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Motivation

Neutrino masses Dark Matter

We know the Standard Model is incomplete. 

Observations tell us that, in particular: 

Is there a connection?
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Neutrino masses

 Neutrinos oscillate → we have to add neutrino mass terms to the SM

• Dirac:
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couplings, in perfect analogy to what occurs to the other fermions:

LD = −(Yν)ij νR i Φ̃† LL j + h.c. =⇒ (mD
ν )ij =

v√
2
(Yν)ij .(15)

In such a case, the smallness of neutrino masses can be accounted for only by assuming
tiny values for the entries of Yν , the largest of which should be ! 10−12(6). As a
consequence, the second option is perhaps more appealing, namely introducing non-
renomalisabe operators giving rise to Majorana masses for the LH neutrinos alone:

LM = −1
2

mM
ν νc

LνL + h.c.(16)

Terms of this kind violate the total lepton number L and can be already generated by
the only dimension-5 operators compatible with the SM symmetries that one can write
as [92]

L ⊃ Cij

Λ
(
Lc

L i τ2Φ
) (

ΦT τ2LL j

)
+ h.c. =⇒ (mM

ν )ij =
Cijv2

Λ
,(17)

where Λ corresponds to the mass scale of extra degrees of freedom —associated to the
breaking of L— that have been integrated out. The fact that (mM

ν )ij % v is then
naturally explained if Λ & v.

In either way neutrino masses are accounted for, lepton flavour violation in the charged
current interactions of eq. (7) becomes physical and controlled by the matrix UPMNS ≡
(V †

e Vν), which is usually called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [93,
94]. Also notice that UPMNS is the matrix that diagonalises the neutrino mass matrix in
the basis of diagonal charged lepton masses, thus connecting neutrino flavour and mass
eigenstates

να =
∑

k=1,3

Uαk νk, α = e, µ, τ.(18)

As is well known, besides inducing neutrino oscillations, UPMNS can in principle give
rise to CLFV as well. This can only occur through loop diagrams involving neutrinos
and W bosons. For example, a diagram contributing to the µ → eγ decay is shown in
fig. 3. A detailed description of the calculation of the resulting %i → %jγ rate —originally
published in [95]— can be be found in [96]. In the following we review some important
features of it, specialising in µ → eγ, being τ → eγ and τ → µγ completely analogous.

In general, the transition is described by an effective muon-electron-photon interaction
that we denote Vα, where α is a Lorentz index. The decay amplitude is then given by

M(µ → eγ) = i ūe(p − q)Vαuµ(p)ε∗α(q),(19)

where p and q are the four-momenta of the muon and the photon respectively, ue and uµ

are the Dirac spinors for the electron and the muon, and ελ the polarisation vector of the

(6) Moreover, since νR are complete singlets under the SM gauge symmetries, nothing forbids
Majorana mass terms of the kind νc

RνR, which would change the picture as we will see below.
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(6) Moreover, since νR are complete singlets under the SM gauge symmetries, nothing forbids
Majorana mass terms of the kind νc

RνR, which would change the picture as we will see below.

- At least 2 RH (i.e. sterile) neutrinos are introduced

- Lepton number (L) is conserved 

- L-conservation actually needs to be enforced to prevent 

- Requires                 (107 times smaller than the electron Yukawa)
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• Majorana:

- Effective dimension-5 operator (only one of that order in the SMEFT)

-                  Lepton Number Violation

- Naturally explain smallness of neutrino masses (if          )

- Requires an UV completion at    (that is, indicates a new physics scale)

Weinberg '79
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Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:

Type I
Heavy fermionic singlets 

(RH neutrinos)
Heavy scalar triplet Heavy fermionic 

triplets

Type II Type III

Minkowski, Gell-Mann, 
Ramond, Slansky, Yanagida, 

Glashow, Mohapatra, 
Senjanovic, …

Magg, Wetterich, Lazarides, 
Shafi, Mohapatra, Senjanovic, 

Schecter, Valle, …

Foot, Lew, He, Joshi, Ma, Roy, 
Hambye et al., Bajc et al., 
Dorsner, Fileviez-Perez, ...

Y T
N
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Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:

Scalar SU(2) triplet 
(hyperchargeY=1)
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What if the lepton number is spontaneously broken in type II seesaw, 
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Figure 1: Diagram that generates non-zero neutrino mass in the model.

At this point we note that the smallness of neutrino mass i.e.

m‹
<
≥ 1 eV

may define interesting regions of the parameter space in any neutrino mass generation model
where the new physics is expected to be hidden from direct observation. In particular, we
are interested in spotting those regions accessible at collider searches such as the ongoing
experiments at the LHC (see Ref. [20] and references therein).

In our pure type II seesaw model where lepton number is spontaneously violated at some
low energy scale we have

m‹ = y‹
È�Í

with the e�ective vev is given as È�Í = µ È�Í
2 /M2

� where � is the isotriplet lepton–number–
carrying scalar. Here È�Í is fixed by the mass of the W boson and

µ = Ÿv1

is the dimensionful parameter responsible of lepton number violation, see eq. (3). Therefore
if y‹

≥ O(1) and the mass M� lies at 1 TeV region then one has that È�Í ≥ m‹ and µ ≥ 1 eV.
Note that one may consider two situations: v1 ∫ �EW (high-scale seesaw mechanism) in
whose case the scalar singlet and the invisible decays of the Higgs are decoupled [15]; the
second interesting case is when �EW . v1 . few TeV (low-scale seesaw mechanism). In
this case the parameter Ÿ is the range [10≠14, 10≠16] for y‹

≥ O(1). In this case one has
new physics at the TeV region including the “invisible” decays of the Higgs bosons.

Therefore, led by the smallness of the neutrino mass we can qualitatively determine that
the analysis to be carried out is characterized by having a vev hierarchy

v1 & v2 ∫ v3

and the smallness of the coupling Ÿ, that is Ÿ π 1.

4
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h�i = v1p
2

h�0i = v2p
2

h�0i = v3p
2

the triplet scalar field itself:

v3 =
1

2

v1v22
M2

�

, (2.2)

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

vEW ⌘

q
v22 + 2v23 ' 246GeV . (2.3)

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 ⇢ parameter, which is given by

⇢ ⌘
M2

W

M2
Z
cos2 ✓W

=
v22 + 2v23
v22 + 4v23

=
v2EW

v2EW + 2v23
. (2.4)

The most conservative global fit of the electroweak precision observables (EWPO) reported in
Ref. [60] gives ⇢ = 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:

(m⌫)↵� = �
p
2 (Y�)↵� v3 = �

1
p
2
(Y�)↵� v1

v22
M2

�

. (2.5)

Notice that the standard neutrino mass formula of the type-II seesaw mechanism is recovered
considering that the coupling of the trilinear scalar interaction �T�� is given by µ =  v1/

p
2.

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 unitar-
ity [65–69]. In order to have a viable DM candidate, the vevs of the scalar fields are required
to exhibit the hierarchical pattern

v3 ⌧ v2 ⌧ v1 . (2.6)

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 Section 4) 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 matrix OI in Eq. (A.11) 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

4Here M� 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 Appendix 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 M2

� = v1v
2
2/(2v3), see below.

5The triplet scalar contributions to the mass of the W boson were revisited in Refs. [61–63] in light of the
recent measurement based on data collected at CDF II [64]. Even though large values of v3 (as required, e.g.,
by majoron DM production through the freeze-in mechanism, see Section 3) decrease MW at the tree level, it
is still possible to reproduce the CDF result via loop contributions involving the states in �.

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

vEW ⌘

q
v22 + 2v23 ' 246GeV . (2.3)

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 ⇢ parameter, which is given by
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v22 + 2v23
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The most conservative global fit of the electroweak precision observables (EWPO) reported in
Ref. [60] gives ⇢ = 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:
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Notice that the standard neutrino mass formula of the type-II seesaw mechanism is recovered
considering that the coupling of the trilinear scalar interaction �T�� is given by µ =  v1/

p
2.

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 unitar-
ity [65–69]. In order to have a viable DM candidate, the vevs of the scalar fields are required
to exhibit the hierarchical pattern

v3 ⌧ v2 ⌧ v1 . (2.6)

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 Section 4) 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 matrix OI in Eq. (A.11) 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

4Here M� 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 Appendix 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 M2

� = v1v
2
2/(2v3), see below.

5The triplet scalar contributions to the mass of the W boson were revisited in Refs. [61–63] in light of the
recent measurement based on data collected at CDF II [64]. Even though large values of v3 (as required, e.g.,
by majoron DM production through the freeze-in mechanism, see Section 3) decrease MW at the tree level, it
is still possible to reproduce the CDF result via loop contributions involving the states in �.
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Notice that the standard neutrino mass formula of the type-II seesaw mechanism is recovered
considering that the coupling of the trilinear scalar interaction �T�� is given by µ =  v1/
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2.

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 unitar-
ity [65–69]. In order to have a viable DM candidate, the vevs of the scalar fields are required
to exhibit the hierarchical pattern
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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 Section 4) 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 matrix OI in Eq. (A.11) for the
regime of Eq. (2.6). Consistently with this observation, and for the sake of the perturbativity
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its decay J ! ⌫⌫ can be a target for searches of monochromatic neutrino lines at upcoming
neutrino telescopes as long as MJ & 10 MeV — see Figure 6. If v3 > 10�3 GeV, the decays
J ! e+e� and J ! �� can give rise to observable signals at future X-ray and soft gamma-
ray probes such as GECCO [150], for values of MJ as low as MJ ⇡ 10 keV, see Figures 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 experiments such as XENONnT [25], see Figure 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 [135,136].

