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A R T I C L E I N F O A B S T R A C T

Editor: A. Ringwald We propose a Majoron-like extension of the Standard Model with an extra global 𝑈 (1)𝑋 -symmetry where neutrino 
masses are generated through an inverse seesaw mechanism at the 1-loop level. In contrast to the tree-level 
inverse seesaw, our framework contains dark matter (DM) candidates stabilized by a residual 2-symmetry 
surviving spontaneous breaking of the 𝑈 (1)𝑋 -group. We explore the case in which the DM is a Majorana fermion. 
Furthermore, we provide parameter space regions allowed by current experimental constraints coming from the 
dark matter relic abundance, (in)direct detection, and charged lepton flavor violation.
1. Introduction

It took half a century to experimentally confirm with stunning ac-

curacy every single part of what constitutes a unified description of the 
strong and electroweak interactions dubbed the Standard Model (SM). 
Despite the revolution and success in particle physics, the SM is far from 
being the final description of our universe, leaving many of its funda-

mental properties unexplained. For instance, it does not account for the 
origin of neutrino masses, lacks any hint of about 85% of the “dark” 
matter budget of the universe and what is the nature of this hidden sec-

tor, and does not explain the baryon asymmetry of the universe. These, 
among other issues, lead us to think that the SM is at best a low-energy 
effective field theory that belongs to a bigger framework.

The simplest and most popular realization to explain the smallness 
of neutrino masses is through the Type-I seesaw mechanism [1–7]. In 
this approach, Majorana right-handed neutrinos (RHN), 𝑁𝑅, are added 
to the SM. This implies to extend the Yukawa Lagrangian by including 
terms 𝑦𝜈𝐿̄𝑁𝑅𝐻̃ +𝑀𝑅𝑁𝑅𝑁

𝑐
𝑅

. If we consider order one Yukawa inter-

actions, i.e. 𝑦𝜈 ∼ (1), the size of neutrino masses get determined by 
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RHN masses according to 𝑚𝜈 ≈ 𝑣2Φ∕𝑀𝑅, where 𝑣Φ is the Higgs vac-

uum expectation value (vev). Then, the new physics energy scale is 
expected to be at fifteen orders of magnitude above the electroweak 
one for 𝑚𝜈 ∼ 0.1 eV. This feature makes the Type-I seesaw mechanism 
inaccessible to current experimental sensitivities.

One of the main motivations to explore other scenarios accounting 
for neutrino masses1 is that some manifest new physics signatures at 
energies around the TeVs, i.e. at the reach of current or upcoming exper-

imental searches [9]. One example of this is the so-called inverse seesaw 
model which is characterized by predicting significant lepton flavor vio-

lating rates [10–13]. This model introduces two Majorana fermion pairs 
to the SM, 𝑁𝑅𝑖

and 𝑆𝐿𝑗 (𝑖, 𝑗 = 1, 2, 3). These fields transform as singlets 
under the SM gauge group and carry a lepton number of +1. Then, after 
electroweak symmetry breaking the Lagrangian in the neutrino sector 
is given by

𝜈 =𝑚𝐷𝜈𝐿𝑁𝑅 +𝑀𝑁𝑅𝑆𝐿 + 𝜇𝑆𝑇
𝐿
𝐶−1𝑆𝐿 + ℎ.𝑐., (1)

where 𝑚𝐷 and 𝑀 are Dirac 3 × 3 matrices, while 𝜇 is a Majorana 3 × 3
matrix breaking lepton number explicitly. The latter can have a dynam-
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ical origin [4]. As usual, 𝐶 denotes the charge conjugation matrix. The 
neutrino mass matrix in the (𝜈𝐿, 𝑁𝑅, 𝑆𝐿) basis turns out to be

𝑀𝜈 =
⎛⎜⎜⎝

0 𝑚𝐷 0
𝑚𝑇
𝐷

0 𝑀

0 𝑀𝑇 𝜇

⎞⎟⎟⎠ . (2)

Taking the limit 𝜇𝑖𝑗 <<
(
𝑚𝐷

)
𝑖𝑗
<<𝑀𝑖𝑗 (𝑖, 𝑗 = 1, 2, 3) leads to a 3 × 3 ma-

trix for light neutrinos given by

𝑚𝜈 ≃𝑚𝐷
1
𝑀

𝜇
1

𝑀𝑇
𝑚𝑇
𝐷
. (3)

Note that the lightness of neutrinos could be associated only to the 
smallness of 𝜇, which is naturally protected from large radiative correc-

tions by the 𝑈 (1)𝐿-symmetry of lepton number conservation, restored in 
the limit 𝜇→ 0 in Eq. (1). Obviously, neutrinos become massless in this 
limit. Nevertheless lepton flavor violating processes are still allowed 
[14]. Non-zero but small 𝜇 can be generated via radiative corrections 
opening up the intriguing possibility for relation of neutrino mass gen-

eration to the dark sector [15–29].

