2021)152
https://doi.org/10.1007/JHEP01(2021)152
https://doi.org/10.1016/j.physletb.2021.136310
https://doi.org/10.1007/JHEP08(2022)306
https://doi.org/10.1007/JHEP07(2022)124
https://doi.org/10.1007/JHEP07(2022)124
https://doi.org/10.1016/0370-1573(90)90054-6
https://doi.org/10.1016/0370-1573(90)90054-6
https://doi.org/10.1103/PhysRevD.51.1495
https://doi.org/10.1103/PhysRevLett.111.231301
https://doi.org/10.1088/1475-7516/2014/10/069
https://doi.org/10.1088/1475-7516/2014/10/069
https://doi.org/10.1088/1475-7516/2020/11/031
https://doi.org/10.1103/PhysRevD.102.123003
https://doi.org/10.1103/PhysRevD.102.123003
https://doi.org/10.1103/PhysRevD.107.023022
https://arXiv.org/abs/1805.04163
https://doi.org/10.1088/0954-3899/43/3/030401
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1103/PhysRevLett.128.141801
https://doi.org/10.1103/PhysRevLett.128.141801
https://doi.org/10.1007/JHEP05(2022)160
https://doi.org/10.1016/j.nuclphysb.2005.06.016
https://doi.org/10.1016/j.nuclphysb.2006.05.006
https://doi.org/10.1016/j.physletb.2006.09.034
https://doi.org/10.1103/PhysRevD.75.125007


[164] I. Dorsner and I. Mocioiu, Predictions from type II see-saw
mechanism in SU(5), Nucl. Phys. B796, 123 (2008).

[165] P. Fileviez Perez, T. Han, T. Li, and M. J. Ramsey-Musolf,
Leptoquarks and neutrino masses at the LHC, Nucl. Phys.
B819, 139 (2009).

[166] S. Antusch, K. Hinze, and S. Saad, Viable quark-lepton
Yukawa ratios and nucleon decay predictions in SUð5ÞGUTs
with type-II seesaw, Nucl. Phys. B986, 116049 (2023).

[167] Y. Cheng, C.-W. Chiang, X.-G. He, and J. Sun, Flavor-
changing Majoron interactions with leptons, Phys. Rev. D
104, 013001 (2021).

[168] J. Martin Camalich, M. Pospelov, P. N. H. Vuong, R.
Ziegler, and J. Zupan, Quark flavor phenomenology of
the QCD axion, Phys. Rev. D 102, 015023 (2020).

[169] F. D’Eramo and S. Yun, Flavor violating axions in the early
Universe, Phys. Rev. D 105, 075002 (2022).

[170] L. Di Luzio, A. W.M. Guerrera, X. P. Díaz, and S. Rigolin,
On the IR/UV flavour connection in non-universal axion
models, J. High Energy Phys. 06 (2023) 046.

[171] M. Bauer, M. Neubert, and A. Thamm, Collider
probes of axion-like particles, J. High Energy Phys. 12
(2017) 044.

MAJORON DARK MATTER FROM A TYPE II SEESAW MODEL PHYS. REV. D 108, 115003 (2023)

115003-27

https://doi.org/10.1016/j.nuclphysb.2007.12.004
https://doi.org/10.1016/j.nuclphysb.2009.04.009
https://doi.org/10.1016/j.nuclphysb.2009.04.009
https://doi.org/10.1016/j.nuclphysb.2022.116049
https://doi.org/10.1103/PhysRevD.104.013001
https://doi.org/10.1103/PhysRevD.104.013001
https://doi.org/10.1103/PhysRevD.102.015023
https://doi.org/10.1103/PhysRevD.105.075002
https://doi.org/10.1007/JHEP06(2023)046
https://doi.org/10.1007/JHEP12(2017)044
https://doi.org/10.1007/JHEP12(2017)044