Finally, another distinctive feature of the type-II majoron that we found is that its inter-
actions with SM fermions are flavour conserving, being inherited from mixing with the Higgs
doublet. This gives rise to a di↵erent phenomenology compared to other ALPs of cosmological
interest (including the majorons from type-I seesaw [87] and type-III seesaw [163]) that are
instead tightly constrained by searches for two-body flavour-violating decays of mesons or lep-
tons into an invisible ALP a, such as K ! ⇡a and µ ! ea, see Refs. [18,88,92,121,164–166].
Hence flavour 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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A Details on the type-II majoron model

In the discussion of the model, we mainly follow the notation adopted in Ref. [58]. As discussed
in Section 2, in addition to the SU(2)L doublet scalar �, which is the SM Higgs field, singlet
and triplet scalars, � and �, are introduced,16

� =
1
p
2
(v1 +R1 + iI1) , � =

 
1p
2
(v2 +R2 + iI2)

��

!
, (A.1)

� =

 
1p
2
(v3 +R3 + iI3) �+/

p
2

�+/
p
2 �++

!
, (A.2)

16Notice that the triplet field � is defined di↵erently from the literature on the triplet Higgs model such as
Refs. [66, 75–77,80] by an anti-symmetric tensor (and also some signs).
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2v3p

v22 + 2v23
. (A.13)

In the mass eigenbasis specified by the mixing matrices in Eq. (A.11), the Nambu-Goldstone
bosons and the Higgs bosons are identified as follows:

J = A1, G0 = A2, A = A3, G± = H±
1 , H± = H±

2 , (A.14)

where J is the majoron field, G0 and G± become the longitudinal components of the weak
gauge bosons, and A and H± are CP-odd and charged Higgs bosons with mass

M2
A =

1

2


✓
v1v22
v3

+
v22v3
v1

+ 4v1v3

◆
, M2

H± =
1

2

✓

v1
v3

�
1

2
�5

◆�
v22 + 2v23

�
. (A.15)

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 (�2,3 ⌧ 1 and  ⌧ 1), (OR)ia ' �ia,18 and
therefore, H1 mainly consists of the singlet field, with mass MH1 ' 2�1v21, and is decoupled
from the other scalars. In addition, H1 does not participate in any gauge interaction, hence
it remains out of equilibrium 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

v1v
2
2

v3
.

Since the extra Higgs bosons except for H1, i.e., H3, A, H±, and H±±, are made domi-
nantly of the triplet field �, and their masses stem mainly from a common origin, which is
the  term in Eq. (A.3), their masses are of a similar size:
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2
�5v

2
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The gauge interactions of the scalars are listed in the appendix of Ref. [58]. We will give the
necessary scalar cubic and quartic interactions.

The Yukawa interactions in this model are given as

LY =(Y�)↵�Lc
↵�L� + (Y`)↵�L↵`R� i�2�

⇤

+ (Yu)↵�Q↵uR��+ (Yd)↵�Q↵dR� i�2�
⇤ +H.c. , (A.19)

where `R is a right-handed lepton singlet, Q is a quark doublet, uR and dR are up- and
down-type quark singlets, respectively, and i�2 is an anti-symmetric tensor for the indices of

18Notice that, in Sec. IV of Ref. [58], the authors sort the masses and use the label i = 1, 2, 3 from smallest
to largest, while here the label Hi=1,2,3 indicates the dominant component among Ra=1,2,3. 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.

24

The states of the three scalar fields mix:

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. (A.19). The doublet scalar,
which is to be identified with the SM Higgs scalar, does not have lepton number charge.
The lepton number assignment of the singlet scalar is +2 so that the ��T�� term becomes
invariant under the U(1) 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.17

Invariance under the SM gauge symmetries and the lepton number determine the scalar
potential as follows
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The mass matrices of the component fields follow from the quadratic terms in the potential:
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where the singly-charged scalars are labelled as
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and the mass matrices are
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The mass eigenstates, Hi, Ai, H
±
i
, and H±±, are given in terms of the mixing matrices O as

Hi = (OR)iaRa, Ai = (OI)iaIa, H±
i

= (O±)iaS
±
a , H±± = �±±. (A.10)

The matrices OI and O± can be explicitly expressed in terms of the vevs as
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17We 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. (A.3).
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The mass eigenstates, Hi, Ai, H
±
i
, and H±±, are given in terms of the mixing matrices O as

Hi = (OR)iaRa, Ai = (OI)iaIa, H±
i

= (O±)iaS
±
a , H±± = �±±. (A.10)

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

(OI)ia =

0
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✓
c± s±
�s± c±

◆
, (A.11)

17We 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. (A.3).
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Mass eigenstates:Majoron!

We work in the small mixing regime, consistently with the constraints on 
the fields’ vevs from EWPOs:

PDG '22

A viable model with a cosmologically stable majoron requires the hierarchy
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the triplet scalar field itself:

v3 =
1

2

v1v22
M2

�

, (2.2)

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

vEW ⌘

q
v22 + 2v23 ' 246GeV . (2.3)

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 ⇢ parameter, which is given by

⇢ ⌘
M2

W

M2
Z
cos2 ✓W

=
v22 + 2v23
v22 + 4v23

=
v2EW

v2EW + 2v23
. (2.4)

The most conservative global fit of the electroweak precision observables (EWPO) reported in
Ref. [60] gives ⇢ = 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:

(m⌫)↵� = �
p
2 (Y�)↵� v3 = �

1
p
2
(Y�)↵� v1

v22
M2

�

. (2.5)

Notice that the standard neutrino mass formula of the type-II seesaw mechanism is recovered
considering that the coupling of the trilinear scalar interaction �T�� is given by µ =  v1/

p
2.

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 unitar-
ity [65–69]. In order to have a viable DM candidate, the vevs of the scalar fields are required
to exhibit the hierarchical pattern

v3 ⌧ v2 ⌧ v1 . (2.6)

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 Section 4) 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 matrix OI in Eq. (A.11) 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

4Here M� 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 Appendix 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 M2

� = v1v
2
2/(2v3), see below.

5The triplet scalar contributions to the mass of the W boson were revisited in Refs. [61–63] in light of the
recent measurement based on data collected at CDF II [64]. Even though large values of v3 (as required, e.g.,
by majoron DM production through the freeze-in mechanism, see Section 3) decrease MW at the tree level, it
is still possible to reproduce the CDF result via loop contributions involving the states in �.

4
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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
thermalise with the hot bath in the early universe. This and other cosmological consequences
of the  term will be discussed in Section 3. In addition, as we will see below,  is bounded
from below by searches for extra Higgs bosons at the LHC.

2.1 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 (G0, G±) 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 = MHSM ' 125 GeV. The other Higgs bosons mainly originate
from the triplet, and their masses mainly stem from a common origin, which is the  term in
Eq. (2.1). Consequently, they have masses of similar size that, expressed in terms of  and
the vevs, read

M2
H3

' M2
HA

' M2
H± ' M2

H±± ' M2
� ⌘

1

2

v1v22
v3

. (2.7)

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. [66, 69–81]. Since fields charged under the electromagnetic U(1) 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 ! H++H�� followed by decays into W bosons, H±±

! W±W±,
are the most relevant for scenarios with v3 > O(10�4) GeV [80]. The null result of such
searches at the LHC [82] provide a lower limit on the mass of the triplet, M� & 400 GeV.
Following from Eq. (2.7), this limit can be interpreted in our case as a lower bound to :

 & 2.7 · 10�7


M�

400GeV

�2 h v3
1GeV

i 2 · 107GeV

v1

�
. (2.8)

Finally, we treat the mass MJ of the majoron field as a free parameter throughout the
paper. Its origin may be a higher-dimensional explicit lepton-number-breaking term in the
scalar potential, e.g., from Planck-suppressed operators such as ⇠ �5/MPl, which are generi-
cally expected to arise in the context of quantum gravity [83,84].

2.2 Majoron couplings and decays

Being dominantly part of the singlet �, 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 = igP
Jff

J f�5f �
1

4
gJ��J Fµ⌫

eFµ⌫ , (2.9)

5

Spectrum of the model

Under the above assumptions:
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LHC limits from

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
thermalise with the hot bath in the early universe. This and other cosmological consequences
of the  term will be discussed in Section 3. In addition, as we will see below,  is bounded
from below by searches for extra Higgs bosons at the LHC.

2.1 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 (G0, G±) 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 = MHSM ' 125 GeV. The other Higgs bosons mainly originate
from the triplet, and their masses mainly stem from a common origin, which is the  term in
Eq. (2.1). Consequently, they have masses of similar size that, expressed in terms of  and
the vevs, read

M2
H3

' M2
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' M2
H± ' M2

H±± ' M2
� ⌘

1

2

v1v22
v3

. (2.7)

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. [66, 69–81]. Since fields charged under the electromagnetic U(1) 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 ! H++H�� followed by decays into W bosons, H±±

! W±W±,
are the most relevant for scenarios with v3 > O(10�4) GeV [80]. The null result of such
searches at the LHC [82] provide a lower limit on the mass of the triplet, M� & 400 GeV.
Following from Eq. (2.7), this limit can be interpreted in our case as a lower bound to :

 & 2.7 · 10�7


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400GeV

�2 h v3
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Finally, we treat the mass MJ of the majoron field as a free parameter throughout the
paper. Its origin may be a higher-dimensional explicit lepton-number-breaking term in the
scalar potential, e.g., from Planck-suppressed operators such as ⇠ �5/MPl, which are generi-
cally expected to arise in the context of quantum gravity [83,84].

2.2 Majoron couplings and decays

Being dominantly part of the singlet �, 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 = igP
Jff

J f�5f �
1

4
gJ��J Fµ⌫

eFµ⌫ , (2.9)

5
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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
thermalise with the hot bath in the early universe. This and other cosmological consequences
of the  term will be discussed in Section 3. In addition, as we will see below,  is bounded
from below by searches for extra Higgs bosons at the LHC.

2.1 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 (G0, G±) 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 = MHSM ' 125 GeV. The other Higgs bosons mainly originate
from the triplet, and their masses mainly stem from a common origin, which is the  term in
Eq. (2.1). Consequently, they have masses of similar size that, expressed in terms of  and
the vevs, read

M2
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H± ' M2

H±± ' M2
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1

2
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v1v22
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. (2.7)

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. [66, 69–81]. Since fields charged under the electromagnetic U(1) 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 ! H++H�� followed by decays into W bosons, H±±

! W±W±,
are the most relevant for scenarios with v3 > O(10�4) GeV [80]. The null result of such
searches at the LHC [82] provide a lower limit on the mass of the triplet, M� & 400 GeV.
Following from Eq. (2.7), this limit can be interpreted in our case as a lower bound to :

 & 2.7 · 10�7
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Finally, we treat the mass MJ of the majoron field as a free parameter throughout the
paper. Its origin may be a higher-dimensional explicit lepton-number-breaking term in the
scalar potential, e.g., from Planck-suppressed operators such as ⇠ �5/MPl, which are generi-
cally expected to arise in the context of quantum gravity [83,84].