In this paper we propose a variant of the inverse seesaw model 
where the 𝜇 term is generated at the 1-loop level after the spontaneous 
breaking of a global 𝑈 (1)𝑋 symmetry. This Abelian continuous symme-

try breaks down to a discrete subgroup 2 which is an exact low energy 
symmetry which stabilizes the Dark Matter (DM) particle candidates of 
our model. Then, we explore the viability of having as DM the light-

est Majorana fermion involved in generation of the 𝜇 term in Eq. (3) at 
1-loop level. We analyze the case in which this thermal relic commu-

nicates to the SM mainly via Higgs portal and provide constraints and 
prospects for direct and indirect detection in DM searches. Let us point 
out that here, we focus only on the neutrino and DM sectors, leaving 
the possibility of including the quark sector for subsequent studies.

This paper is organized as follows. In section 2 we provide the de-

tails of the model such as the particle content, charge assignments and 
symmetry breaking. In addition, we describe the scalar potential and 
mass spectrum. In section 3 the phenomenology of the fermionic dark 
matter candidate is studied. The implications of the model in charged 
lepton flavor violation are discussed in section 4. We state our conclu-

sions in section 5.

2. The model

We consider a model that adds to the SM, two complex scalars 𝜎
and 𝜂 and six Majorana fermions 𝜈𝑅𝑘

, 𝑁𝑅𝑘
and Ω𝑅𝑘

(𝑘 = 1, 2). All these 
new fields are 𝑆𝑈 (2) gauge singlets and carry neutral electric charge. 
In addition, the existence of a global 𝑈 (1)𝑋 symmetry is assumed. This 
symmetry breaks down to a 2 symmetry when the singlet scalar gets 
a vacuum expectation value (vev) ⟨𝜎⟩ = 𝑣𝜎 . Table 1 shows the charge 
assignments of scalars and leptons under the 𝑆𝑈 (2)𝐿 ⊗𝑈 (1)𝑌 ⊗𝑈 (1)𝑋
symmetry.

In fact, after electroweak symmetry breaking the unbroken symme-

try is 𝑆𝑈 (3)𝐶 ⊗ 𝑈 (1)𝐸𝑀 ⊗ 2 where 2 turns out to be the symmetry 
that stabilizes the dark matter candidate of the theory. Schematically, 
the symmetry breaking chain goes as follows,

 = 𝑆𝑈 (3)𝐶 ⊗𝑆𝑈 (2)𝐿 ⊗𝑈 (1)𝑌 ⊗𝑈 (1)𝑋

⇓ 𝑣𝜎

𝑆𝑈 (3)𝐶 ⊗𝑆𝑈 (2)𝐿 ⊗𝑈 (1)𝑌 ×2

⇓ 𝑣Φ

𝑆𝑈 (3)𝐶 ⊗𝑈 (1)𝑄 ⊗2 (4)

where the Higgs vev is represented by ⟨Φ0⟩ = 𝑣Φ.

Given the charge assignments shown in Table 1 we have that the 
singlet’s vev is invariant under the following transformation, 𝑒2𝜋𝑖𝑋̂⟨𝜎⟩ =
2

⟨𝜎⟩, where 𝑋̂ is the 𝑈 (1)𝑋 charge operator. This implies the existence of 
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a residual discrete symmetry (−1)2𝑋̂ ∈2 surviving spontaneous break-

ing of the global 𝑈 (1)𝑋 group. Therefore, to all fields are assigned the 
corresponding 2-parities (−1)2𝑄̂𝑋 according to their 𝑈 (1)𝑋 charges 𝑄𝑋

in Table 1. The particles 𝜂 and Ω𝑅𝑘
(𝑘 = 1, 2) have odd 2-parities and 

form the dark sector of the model.