2.2 Majoron couplings and decays

Being dominantly part of the singlet �, 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 = igP
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LHC limits from

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
thermalise with the hot bath in the early universe. This and other cosmological consequences
of the  term will be discussed in Section 3. In addition, as we will see below,  is bounded
from below by searches for extra Higgs bosons at the LHC.

2.1 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 (G0, G±) 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 = MHSM ' 125 GeV. The other Higgs bosons mainly originate
from the triplet, and their masses mainly stem from a common origin, which is the  term in
Eq. (2.1). Consequently, they have masses of similar size that, expressed in terms of  and
the vevs, read

M2
H3

' M2
HA

' M2
H± ' M2

H±± ' M2
� ⌘

1

2

v1v22
v3

. (2.7)

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. [66, 69–81]. Since fields charged under the electromagnetic U(1) 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 ! H++H�� followed by decays into W bosons, H±±

! W±W±,
are the most relevant for scenarios with v3 > O(10�4) GeV [80]. The null result of such
searches at the LHC [82] provide a lower limit on the mass of the triplet, M� & 400 GeV.
Following from Eq. (2.7), this limit can be interpreted in our case as a lower bound to :

 & 2.7 · 10�7


M�

400GeV

�2 h v3
1GeV

i 2 · 107GeV

v1

�
. (2.8)

Finally, we treat the mass MJ of the majoron field as a free parameter throughout the
paper. Its origin may be a higher-dimensional explicit lepton-number-breaking term in the
scalar potential, e.g., from Planck-suppressed operators such as ⇠ �5/MPl, which are generi-
cally expected to arise in the context of quantum gravity [83,84].

2.2 Majoron couplings and decays

Being dominantly part of the singlet �, 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 = igP
Jff

J f�5f �
1

4
gJ��J Fµ⌫

eFµ⌫ , (2.9)
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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
thermalise with the hot bath in the early universe. This and other cosmological consequences
of the  term will be discussed in Section 3. In addition, as we will see below,  is bounded
from below by searches for extra Higgs bosons at the LHC.

2.1 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 (G0, G±) 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 = MHSM ' 125 GeV. The other Higgs bosons mainly originate
from the triplet, and their masses mainly stem from a common origin, which is the  term in
Eq. (2.1). Consequently, they have masses of similar size that, expressed in terms of  and
the vevs, read

M2
H3

' M2
HA

' M2
H± ' M2

H±± ' M2
� ⌘

1

2

v1v22
v3

. (2.7)

For the full description of the scalar sector, we again refer to Appendix A.
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e.g., Refs. [66, 69–81]. Since fields charged under the electromagnetic U(1) 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 ! H++H�� followed by decays into W bosons, H±±

! W±W±,
are the most relevant for scenarios with v3 > O(10�4) GeV [80]. The null result of such
searches at the LHC [82] provide a lower limit on the mass of the triplet, M� & 400 GeV.
Following from Eq. (2.7), this limit can be interpreted in our case as a lower bound to :
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Finally, we treat the mass MJ of the majoron field as a free parameter throughout the
paper. Its origin may be a higher-dimensional explicit lepton-number-breaking term in the
scalar potential, e.g., from Planck-suppressed operators such as ⇠ �5/MPl, which are generi-
cally expected to arise in the context of quantum gravity [83,84].

2.2 Majoron couplings and decays

Being dominantly part of the singlet �, 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 = igP
Jff
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where f denotes the SM fermion species: neutrinos, charged leptons, up and down quarks,
f = ⌫, `, u, d. The couplings to the neutrino mass eigenstates (⌫i, i = 1, 2, 3) stem from the
interaction Y� of the triplet with lepton doublets in Eq. (2.1) and, for the hierarchical regime
v3 ⌧ v2 ⌧ v1 that we are considering, read

gPJ⌫i⌫i ' �
m⌫i

2v1
. (2.10)

The couplings to the other fermions are
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2v23
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, (2.11)

where ↵ = 1, 2, 3 denotes the flavour 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 flavour-

conserving, since they are all inherited from the fermion interactions with the Higgs doublet —
in fact, � 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 diagonalise them too.

Finally, the e↵ective coupling with photons arises from majoron-pion mixing as well as
loops of charged fermions:
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where Qf and Nf
c are, respectively, electric charge and colour multiplicity of the fermion f ,

and ⌧f ⌘ 4m2
f
/M2

J
. The expression of the loop function B1(⌧f ) can be found in Appendix A.

This function is such that B1(⌧f ) ! 0 for ⌧f ! 1, that is, the majoron decouples from
photons for MJ ⌧ me. This is because the lepton number is anomaly free hence there is no
anomalous majoron coupling with photons.6

In the mass range relevant to DM direct detection and astrophysical probes that will focus
on in Section 4, that is, MJ ⇡ 1 keV– 100MeV, the majoron can only decay into photons,
neutrinos, and possibly electrons. The corresponding decay rates read (see, e.g., Refs. [87, 88])
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Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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2
2. Furthermore, they are flavour-

conserving, since they are all inherited from the fermion interactions with the Higgs doublet —
in fact, � 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 diagonalise them too.

Finally, the e↵ective coupling with photons arises from majoron-pion mixing as well as
loops of charged fermions:
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where Qf and Nf
c are, respectively, electric charge and colour multiplicity of the fermion f ,

and ⌧f ⌘ 4m2
f
/M2

J
. The expression of the loop function B1(⌧f ) can be found in Appendix A.

This function is such that B1(⌧f ) ! 0 for ⌧f ! 1, that is, the majoron decouples from
photons for MJ ⌧ me. This is because the lepton number is anomaly free hence there is no
anomalous majoron coupling with photons.6

In the mass range relevant to DM direct detection and astrophysical probes that will focus
on in Section 4, that is, MJ ⇡ 1 keV– 100MeV, the majoron can only decay into photons,
neutrinos, and possibly electrons. The corresponding decay rates read (see, e.g., Refs. [87, 88])
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Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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Substituting Eqs. (A.23) and (A.24) into Eqs. (46) and (47) of Ref. [85], we can obtain the
loop contributions in the majoron-photon coupling gJ�� .19

We can now summarise the majoron couplings in the type-II majoron model:
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where the quantity c appearing in the above expressions, for the regime of parameters as
in Eq. (2.6), is approximately given by c ' (v1v22)

�1, and the loop function B1 reads [167]
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and ⌧f ⌘ 4m2
f
/M2

J
. Notice that above approximate expression for the majoron-pion mixing

term is valid in the small mixing regime, |m2
⇡ �M2

J
| � (f⇡/v1)mJm⇡0 and MJ 6= m⇡0 [167].

The resulting decay rates relevant for a majoron with a mass in the keV-MeV range are given
in Eqs. (2.13)-(2.15).

B Relic density of type-II majorons from freeze-in

The decay rates relevant for the freeze-in production of type-II majorons are 20
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(B.4)

19With the majoron interactions in Lagrangian Eq. (A.20), we obtain B1(⌧f )�1 instead of B1(⌧f ) in Eq. (47)
of Ref. [85] as a contribution from the loop of the fermion f [167]. However, the “�1” part cancels summing
over the contributions from di↵erent fermions in each generation, because the lepton number is anomaly free.
In the final expression Eq. (A.27), we only have B1(⌧f ) as in Ref. [85], which correctly decouples in the heavy
fermion limit, mf � MJ .

20Depending 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. (B.6).
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LJ � igPJff J f�5f � 1

4
gJ��J Fµ⌫
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In our limit (                 ) despite being mostly singlet, the majoron 
inherits interactions through mixing in the scalar sector:

• Couplings to neutrinos (from mixing with the triplet):

• Couplings to charged fermions (from mixing with the doublet):

flavour conserving (such as the Higgs couplings)!
and             suppressed

5 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 outstanding questions
in particle physics. Besides providing a simple UV completion to the neutrino Majorana mass
terms, type-II seesaw enjoys other theoretically and phenomenologically desirable features.
To name a few, the triplet scalar in type-II seesaw can account for the observed baryon
asymmetry through leptogenesis [154, 155] and it can also play a fundamental role in gauge
coupling unification within the context of minimal grand unified theories [89, 156–162].

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 outstanding 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 e+e�, ��, ⌫⌫.

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 mech-
anism. 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 M� . 1 TeV, hence light enough to be tested at the LHC and/or future colliders.
Provided that, freeze-in production can be e↵ective, 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 O(1) GeV, see Figure 4. For lower values
of v1, majoron 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 Section 3. In any case, Figure 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 e↵ectively 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 pro-
duction 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 ✓0 or,
again, if DM production occurs during an early matter dominated era, which requires a low
value of the reheating temperature, cf. Section 3 and Figure 1.

In Section 4, we have extensively discussed the constraints on and discovery prospects of
the type-II majoron in the regime where 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 neutrinos, because those with
other fermions (and consequently photons) are suppressed by a factor ⇠ v23/v

2
2 ' v23/v

2
EW.

In this regime, type-II majoron DM is subject to constraints from neutrino experiments and
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• Couplings to photons from fermion loops: e.g. Bauer Neubert Thamm '17

L-number free of EM anomalies → J decouples from photons for 

where f denotes the SM fermion species: neutrinos, charged leptons, up and down quarks,
f = ⌫, `, u, d. The couplings to the neutrino mass eigenstates (⌫i, i = 1, 2, 3) stem from the
interaction Y� of the triplet with lepton doublets in Eq. (2.1) and, for the hierarchical regime
v3 ⌧ v2 ⌧ v1 that we are considering, read
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where ↵ = 1, 2, 3 denotes the flavour 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 flavour-

conserving, since they are all inherited from the fermion interactions with the Higgs doublet —
in fact, � 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 diagonalise them too.

Finally, the e↵ective coupling with photons arises from majoron-pion mixing as well as
loops of charged fermions:
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where Qf and Nf
c are, respectively, electric charge and colour multiplicity of the fermion f ,
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. The expression of the loop function B1(⌧f ) can be found in Appendix A.

This function is such that B1(⌧f ) ! 0 for ⌧f ! 1, that is, the majoron decouples from
photons for MJ ⌧ me. This is because the lepton number is anomaly free hence there is no
anomalous majoron coupling with photons.6

In the mass range relevant to DM direct detection and astrophysical probes that will focus
on in Section 4, that is, MJ ⇡ 1 keV– 100MeV, the majoron can only decay into photons,
neutrinos, and possibly electrons. The corresponding decay rates read (see, e.g., Refs. [87, 88])

�(J ! ��) =
M3

J

64⇡
|gJ�� |

2 , (2.13)

�(J ! ⌫i⌫i) =
MJ

4⇡

��gPJ⌫i⌫i
��2 '

MJ

16⇡

✓
m⌫i

v1

◆2

, (2.14)

�(J ! e+e�) =
MJ

8⇡

��gPJee
��2

s

1�
4m2

e

M2
J

'
MJ

2⇡

✓
me

v1

◆2✓v3
v2

◆4
s

1�
4m2

e

M2
J

. (2.15)

Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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i.e.

the triplet scalar field itself:

v3 =
1

2

v1v22
M2

�

, (2.2)

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

vEW ⌘

q
v22 + 2v23 ' 246GeV . (2.3)

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 ⇢ parameter, which is given by

⇢ ⌘
M2

W

M2
Z
cos2 ✓W

=
v22 + 2v23
v22 + 4v23

=
v2EW

v2EW + 2v23
. (2.4)

The most conservative global fit of the electroweak precision observables (EWPO) reported in
Ref. [60] gives ⇢ = 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:

(m⌫)↵� = �
p
2 (Y�)↵� v3 = �

1
p
2
(Y�)↵� v1

v22
M2

�

. (2.5)

Notice that the standard neutrino mass formula of the type-II seesaw mechanism is recovered
considering that the coupling of the trilinear scalar interaction �T�� is given by µ =  v1/

p
2.

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 unitar-
ity [65–69]. In order to have a viable DM candidate, the vevs of the scalar fields are required
to exhibit the hierarchical pattern

v3 ⌧ v2 ⌧ v1 . (2.6)

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 Section 4) 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 matrix OI in Eq. (A.11) 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

4Here M� 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 Appendix 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 M2

� = v1v
2
2/(2v3), see below.

5The triplet scalar contributions to the mass of the W boson were revisited in Refs. [61–63] in light of the
recent measurement based on data collected at CDF II [64]. Even though large values of v3 (as required, e.g.,
by majoron DM production through the freeze-in mechanism, see Section 3) decrease MW at the tree level, it
is still possible to reproduce the CDF result via loop contributions involving the states in �.
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conserving, since they are all inherited from the fermion interactions with the Higgs doublet —
in fact, � 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 diagonalise them too.
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where Qf and Nf
c are, respectively, electric charge and colour multiplicity of the fermion f ,
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. The expression of the loop function B1(⌧f ) can be found in Appendix A.

This function is such that B1(⌧f ) ! 0 for ⌧f ! 1, that is, the majoron decouples from
photons for MJ ⌧ me. This is because the lepton number is anomaly free hence there is no
anomalous majoron coupling with photons.6

In the mass range relevant to DM direct detection and astrophysical probes that will focus
on in Section 4, that is, MJ ⇡ 1 keV– 100MeV, the majoron can only decay into photons,
neutrinos, and possibly electrons. The corresponding decay rates read (see, e.g., Refs. [87, 88])
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Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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Substituting Eqs. (A.23) and (A.24) into Eqs. (46) and (47) of Ref. [85], we can obtain the
loop contributions in the majoron-photon coupling gJ�� .19

We can now summarise the majoron couplings in the type-II majoron model:
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where the quantity c appearing in the above expressions, for the regime of parameters as
in Eq. (2.6), is approximately given by c ' (v1v22)

�1, and the loop function B1 reads [167]

B1(⌧f ) ⌘ 1� ⌧ff
2(⌧f ), f(⌧f ) ⌘

8
<

:

arcsin 1p
⌧f
, ⌧f � 1,

⇡

2 + i
2 ln

1+
p

1�⌧f

1�
p

1�⌧f

, ⌧f < 1,
(A.28)

and ⌧f ⌘ 4m2
f
/M2

J
. Notice that above approximate expression for the majoron-pion mixing

term is valid in the small mixing regime, |m2
⇡ �M2

J
| � (f⇡/v1)mJm⇡0 and MJ 6= m⇡0 [167].

The resulting decay rates relevant for a majoron with a mass in the keV-MeV range are given
in Eqs. (2.13)-(2.15).

B Relic density of type-II majorons from freeze-in

The decay rates relevant for the freeze-in production of type-II majorons are 20
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19With the majoron interactions in Lagrangian Eq. (A.20), we obtain B1(⌧f )�1 instead of B1(⌧f ) in Eq. (47)
of Ref. [85] as a contribution from the loop of the fermion f [167]. However, the “�1” part cancels summing
over the contributions from di↵erent fermions in each generation, because the lepton number is anomaly free.
In the final expression Eq. (A.27), we only have B1(⌧f ) as in Ref. [85], which correctly decouples in the heavy
fermion limit, mf � MJ .

20Depending 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. (B.6).
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In our limit (                 ) despite being mostly singlet, the majoron 
inherits interactions through mixing in the scalar sector:

• Couplings to neutrinos (from mixing with the triplet):

• Couplings to charged fermions (from mixing with the doublet):

flavour conserving (such as the Higgs couplings)!
and             suppressed

5 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 outstanding questions
in particle physics. Besides providing a simple UV completion to the neutrino Majorana mass
terms, type-II seesaw enjoys other theoretically and phenomenologically desirable features.
To name a few, the triplet scalar in type-II seesaw can account for the observed baryon
asymmetry through leptogenesis [154, 155] and it can also play a fundamental role in gauge
coupling unification within the context of minimal grand unified theories [89, 156–162].

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 outstanding 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 e+e�, ��, ⌫⌫.

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 mech-
anism. 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 M� . 1 TeV, hence light enough to be tested at the LHC and/or future colliders.
Provided that, freeze-in production can be e↵ective, 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 O(1) GeV, see Figure 4. For lower values
of v1, majoron 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 Section 3. In any case, Figure 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 e↵ectively 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 pro-
duction 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 ✓0 or,
again, if DM production occurs during an early matter dominated era, which requires a low
value of the reheating temperature, cf. Section 3 and Figure 1.

In Section 4, we have extensively discussed the constraints on and discovery prospects of
the type-II majoron in the regime where 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 neutrinos, because those with
other fermions (and consequently photons) are suppressed by a factor ⇠ v23/v

2
2 ' v23/v

2
EW.

In this regime, type-II majoron DM is subject to constraints from neutrino experiments and
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• Couplings to photons from fermion loops: e.g. Bauer Neubert Thamm Ghosh '17

L-number free of EM anomalies → J decouples from photons for 

where f denotes the SM fermion species: neutrinos, charged leptons, up and down quarks,
f = ⌫, `, u, d. The couplings to the neutrino mass eigenstates (⌫i, i = 1, 2, 3) stem from the
interaction Y� of the triplet with lepton doublets in Eq. (2.1) and, for the hierarchical regime
v3 ⌧ v2 ⌧ v1 that we are considering, read
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where ↵ = 1, 2, 3 denotes the flavour 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 flavour-

conserving, since they are all inherited from the fermion interactions with the Higgs doublet —
in fact, � 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 diagonalise them too.

Finally, the e↵ective coupling with photons arises from majoron-pion mixing as well as
loops of charged fermions:

gJ�� '
2↵

⇡

v23
v1v22

2

4 M2
J

M2
J
�m2

⇡0

�

X

f

Q2
f
Nf

c B1(⌧f )

3

5 , (2.12)

where Qf and Nf
c are, respectively, electric charge and colour multiplicity of the fermion f ,

and ⌧f ⌘ 4m2
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J
. The expression of the loop function B1(⌧f ) can be found in Appendix A.

This function is such that B1(⌧f ) ! 0 for ⌧f ! 1, that is, the majoron decouples from
photons for MJ ⌧ me. This is because the lepton number is anomaly free hence there is no
anomalous majoron coupling with photons.6

In the mass range relevant to DM direct detection and astrophysical probes that will focus
on in Section 4, that is, MJ ⇡ 1 keV– 100MeV, the majoron can only decay into photons,
neutrinos, and possibly electrons. The corresponding decay rates read (see, e.g., Refs. [87, 88])
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Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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i.e.

the triplet scalar field itself:

v3 =
1

2

v1v22
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�

, (2.2)

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

vEW ⌘

q
v22 + 2v23 ' 246GeV . (2.3)

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 ⇢ parameter, which is given by

⇢ ⌘
M2

W

M2
Z
cos2 ✓W

=
v22 + 2v23
v22 + 4v23

=
v2EW

v2EW + 2v23
. (2.4)

The most conservative global fit of the electroweak precision observables (EWPO) reported in
Ref. [60] gives ⇢ = 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:

(m⌫)↵� = �
p
2 (Y�)↵� v3 = �

1
p
2
(Y�)↵� v1

v22
M2

�

. (2.5)

Notice that the standard neutrino mass formula of the type-II seesaw mechanism is recovered
considering that the coupling of the trilinear scalar interaction �T�� is given by µ =  v1/

p
2.

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 unitar-
ity [65–69]. In order to have a viable DM candidate, the vevs of the scalar fields are required
to exhibit the hierarchical pattern

v3 ⌧ v2 ⌧ v1 . (2.6)

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 Section 4) 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 matrix OI in Eq. (A.11) 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

4Here M� 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 Appendix 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 M2

� = v1v
2
2/(2v3), see below.