2.1. Scalar sector

The scalar potential invariant under the symmetry group  is given 
by

𝑉 (Φ, 𝜎, 𝜂) = −
𝜇2Φ
2

|Φ|2 + 𝜆Φ
2

|Φ|4 − 𝜇2𝜎
2

|𝜎|2 + 𝜆𝜎
2

|𝜎|4 + 𝜇2𝜂

2
|𝜂|2 + 𝜆𝜂

2
|𝜂|4

+ 𝜆1|Φ|2|𝜎|2 + 𝜆2|Φ|2|𝜂|2 + 𝜆3|𝜎|2|𝜂|2 + 𝜇4√
2
𝜎𝜂2 + ℎ.𝑐., (5)

where the quartic couplings 𝜆𝑎 are dimensionless parameters whereas 
the 𝜇𝑎 are dimensionful. In our analysis we will impose perturbativity 
(𝜆𝑎 <

√
4𝜋) and the boundedness conditions given in Appendix A.

The singlet 𝜎 and the neutral component of the doublet Φ = (𝜙+, 𝜙0)𝑇
acquire vacuum expectation values (vevs). Here the singlet’s vev 𝑣𝜎 is 
responsible for the breaking of the global 𝑈 (1)𝑋 symmetry while the 
double’s vev 𝑣Φ triggers electroweak symmetry breaking. Therefore we 
shift the fields as

𝜙0 = 1√
2
(𝑣Φ + 𝜙𝑅 + 𝑖𝜙𝐼 ), 𝜎 =

(
𝑣𝜎 + 𝜎𝑅 + 𝑖𝜎𝐼√

2

)
. (6)

Evaluating the second derivatives of the scalar potential at the min-

imum one finds the CP-even, 𝑀2
𝑅

, and CP-odd, 𝑀2
𝐼
, mass matrices. The 

CP-even mass matrix 𝑀2
𝑅

mixes 𝜙𝑅 and 𝜎𝑅 and its eigenvalues corre-

spond to the squared masses of the physical scalar states. They are given 
by

𝑚2
ℎ1 ,ℎ2

= 1
2

(
𝜆𝜎𝑣

2
𝜎 + 𝜆Φ𝑣

2
Φ ∓

𝜆𝜎𝑣
2
𝜎 − 𝜆Φ𝑣

2
Φ

cos2𝜃

)
, (7)

where we identify ℎ1 with the 125 GeV Higgs boson, 𝑣Φ = 246 GeV, and 
the mixing angle 𝜃 fulfilling

tan2𝜃 =
2𝜆1𝑣Φ𝑣𝜎

𝜆𝜎𝑣
2
𝜎 − 𝜆Φ𝑣

2
Φ
. (8)

Moreover, the flavor and physical bases are connected through out the 
following relations,

𝜎𝑅 = −ℎ1 sin𝜃 + ℎ2 cos𝜃,

𝜙𝑅 = ℎ1 cos𝜃 + ℎ2 sin𝜃. (9)

The CP-odd mass matrix 𝑀2
𝐼

has two null eigenvalues. One of them 
corresponds to the would-be Goldstone boson which becomes the lon-

gitudinal component of the 𝑍-boson by virtue of the Higgs mechanism. 
The other one is the physical Goldstone boson resulting from sponta-

neous breaking of the global 𝑈 (1)𝑋 symmetry, similar to the singlet 
Majoron model in Ref. [4]. Notice that given that this Goldstone is 
an SM singlet, it is invisible, and its phenomenological impact in the 
model is not dangerous. It includes any cosmological manifestations. Let 
us also stress that the mass of this field is non-vanishing, at least due 
to the well-known quantum gravity effects. It can also gain mass due 
to non-perturbative QCD effects in an extended version of our model 
in which the fields in the quark sector have non-trivial 𝑈 (1)𝑋 assign-

ments entailing a mixed (𝑆𝑈 (3)𝐶 )2𝑈 (1)𝑋 -anomaly. This is what defines 
our Majoron model variant. The masses of 𝑍2-odd scalar components 
𝜂 = 𝜂𝑅 + 𝑖𝜂𝐼 turn out to be

𝑚2
𝜂𝑅

= 𝜇2𝜂 +
1
2
(
𝜆2𝑣

2
Φ + 𝜆3𝑣

2
𝜎

)
+ 𝜇4𝑣𝜎, (10)( )
𝑚2
𝜂𝐼

= 𝜇2𝜂 +
1
2

𝜆2𝑣
2
Φ + 𝜆3𝑣

2
𝜎 − 𝜇4𝑣𝜎, (11)
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Table 1

Charge assignments of scalar and lepton fields. Here 𝑖 = 1, 2, 3 and 
𝑘 = 1, 2.