5The triplet scalar contributions to the mass of the W boson were revisited in Refs. [61–63] in light of the
recent measurement based on data collected at CDF II [64]. Even though large values of v3 (as required, e.g.,
by majoron DM production through the freeze-in mechanism, see Section 3) decrease MW at the tree level, it
is still possible to reproduce the CDF result via loop contributions involving the states in �.

4

In the range                               (relevant for DM detection), 

J can decay into photons, neutrinos and (possibly) electrons:

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

gPJ⌫i⌫i ' �
m⌫i

2v1
. (2.10)

The couplings to the other fermions are

gP
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' mu↵
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, gP
Jd↵d↵

' �md↵

2v23
v1v22

, (2.11)

where ↵ = 1, 2, 3 denotes the flavour 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 flavour-

conserving, since they are all inherited from the fermion interactions with the Higgs doublet —
in fact, � 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 diagonalise them too.

Finally, the e↵ective coupling with photons arises from majoron-pion mixing as well as
loops of charged fermions:

gJ�� '
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v1v22

2

4 M2
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J
�m2
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�

X
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c B1(⌧f )

3

5 , (2.12)

where Qf and Nf
c are, respectively, electric charge and colour multiplicity of the fermion f ,

and ⌧f ⌘ 4m2
f
/M2

J
. The expression of the loop function B1(⌧f ) can be found in Appendix A.

This function is such that B1(⌧f ) ! 0 for ⌧f ! 1, that is, the majoron decouples from
photons for MJ ⌧ me. This is because the lepton number is anomaly free hence there is no
anomalous majoron coupling with photons.6

In the mass range relevant to DM direct detection and astrophysical probes that will focus
on in Section 4, that is, MJ ⇡ 1 keV– 100MeV, the majoron can only decay into photons,
neutrinos, and possibly electrons. The corresponding decay rates read (see, e.g., Refs. [87, 88])
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64⇡
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2 , (2.13)
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e
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. (2.15)

Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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photons for MJ ⌧ me. This is because the lepton number is anomaly free hence there is no
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Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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And we need                    to keep J out of equilibrium (good news for colliders) 

Majoron DM production: freeze in

Lorenzo Calibbi (Nankai)Type II Majoron DM

3.2 Freeze-in mechanism

As we have seen in the previous section, LHC searches for extra Higgs bosons require non-zero
, 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 [107]. The
possible production processes are 8

H±
! W±J , H2,3 ! ZJ , A ! H2J , H3 ! AJ , H2,3 ! JJ . (3.4)

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 com-
parison 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 (H3, A,H±) by orders of magni-
tude. 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 M� in this scenario. Note that before the
electroweak phase transition, the vevs v2 and v3 are null and the majoron interactions are
turned o↵, 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 tem-
perature T > M�, we have to assume that the electroweak phase transition (EWPT) occurs
at a temperature higher than the triplet scalar mass, i.e., Tewpt > M� > 400 GeV.9 Naively,
the critical temperature of EWPT in the SM is expected to be around the mass of the SM
Higgs boson [108], 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 the EWPT at a
temperature higher than the SM Higgs mass is not forbidden by any phenomenological obser-
vation. For recent studies on high-temperature EWPT (and EW symmetry non-restoration)
see, e.g., Refs. [109–112].

Employing Eqs. (2.2), (B.6), and (B.9), the relic density from the above decay processes
can be estimated as 10

⌦Jh
2
' 0.12


110

g⇤(M�)

�3/2  MJ

10 keV

� 
M�

500GeV

� 
2 · 109GeV

v1

�2 h v3
5GeV

i2
, (3.5)

such that the majoron is overproduced in the parameter region explored by direct detection
experiments — MJ ⇠ O(1� 10) keV, v1 ⇠ O(107) GeV, v3 ⇠ O(1) GeV — see Section 4.

Majoron overproduction is not the only problem. It is possible that the scalar quartic
interactions from the  term keep the majoron in equilibrium with the thermal bath, in con-
trast with the starting assumption of the freeze-in mechanism. To avoid thermal equilibrium

8 Here we assume MH3 > MA. If MA < MH3 , A ! H3J is counted in, instead of H3 ! AJ .
9In our calculations of the majoron relic density, we do not specify the temperature of the EWPT and

use the standard freeze-in formulae 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 ⇠ M�.
Therefore, our results are still valid if one assumes that TEWPT is higher than M� only by an O(1) factor.

10The scattering processes also contribute to majoron production. However, they are always sub-dominant
within the parameter space that we are interested in, see Appendix B.

10

Even if our majoron is never in thermal equilibrium with the thermal bath, it 
can be produced through decays of triplet states via the freeze in mechanism 

Hall et al. '09
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M� . 1 TeV

Lowering v1, majoron is overproduced unless freeze in occurs during an early 
matter dominated era (low reheating T ) such that its abundance is diluted by the 

radiation injected by the decaying matter field (e.g. the inflaton):

Figure 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 = 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 thermalised”, the
scalar quartic interactions from the  term thermalise at T = 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 mass M� and the reheating temperature TR. Above the blue dashed
curve, the  quartic interaction comes into equilibrium and majorons are thermally produced.

we give an approximate formula of the relic density from the decay processes:

⌦Jh
2
' 0.12


90

g⇤(TR)

�3/2  MJ

10 keV

� 
500GeV

M�

�6 2.7 · 107GeV

v1

�2 h v3
5GeV

i2  TR

20GeV

�7
,

(3.9)

which is only valid for TR ⌧ M�. Setting the reheating temperature at O(10) GeV, the
correct relic density can be reproduced with M� ⇠ 500 GeV and the vevs and MJ that the
XENONnT experiment is sensitive to. This size of M� together with those reference values of
the vevs suggests a relatively large value of , 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

H(TR, T ) '

r
4⇡3

45
g⇤(T )

T 4

MPlT 2
R

, (3.10)

cf. Eqs. (C.5) and (C.7) 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 thermalisation can be fulfilled with a larger value of . The values of 
and T which fulfill � = H with the reheating temperature TR = {50, 100} GeV are shown as
dashed curves in Figure 2: for those values of TR the light blue region would retreat above
the dashed lines.
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Lower bound on MJ from structure formation (from 
Lyman-𝛼 observations) akin to that for warm DM:
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Caveats and constraints:
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Majoron DM production: misalignment

Lorenzo Calibbi (Nankai)Type II Majoron DM

We consider the misalignment mechanism (just as for the 
QCD axion) with the lepton number broken before inflation

tions, ⌦DMh2 = 0.12 [101]. In this section, we review two possible production mechanisms
for majoron DM and provide the formulae to estimate its relic density.

3.1 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 H(T ) 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 universe when the field starts oscillating), one obtains the following estimate of
the majoron relic density [102] (see also Ref. [6])

⌦Jh
2 =

⇢J(Tosc)

⇢c0

g⇤s(T0)T 3
0

g⇤s(Tosc)T 3
osc

h2, (3.1)

where h ' 0.68,7 ⇢c0 is the critical density today, g⇤s(T ) is the e↵ective number of entropy
degrees of freedom at a temperature T , ⇢J(T ) 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 parameterised as J0 = v1✓0, the energy density at Tosc is expected to
be ⇢J(Tosc) =

1
2M

2
J
v21✓

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 [102]

⌦Jh
2
' 0.12


v1✓0

1.9 · 1013GeV

�2  MJ

1µeV

�1/2  90

g⇤(Tosc)

�1/4
, (3.2)

where g⇤(Tosc) is the e↵ective number of relativistic degrees of freedom at Tosc. In Figure 1, we
show the contours corresponding to ⌦Jh2 = 0.12 as black lines on the MJ�v1 plane, assuming
a standard history of the early universe. As we will see in Section 4, direct DM searches
through electron recoil events, such as those performed at the XENONnT experiment [25],
can be sensitive to majoron DM with MJ ⇠ O(1� 10) keV, v1 ⇠ O(107) GeV, and v3 ⇠ O(1)
GeV. For those values of the parameters, the formula in Eq. (3.2) suggests that the standard
misalignment 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,
we will also see that searches for DM decaying into gamma rays or neutrinos can be sensitive
to majoron DM produced through the misalignment mechanism.

Since the history of the universe before the big bang nucleosynthesis (BBN) is not ex-
perimentally probed yet, we are still allowed to assume various non-standard cosmological
scenarios to occur between inflation and the BBN. For example, it is possible that the uni-
verse underwent an era in which the energy budget was dominated by non-relativistic matter

7The measurements of the local distance ladder suggest a larger value, cf. the review in Ref. [60]. Here we
adopt the value suggested by the Planck satellite [101].
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Figure 1: Contours on theMJ�v1 plane corresponding to ⌦Jh2 = 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 di↵erent values of
the initial misalignment angle ✓0 and the reheating temperature TR.

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 [103–106]. 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 ⇢J(TR) = ⇢J(Tosc)H2(TR)/H2(Tosc), 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, ⇢J(Tosc) = 1

2M
2
J
v21✓

2
0 ' v21✓

2
0H

2(Tosc). Substituting these expressions into the
modified Eq. (3.1), we can find that the final relic density is [102]

⌦Jh
2
' 0.12


v1✓0

9 · 1014GeV

�2  TR

10MeV

�
, (3.3)

which, as we can see, does not depend on the mass of the majoron nor on g⇤s. The contours
corresponding to ⌦Jh2 = 0.12 for early matter domination are shown as red lines in Figure 1.
Reproducing the correct relic density with v1 ⇠ O(107) GeV would require too high a value
of TR, in fact inconsistently TR � Tosc. Hence the misalignment 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 e�ciently produced via the freeze-in
mechanism.
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e.g. Blinov et al. '19

Figure 1: Contours on theMJ�v1 plane corresponding to ⌦Jh2 = 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 di↵erent values of
the initial misalignment angle ✓0 and the reheating temperature TR.