Φ 𝜎 𝜂 𝐿𝐿𝑖
𝑙𝑅𝑖

𝜈𝑅𝑘
𝑁𝑅𝑘

Ω𝑅𝑘

𝑆𝑈 (2)𝐿 2 1 1 2 1 1 1 1

𝑈 (1)𝑌 1∕2 0 0 −1∕2 −1 0 0 0

𝑈 (1)𝑋 0 −1 1∕2 −1 −1 −1 1 −1∕2

Fig. 1. One-loop Feynman diagram contributing to the Majorana neutrino mass 
in Eq. (13).

where the mass splitting of these two components can be recasted as 
𝜇4 = (𝑚2

𝜂𝑅
−𝑚2

𝜂𝐼
)∕(2𝑣𝜎 ). Note that 𝜂𝑅 and 𝜂𝐼 are degenerate when 𝜇4 → 0. 

Here, the lightest of these two components, 𝜂𝑅 and 𝜂𝐼 , can be the stable 
dark matter.

2.2. Neutrino sector

Using Table 1, the invariant lepton Yukawa Lagrangian is given by

−(𝑙)
𝑌

=
3∑
𝑖=1

3∑
𝑗=1

(
𝑦𝑙
)
𝑖𝑗
𝐿𝐿𝑖

𝑙𝑅𝑗
Φ+

3∑
𝑖=1

2∑
𝑘=1

(
𝑦𝜈

)
𝑖𝑘
𝐿𝐿𝑖

𝜈𝑅𝑘
Φ̃ +

2∑
𝑛=1

2∑
𝑘=1

𝑀𝑛𝑘𝜈𝑅𝑛
𝑁𝑐

𝑅𝑘

+
2∑

𝑛=1

2∑
𝑘=1

(
𝑦𝑁

)
𝑛𝑘
𝑁𝑅𝑛

Ω𝑐
𝑅𝑘
𝜂 +

2∑
𝑛=1

2∑
𝑘=1

(
𝑦Ω

)
𝑛𝑘
Ω𝑅𝑛

Ω𝑐
𝑅𝑘
𝜎 + ℎ.𝑐., (12)

where 𝜓𝑐 = 𝐶𝜓
𝑇

and Φ̃ = 𝑖𝜎2Φ∗. After spontaneous symmetry breaking 
(SSB), the neutrino mass matrix has the form,

𝑀𝜈 =
⎛⎜⎜⎝
03×3 𝑚𝐷 03×2
𝑚𝑇
𝐷

02×2 𝑀

02×3 𝑀𝑇 𝜇

⎞⎟⎟⎠ , (13)

where 𝑚𝐷 is the tree-level Dirac mass term(
𝑚𝐷

)
𝑖𝑘
=
(
𝑦𝜈

)
𝑖𝑘

𝑣Φ√
2
, (14)

with 𝑖 = 1, 2, 3 and 𝑘 = 1, 2. The submatrix 𝜇 in Eq. (13) is generated at 
one-loop level,

𝜇𝑠𝑝=
2∑

𝑘=1

(
𝑦𝑁

)
𝑠𝑘

(
𝑦𝑇
𝑁

)
𝑘𝑝
𝑚Ω𝑘

16𝜋2

⎡⎢⎢⎣
𝑚2
𝜂𝑅

𝑚2
𝜂𝑅

−𝑚2
Ω𝑘

ln
⎛⎜⎜⎝
𝑚2
𝜂𝑅

𝑚2
Ω𝑘

⎞⎟⎟⎠−
𝑚2
𝜂𝐼

𝑚2
𝜂𝐼

−𝑚2
Ω𝑘

ln
⎛⎜⎜⎝
𝑚2
𝜂𝐼

𝑚2
Ω𝑘

⎞⎟⎟⎠
⎤⎥⎥⎦ ,

(15)

with 𝑠, 𝑝 = 1, 2. The Feynman diagram of 𝜇 is depicted in Fig. 1. One can 
see from Eq. (15) that the 𝜇 term vanishes when the scalars 𝜂𝑅 and 𝜂𝐼
are degenerate. This implies that neutrino masses go to zero in the limit 
𝜇→ 0.