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 [103–106]. 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 ⇢J(TR) = ⇢J(Tosc)H2(TR)/H2(Tosc), 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, ⇢J(Tosc) = 1

2M
2
J
v21✓

2
0 ' v21✓

2
0H

2(Tosc). Substituting these expressions into the
modified Eq. (3.1), we can find that the final relic density is [102]

⌦Jh
2
' 0.12


v1✓0

9 · 1014GeV

�2  TR

10MeV

�
, (3.3)

which, as we can see, does not depend on the mass of the majoron nor on g⇤s. The contours
corresponding to ⌦Jh2 = 0.12 for early matter domination are shown as red lines in Figure 1.
Reproducing the correct relic density with v1 ⇠ O(107) GeV would require too high a value
of TR, in fact inconsistently TR � Tosc. Hence the misalignment 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 e�ciently produced via the freeze-in
mechanism.

9

Standard radiation-dominated (RD) era:

Early matter domination (MD):

For                       DM is underproduced 

(unless other mechanisms are are work) 
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in Tables I and II: (1) the directly computed MCMC
bounds (Table II), and (2) the MCMC bound on our ref-
erence model, extrapolated to other energies using the
first PC (this is equivalent to rescaling all the results
in Table II by a constant, determined by the compari-
son between the MCMC result and PCA forecast for the
reference model). In this case, since we are assuming
fX = 1 for all models and considering models which pro-
duce only e

+
e
� pairs or photons at a specific energy, the

bound on the lifetime is directly proportional to the first
principal component (Fig. 2). We find good agreement,
at the ⇠ 10% level, for all points tested.

We then apply this approach to DM decay to SM par-
ticles, considering 28 decay modes for DM masses from
10 GeV to 10 TeV; the resulting spectra of photons and
e
+
e
� pairs are provided in the PPPC4DMID package

[34]. We assume that 100% of the DM is decaying, with
lifetime much longer than the age of the universe.

We also provide constraints on DM below 10 GeV de-
caying to photons and e

+
e
� pairs, the latter either as a

direct decay, or via decay to a pair of unstable mediators
(denoted V V ) which each subsequently decay to an e

+
e
�

pair.
The resulting constraints on the lifetime are shown in

Fig. 7. We note several salient points:

• The label q = u,d,s denotes a light quark and h
is the SM Higgs boson. The distinction between
polarization of the leptons (Left- or Right-handed
fermion) and of the massive vectors (Transverse or
Longitudinal) matter for the electroweak correc-
tions. The last three channels denote models in
which the DM decays into a pair of intermediate
vector bosons VV, which then each decay into a
pair of leptons.

• Decays to neutrinos are the least constrained, and
are only constrained at all at high masses, as the
only photons and e

+
e
� pairs in these decays are

produced through electroweak corrections (e.g. fi-
nal state radiation of electroweak gauge bosons).
These limits are ⇠ 2�3 orders of magnitude weaker
than present-day indirect searches using neutrino
telescopes [35].

• Other SM final states populate a band of decay-
lifetime constraints whose vertical width is roughly
a factor of 4-5.

• In contrast to annihilating DM, the detectability
function is quite sharply peaked around ⇠ 100
MeV electrons/positrons, for decaying DM. Con-
sequently, channels that produce copious soft elec-
trons/positrons can have enhanced detectability –
this is in contrast to the usual situation for indirect
searches in the present day, where softer spectra
are typically more di�cult to detect due to larger
backgrounds.

• For TeV DM and above, the contributions from the
electron/positron and photon spectra are typically
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FIG. 7: The estimated lifetime constraints on decaying DM
particles, from PCA for Planck calibrated to the MCMC
result for our reference model (injection of 30 MeV elec-
trons/positrons). The upper panel covers the DM mass range
from 10 GeV to 10 TeV. The lower panel covers the range
from keV-scale DM masses up to 10 GeV for the e+e�, ��
and VV ! 4e channels.

comparable, and the detectability depends primar-
ily on the total power proceeding into electromag-
netic channels.

One might ask how these constraints compare to ex-
isting bounds. For long-lifetime decaying DM, there are
stringent constraints on the decay lifetime from a wide
range of indirect searches (e.g. [36–45]). In general,
these constraints are considerably stronger than our lim-
its, probing lifetimes as long as 1027�28 s. The exception
is for MeV � GeV DM decaying to e

+
e
� pairs; these

pairs are di�cult to detect directly. They do produce
photons via internal bremsstrahlung and final state ra-
diation, and in [44], data from HEAO-1, INTEGRAL,
COMPTEL, EGRET, and the Fermi Gamma-Ray Space
Telescope (Fermi) were used to set constraints on such
decays by searching for these photons. These constraints
are conservative in that they subtract no astrophysical
background model, but they do assume a Navarro-Frenk-
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DM ! e+e�

Energy injection from particles decaying after recombination modifies 
thermal history and ionisation of the universe affecting the CMB:0.0001 3.41 6.81 10.2 13.6
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high-` TT
high-` TT+TE+EE

Figure 4. Constraints on the decaying dark matter fraction fdcdm as a function of the lifetime
�dcdm in the long-lived and intermediate regime. All datasets also include CMB low-` data from each
spectrum and the lensing reconstruction. Blue (red) lines and contours refer to the case without (with)
high-` polarization data. Inner and outer coloured regions denote 1 � and 2 � contours, respectively.

• We argued in section 3.1, second bullet, that there is an intermediate regime given
roughly by �dcdm 2 [10�1

, 103] Gyr�1, for which the DM decay starts after recombina-
tion and decaying DM has totally disappeared by now. Results for this case are shown
in the bottom-right panel of Fig. 4. In that case, the CMB is mostly insensitive to
the time of the decay. Our runs show that in this regime, the CMB can tolerate up to
4.2% of dcdm at 95% CL. This is an important number, standing for the fraction of
dark matter that can be converted entirely into a dark radiation after recombination,
without causing tensions with the data. Although we do not show the full parameter
space up to �dcdm ' 103 Gyr�1, we have checked that the behaviour stays the same
(this can also be inferred from the smallest values of �dcdm plotted in Fig. 5.)

• Finally, we show in Fig. 5 the constraints applicable to the short-lived regime, �dcdm >

103 Gyr�1, for which the decay happens before recombination. To accelerate the explo-
ration of the parameter space, we scan over log10(�dcdm) with a flat prior. We however
cut at 106 Gyr�1 for obvious convergence issues, and consider chains as converged when
R � 1 < 0.1. Changing the upper bound would not change at all our conclusions.
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Figure 8: Final combined results for decaying DM from this work (Xmm-Newton), compared with
existing bounds. The constraints and the references are the same as in fig. 7, except that the CMB ones
are derived in Liu et al. [52]. In addition, we plot the subdominant constraints of Calore et al. [53].

Slatyer [49] and Lopez-Honorez et al. [50] derived the constraints represented by the dotted
lines in fig. 7. Our Xmm-Newton bounds reach deeper than these CMB constraints, in the
portion of large mass where the ICS e↵ect is important (mDM & 180 MeV and mDM & 400
MeV, respectively for the e+e� and µ+µ�, ⇡+⇡� channels). The CMB constraints are still more
stringent elsewhere. However, as discussed in [27], the CMB constraints hold under the assump-
tion that DM annihilation is speed-independent (s-wave). If the DM annihilation is p-wave,
i.e. h�vi / v2, they weaken considerably. Our constraints are instead essentially insensitive to
these di↵erence [27], which implies that, for the p-wave scenario, our limits represent the most
stringent bounds for mDM & 15 MeV.

Finally, Wadekar and Wang [51] derived bounds from the requirement that DM e+e� annihi-
lations do not overheat the gas in the gas-rich dwarf galaxy Leo T. This constraint is represented
by a dotted line in fig. 7 and it is more stringent than ours for mDM . 20 MeV. However, this
bound would relax significantly if the DM annihilation is p-wave (see [51] for details), similarly
to the CMB constraints.

For the case of decaying DM, the existing constraints in the literature are shown in fig. 8.
The di↵use �-ray constraints of Essig et al. [47] are shown as a dot-dashed line, while the
CMB and the dwarf gas heating constraints of [52] and [51] respectively are shown as a dotted
curve. The Voyager 1 constraints [48] are dashed. Recently Calore et al. [53] have considered
the DM ! e+e� channel (as well as the direct decaying channel DM ! ��, which is not of
interest for us) and has used Integral/Spi di↵use data, their bounds are displayed as a thin
dot-dashed line. The constraints derived in this work (thick lines) are the most stringent limits
for decaying DM for mDM & 50 MeV. For large masses, we improve upon the existing bounds
by up to three orders of magnitude. Besides the µ+µ� Voyager 1 ones, we are not aware of
other existing constraints for the µ+µ� and ⇡+⇡� channels in this mass interval.
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FIG. 2. Summary of the present and future constraints on decaying dark matter in the keV-MeV mass range. The blue
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XGIS-S, XGIS-X and SXI [11] and Athena [10, 12, 14].
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FIG. 9. Bounds on the lifetime of a scalar DM, �, decaying to two photons. Regions as in Fig. 2.

Here ⌫2 ⌘ m2/mDM refers to the mass of the outgoing decay partner, in the case of a single

photon. The constraints on the lifetime for the decay to two photons are shown in Fig. 9.

B. Two-Body Decays with FSR

Two-body decays to charged particles produce photons through FSR. The di↵erential width

to photons is approximately given by integrating a �-function with the Altarelli-Parisi split-

ting function, as shown in Eq. (6), to give
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where the spectrum is bounded by the energies 0 < E� < m�/2. We use the exact calculation

of the three-body final state for the spectra and the exclusion regions in Fig. 10. In this

figure, we show the dimensionless galactic photon spectrum
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Figure 8: Final combined results for decaying DM from this work (Xmm-Newton), compared with
existing bounds. The constraints and the references are the same as in fig. 7, except that the CMB ones
are derived in Liu et al. [52]. In addition, we plot the subdominant constraints of Calore et al. [53].

Slatyer [49] and Lopez-Honorez et al. [50] derived the constraints represented by the dotted
lines in fig. 7. Our Xmm-Newton bounds reach deeper than these CMB constraints, in the
portion of large mass where the ICS e↵ect is important (mDM & 180 MeV and mDM & 400
MeV, respectively for the e+e� and µ+µ�, ⇡+⇡� channels). The CMB constraints are still more
stringent elsewhere. However, as discussed in [27], the CMB constraints hold under the assump-
tion that DM annihilation is speed-independent (s-wave). If the DM annihilation is p-wave,
i.e. h�vi / v2, they weaken considerably. Our constraints are instead essentially insensitive to
these di↵erence [27], which implies that, for the p-wave scenario, our limits represent the most
stringent bounds for mDM & 15 MeV.

Finally, Wadekar and Wang [51] derived bounds from the requirement that DM e+e� annihi-
lations do not overheat the gas in the gas-rich dwarf galaxy Leo T. This constraint is represented
by a dotted line in fig. 7 and it is more stringent than ours for mDM . 20 MeV. However, this
bound would relax significantly if the DM annihilation is p-wave (see [51] for details), similarly
to the CMB constraints.

For the case of decaying DM, the existing constraints in the literature are shown in fig. 8.
The di↵use �-ray constraints of Essig et al. [47] are shown as a dot-dashed line, while the
CMB and the dwarf gas heating constraints of [52] and [51] respectively are shown as a dotted
curve. The Voyager 1 constraints [48] are dashed. Recently Calore et al. [53] have considered
the DM ! e+e� channel (as well as the direct decaying channel DM ! ��, which is not of
interest for us) and has used Integral/Spi di↵use data, their bounds are displayed as a thin
dot-dashed line. The constraints derived in this work (thick lines) are the most stringent limits
for decaying DM for mDM & 50 MeV. For large masses, we improve upon the existing bounds
by up to three orders of magnitude. Besides the µ+µ� Voyager 1 ones, we are not aware of
other existing constraints for the µ+µ� and ⇡+⇡� channels in this mass interval.
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Here ⌫2 ⌘ m2/mDM refers to the mass of the outgoing decay partner, in the case of a single

photon. The constraints on the lifetime for the decay to two photons are shown in Fig. 9.

B. Two-Body Decays with FSR

Two-body decays to charged particles produce photons through FSR. The di↵erential width

to photons is approximately given by integrating a �-function with the Altarelli-Parisi split-

ting function, as shown in Eq. (6), to give
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where the spectrum is bounded by the energies 0 < E� < m�/2. We use the exact calculation

of the three-body final state for the spectra and the exclusion regions in Fig. 10. In this

figure, we show the dimensionless galactic photon spectrum
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Let’s compare this with the model’s predictions:

where f denotes the SM fermion species: neutrinos, charged leptons, up and down quarks,
f = ⌫, `, u, d. The couplings to the neutrino mass eigenstates (⌫i, i = 1, 2, 3) stem from the
interaction Y� of the triplet with lepton doublets in Eq. (2.1) and, for the hierarchical regime
v3 ⌧ v2 ⌧ v1 that we are considering, read
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where ↵ = 1, 2, 3 denotes the flavour 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 flavour-

conserving, since they are all inherited from the fermion interactions with the Higgs doublet —
in fact, � 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 diagonalise them too.

Finally, the e↵ective coupling with photons arises from majoron-pion mixing as well as
loops of charged fermions:
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where Qf and Nf
c are, respectively, electric charge and colour multiplicity of the fermion f ,

and ⌧f ⌘ 4m2
f
/M2

J
. The expression of the loop function B1(⌧f ) can be found in Appendix A.

This function is such that B1(⌧f ) ! 0 for ⌧f ! 1, that is, the majoron decouples from
photons for MJ ⌧ me. This is because the lepton number is anomaly free hence there is no
anomalous majoron coupling with photons.6

In the mass range relevant to DM direct detection and astrophysical probes that will focus
on in Section 4, that is, MJ ⇡ 1 keV– 100MeV, the majoron can only decay into photons,
neutrinos, and possibly electrons. The corresponding decay rates read (see, e.g., Refs. [87, 88])

�(J ! ��) =
M3

J

64⇡
|gJ�� |

2 , (2.13)

�(J ! ⌫i⌫i) =
MJ

4⇡

��gPJ⌫i⌫i
��2 '

MJ

16⇡

✓
m⌫i

v1

◆2

, (2.14)

�(J ! e+e�) =
MJ

8⇡

��gPJee
��2

s

1�
4m2

e

M2
J

'
MJ

2⇡

✓
me

v1

◆2✓v3
v2

◆4
s

1�
4m2

e

M2
J

. (2.15)

Cosmological and astrophysical consequences of these decays are discussed in Section 4.

6ALP couplings to the weak gauge bosons are similarly induced, cf. e.g. Ref. [85]. 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 e↵ects, such
as the collider observables discussed in Ref. [86] for general ALPs.
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In short, the upper bound to  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 pa-
rameter region that XENONnT can explore in future. This can be seen in Figure 3: in the
left panel, the relic density ⌦Jh2 is shown as a function of  — and, through Eq. (2.7), equiv-
alently M� — as a black solid curve. Here, the vevs and the mass of the majoron field are
fixed at v1 = 5·107 GeV, v3 = 5 GeV, and MJ = 10 keV. The contribution from the scattering
processes to the majoron production rate is included, although subdominant, cf. Eq. (B.16).
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 overpro-
duced by orders of magnitude for the values of M� in the allowed range. The orange curve
is calculated by assuming an early matter-dominated era with TR = 30 GeV, which shows
that the correct relic density can be reproduced between the LHC bound and the modified
bound from the thermalisation condition indicated with the orange arrow. In the right panel
of Figure 3, we can find the necessary reheating temperature TR in order to reproduce the
correct relic density of majorons for a given triplet mass M�. The combination of the relic
density condition and the thermalisation condition places the upper bound to the mass of the
triplet scalar field, M� . 1100 GeV. In the future, the LHC bound is expected to reach up
to 640 GeV [80], and the parameter space will be significantly narrowed down.

Light DM particles produced by the freeze-in mechanism are not thermalised, but a sig-
nificant amount of them may carry large enough momentum, and this may be in conflict
with the bounds on warm DM from structure formation. Lyman-↵ observations translate
into a lower limit on the DM mass in the 10-15 keV range, if standard cosmology is as-
sumed [115–117]. 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-↵ bound for such an exotic cosmic history would be
needed. For definiteness, in the following, we will regard freeze-in production of majorons
with O(keV) mass as marginally compatible with structure formation.

4 Constraints on type-II majoron dark matter

4.1 Present status

Besides the conditions for a substantial production in the early universe discussed in the
previous section, a minimal requirement for the majoron to be a viable DM candidate is its
stability on cosmological time scales. In other words, the majoron lifetime ⌧J should at least
exceed the age of the universe t0 ⇡ 13.8 Gyr. ⌧J can be calculated from the decay rates given
in Section 2.2. For a majoron with MJ ⌧ me but still heavier than neutrinos, the decays
into the three pairs of neutrino eigenstates dominate. From Eq. (2.14), one then gets for the
majoron lifetime in this regime:

1/�(J ! ⌫⌫) ' 15Gyr


0.01 eV2

P
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m2
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� h v1
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. (4.1)

As we can see, for a given majoron mass, the requirement ⌧J > 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

14

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 microwave background (CMB), because the late
time decay of the DM particles would a↵ect the density fluctuations and the spectrum of the
CMB even if the decay products are invisible [118, 119]. Taking into account some tensions
with other cosmological data, the most conservative limit is ⌧J > 63 Gyr [119].

Unlike decays into neutrinos, majoron decay rates into �� and e+e� 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. (2.11).
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 [120], while from Eq. (2.15) we find that our model predicts

1/�(J ! e+e�) ' 1.2 · 1025 s


5MeV

MJ

� 
1GeV

v3

�4 h v1
1015GeV

i2
. (4.2)

The above cosmological bounds are summarised in Figure 4 where the regions of the
MJ � v1 plane excluded by various searches and constraints are shown for di↵erent values
of v3: the portion of the plane corresponding to ⌧J < t0 and that excluded by the CMB
data [119, 120] are indicated in blue.11 Evidently, the CMB constraints are particularly
strong for large rates of J ! �� (that require MJ ⇠ me and sizeable v3) and if J ! e+e� is
kinematically allowed (and, again, v3 is large enough to provide a substantial coupling of the
majoron with electrons), reaching values of v1 as large as ⇠ 1016 GeV.

The oblique lines in Figure 4 indicate where on the MJ � v1 plane the observed DM
relic density is achieved, that is, ⌦Jh2 = 0.12, through the two production mechanisms
discussed in Section 3. The black line corresponds to the misalignment mechanism occurring
in the radiation-dominated epoch with ✓0 = 1. As we can see from Figure 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 M� =
400 GeV during a radiation-dominated era (solid line) and an early matter-dominated era
with TR = 20 GeV (dashed line). In other words, the whole region of the parameter space
below the solid yellow line can yield ⌦Jh2 = 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 su�cient
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-↵ observations, MJ & 10 keV [115–117]. As
discussed at the end of the previous section, such a constraint can not be straightforwardly
applied to freeze-in during an early matter-dominated epoch (dahsed yellow line) — although
one should not expect that a majoron with MJ ⌧ O(keV) 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 non-relativistic, do not a↵ect structure formation and are thus
allowed to be much lighter.

Provided an e�cient production mechanism and the fulfillment of the above constraints
from cosmological observations, the type-II majoron is a good DM candidate that can be

11The plots were produced assuming a hierarchical neutrino spectrum, m⌫1 ⌧ m⌫2 < m⌫3 , and normal
ordering, that is,

P
i
m

2
⌫i

' �m
2
atm +�m

2
sol ' 2.6 · 10�3 eV2, a choice that somewhat increases the majoron

lifetime if the neutrino modes are the dominant decays, as one can see from Eq. (4.1).
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1/�(J ! ��) ' 2.7 · 1027 s

1MeV

MJ

� 
1GeV

v3

�4 h v1
1013 GeV

i2
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For v3 ≾ 0.1 GeV, majoron production via freeze in no longer effective

Lorenzo Calibbi (Nankai)Type II Majoron DM



��-� ��-� ��-� ��-� ��-� ��-�
���
���
���
���
����
����
����
����
����
����
����

�� [���]

� �
[�
��

]

��=����� ���

��

��

��

τ� < ��

��-� ��-� ��-� ��-� ��-� ��-�
���
���
���
���
����
����
����
����
����
����
����

�� [���]

� �
[�
��

]

��=��-� ���

��

��

��

τ� < ��

Bounds on type-II majoron DM 


For v3 ≾10-3 GeV, majoron phenomenology is dominated by its 
couplings with neutrinos (other interactions suppressed as            )  

5 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 outstanding questions
in particle physics. Besides providing a simple UV completion to the neutrino Majorana mass
terms, type-II seesaw enjoys other theoretically and phenomenologically desirable features.
To name a few, the triplet scalar in type-II seesaw can account for the observed baryon
asymmetry through leptogenesis [154, 155] and it can also play a fundamental role in gauge
coupling unification within the context of minimal grand unified theories [89, 156–162].

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 outstanding 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 e+e�, ��, ⌫⌫.

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 mech-
anism. 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 M� . 1 TeV, hence light enough to be tested at the LHC and/or future colliders.
Provided that, freeze-in production can be e↵ective, 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 O(1) GeV, see Figure 4. For lower values
of v1, majoron 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 Section 3. In any case, Figure 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 e↵ectively 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 pro-
duction 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 ✓0 or,
again, if DM production occurs during an early matter dominated era, which requires a low
value of the reheating temperature, cf. Section 3 and Figure 1.

In Section 4, we have extensively discussed the constraints on and discovery prospects of
the type-II majoron in the regime where 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 neutrinos, because those with
other fermions (and consequently photons) are suppressed by a factor ⇠ v23/v

2
2 ' v23/v

2
EW.

In this regime, type-II majoron DM is subject to constraints from neutrino experiments and
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Bounds on J → 𝜈𝜈 from Borexino (Bo), 
KamLAND (KL), Super-Kamiokande (SK)
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Prospects: neutrino lines
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Figure 6: Current and future expected limits on the type-II majoron DM parameter space
from neutrino experiments for di↵erent choices of the neutrino mass spectrum. First line:
normal mass ordering (NO); Second line: inverted mass ordering (IO). The excluded blue
regions and the ⌦Jh2 = 0.12 line from misalignment are as in Figure 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.

to this instance of ALP DM is a remarkable consequence of the fact that the lepton number
is anomaly free, hence the majoron decouples from photons for MJ ⌧ me, see Eq. (2.13).
Otherwise, this corner of the parameter space would be completely excluded by X-ray con-
straints, as discussed in the literature addressing the (now excluded) excess observed in the
XENON1T experiment [134] — see, in particular, Refs. [135,136].

In the right panel of Figure 5 we show the future constraints on decaying DM for v3 =
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 Figure 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 [149], while the GECCO telescope [150] is

19

Sensitivity to neutrino lines of experiments such as JUNO and Hyper-
Kamiokande (Argüelles et al. '22) depends on neutrino parameters:
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Figure 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 Figure 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 �� (e+e�). The oblique lines correspond to ⌦Jh2 = 0.12 as
in Figure 4. See the text for further details.

to the current upper limit from electro-weak precision observables, v3 < 7 GeV. In Figure 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
compatible 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 a↵ecting stellar evolution [144]. On the other hand,
present astrophysical observations are largely compatible with the standard cooling process
due to the emission of neutrinos and disfavour ALP coupling with electrons larger than
O(10�13) [145–147]. Hence star cooling bounds are currently weaker than the limit provided
by XENONnT in the region of the parameter space we are considering.

4.2 Future prospects

Let us now move to consider the prospect of testing type-II majoron DM at future experi-
ments. As we have seen above, searches for DM-electron scattering at direct detection exper-
iments 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 Figure 5, we show
the projected sensitivity of XENONnT as obtained by naively rescaling the expected limit re-
ported in Ref. [25] according to the final exposure goal of the experiment — 20 ton⇥year [148].
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
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For v3 ≿10-3 GeV, J → 𝛾𝛾 / J → ee can give observables signals at future 
X-ray and soft 𝛾-ray probes (such as GECCO) for MJ as low as ~10 keV
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Prospects: direct detection


Searches for DM-electron recoils at direct detection experiments 
can test the majoron-electron coupling (for v3 = O(1) GeV):

Corner of the parameter space direct detection exps are sensitive to:

its decay J ! ⌫⌫ can be a target for searches of monochromatic neutrino lines at upcoming
neutrino telescopes as long as MJ & 10 MeV — see Figure 6. If v3 > 10�3 GeV, the decays
J ! e+e� and J ! �� can give rise to observable signals at future X-ray and soft gamma-
ray probes such as GECCO [150], for values of MJ as low as MJ ⇡ 10 keV, see Figures 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 experiments such as XENONnT [25], see Figure 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 [135,136].

Finally, another distinctive feature of the type-II majoron that we found is that its inter-
actions with SM fermions are flavour conserving, being inherited from mixing with the Higgs
doublet. This gives rise to a di↵erent phenomenology compared to other ALPs of cosmological
interest (including the majorons from type-I seesaw [87] and type-III seesaw [163]) that are
instead tightly constrained by searches for two-body flavour-violating decays of mesons or lep-
tons into an invisible ALP a, such as K ! ⇡a and µ ! ea, see Refs. [18,88,92,121,164–166].
Hence flavour 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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A Details on the type-II majoron model

In the discussion of the model, we mainly follow the notation adopted in Ref. [58]. As discussed
in Section 2, in addition to the SU(2)L doublet scalar �, which is the SM Higgs field, singlet
and triplet scalars, � and �, are introduced,16

� =
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p
2
(v1 +R1 + iI1) , � =

 
1p
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(v2 +R2 + iI2)

��
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, (A.1)

� =

 
1p
2
(v3 +R3 + iI3) �+/

p
2

�+/
p
2 �++

!
, (A.2)

16Notice that the triplet field � is defined di↵erently from the literature on the triplet Higgs model such as
Refs. [66, 75–77,80] by an anti-symmetric tensor (and also some signs).
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where J can be produced via freeze-in (with a low TRH)
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Figure 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 Figure 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 �� (e+e�). The oblique lines correspond to ⌦Jh2 = 0.12 as
in Figure 4. See the text for further details.

to the current upper limit from electro-weak precision observables, v3 < 7 GeV. In Figure 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
compatible 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 a↵ecting stellar evolution [144]. On the other hand,
present astrophysical observations are largely compatible with the standard cooling process
due to the emission of neutrinos and disfavour ALP coupling with electrons larger than
O(10�13) [145–147]. Hence star cooling bounds are currently weaker than the limit provided
by XENONnT in the region of the parameter space we are considering.

4.2 Future prospects

Let us now move to consider the prospect of testing type-II majoron DM at future experi-
ments. As we have seen above, searches for DM-electron scattering at direct detection exper-
iments 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 Figure 5, we show
the projected sensitivity of XENONnT as obtained by naively rescaling the expected limit re-
ported in Ref. [25] according to the final exposure goal of the experiment — 20 ton⇥year [148].
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
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Summary

Type II seesaw is perhaps the most economical model 
to address the origin of neutrino masses
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If the lepton number is spontaneously broken by 
the vev of an additional scalar the resulting pNGB 

(the type II majoron) is a good DM candidate

Majoron production in the early universe can account 
for 100% of the observed DM either by the freeze in 

or the misalignment mechanism

Depending on the majoron mass, the production mechanism 
and the vev of the triplet, all three decay modes (                 )         

can yield signals at future indirect DM searches


5 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 outstanding questions
in particle physics. Besides providing a simple UV completion to the neutrino Majorana mass
terms, type-II seesaw enjoys other theoretically and phenomenologically desirable features.
To name a few, the triplet scalar in type-II seesaw can account for the observed baryon
asymmetry through leptogenesis [154, 155] and it can also play a fundamental role in gauge
coupling unification within the context of minimal grand unified theories [89, 156–162].

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 outstanding 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 e+e�, ��, ⌫⌫.

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 mech-
anism. 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 M� . 1 TeV, hence light enough to be tested at the LHC and/or future colliders.
Provided that, freeze-in production can be e↵ective, 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 O(1) GeV, see Figure 4. For lower values
of v1, majoron 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 Section 3. In any case, Figure 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 e↵ectively 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 pro-
duction 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 ✓0 or,
again, if DM production occurs during an early matter dominated era, which requires a low
value of the reheating temperature, cf. Section 3 and Figure 1.

In Section 4, we have extensively discussed the constraints on and discovery prospects of
the type-II majoron in the regime where 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 neutrinos, because those with
other fermions (and consequently photons) are suppressed by a factor ⇠ v23/v

2
2 ' v23/v

2
EW.

In this regime, type-II majoron DM is subject to constraints from neutrino experiments and
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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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Majoron DM production: freeze in
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Figure 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 = 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 thermalised”, the
scalar quartic interactions from the  term thermalise at T = 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 mass M� and the reheating temperature TR. Above the blue dashed
curve, the  quartic interaction comes into equilibrium and majorons are thermally produced.

we give an approximate formula of the relic density from the decay processes:

⌦Jh
2
' 0.12


90

g⇤(TR)

�3/2  MJ

10 keV

� 
500GeV

M�

�6 2.7 · 107GeV

v1

�2 h v3
5GeV

i2  TR

20GeV

�7
,

(3.9)

which is only valid for TR ⌧ M�. Setting the reheating temperature at O(10) GeV, the
correct relic density can be reproduced with M� ⇠ 500 GeV and the vevs and MJ that the
XENONnT experiment is sensitive to. This size of M� together with those reference values of
the vevs suggests a relatively large value of , 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

H(TR, T ) '

r
4⇡3

45
g⇤(T )

T 4

MPlT 2
R

, (3.10)

cf. Eqs. (C.5) and (C.7) 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 thermalisation can be fulfilled with a larger value of . The values of 
and T which fulfill � = H with the reheating temperature TR = {50, 100} GeV are shown as
dashed curves in Figure 2: for those values of TR the light blue region would retreat above
the dashed lines.
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