Then one has that active light neutrino masses are generated via an 
inverse seesaw mechanism at the one-loop level. Physical neutrino mass 
matrices are given by2:

2 The diagonalization of the neutrino mass matrix in Eq. (13) can be followed 
3

from Ref. [30].
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𝑀𝜈 =𝑚𝐷

(
𝑀𝑇

)−1
𝜇𝑀−1𝑚𝑇

𝐷
, (16)

𝑀 (−)
𝜈 = −1

2
(
𝑀 +𝑀𝑇

)
+ 1

2
𝜇, (17)

𝑀 (+)
𝜈 = 1

2
(
𝑀 +𝑀𝑇

)
+ 1

2
𝜇. (18)

Now 𝑀𝜈 is the mass matrix for active light neutrinos (𝜈𝑎), whereas 𝑀 (−)
𝜈

and 𝑀 (+)
𝜈 are the mass matrices for sterile neutrinos. From Eq. (16)

one can see that active light neutrinos are massless in the limit 𝜇→ 0
which implies that lepton number is a conserved quantity. Eqs. (17) and 
(18) tell us that the smallness of the parameter 𝜇 (small mass splitting) 
induces pseudo-Dirac pairs of sterile neutrinos.

From Eq. (16), one can see that a sub-eV neutrino mass scale can 
be linked to a small lepton number breaking parameter 𝜇 which de-

pends on the Yukawas 𝑦2
𝑁

, 𝑦Ω and the masses of the particles running 
in the loop (𝑚𝜂𝑅

, 𝑚𝜂𝐼
, 𝑚Ω). This parameter is further suppressed by the 

loop factor, see Eq. (15). Fig. 2 shows the allowed parameter space 
regions for fixed Yukawa couplings 𝑦𝑁 and masses of the 𝑍2-odd Ma-

jorana fermions Ω𝑘. Each plot is generated using Eq. (15), varying the 
masses (𝑚𝜂𝑅

, 𝑚𝜂𝐼
), fixing 𝑚Ω and 𝑦𝑁 . Then, from left to right, Fig. 2

shows the parameter space that fulfills −10 keV ≤ 𝜇 ≤ 10 keV in the 
(𝑚𝜂𝑅

, 𝑚𝜂𝐼
)-plane, considering 𝑚Ω = 100, 500, and 1000 GeV, respectively. 

In all panels, 𝑦𝑁 = 0.01, 0.05, and 0.1, the smaller the Yukawa value, the 
lighter the region. The discontinuity appears when the mass spectrum 
in Eq. (15) is degenerate.

As we have mentioned, the dark sector is formed by the 𝑍2-odd par-

ticles, see Table 1. The dark matter candidate of the model is the lightest 
component of either the singlet scalar 𝜂 or the Majorana fermion Ω. 
The phenomenological consequences of having the lightest component 
of the scalar singlet 𝜂 as dark matter candidate is similar to what have 
been discussed in Refs. [20,23,28,31,32]. For this reason, in what fol-

lows we discuss only the constraints and projections of the model for 
the case in which the DM candidate is the Majorana fermion Ω.

3. Fermion dark matter

For simplicity, we consider the case in which 𝑦Ω in Eq. (12) is a 
diagonal matrix and assume that Ω𝑅1

is the lightest 2-odd state. That 
is, Ω𝑅1

is the fermion DM candidate accounting for the 80% of the 
matter content of the universe. According to the Planck collaboration 
the DM relic abundance is [33]

Ω𝑐ℎ
2 = 0.1200 ± 0.0012 at 68%C.L. (19)

In our setup the Lagrangian providing the relevant interactions of Ω𝑅1
is given by

 ⊃ 𝑦𝑁1
𝑁̄𝑅Ω𝑐

𝑅1
𝜂 + 𝑦Ω1

Ω𝑅1
Ω𝑐
𝑅1
𝜎 + ℎ.𝑐.. (20)

After SSB Eq. (20) becomes

 ⊃ (𝑦𝑁1𝑁̄𝑅Ω𝑐
1𝑅𝜂 + ℎ.𝑐.) +𝑚Ω1ΩΩ

+ 𝑦Ω1ΩΩ(−ℎ1 sin𝜃 + ℎ2 cos𝜃) + 𝑦Ω1𝑖Ω𝛾5Ω𝜒, (21)

where 𝑚Ω1
= 𝑦Ω1

𝑣𝜎∕
√
2. We have defined Ω ≡ (Ω1𝑅)𝑐 + Ω1𝑅, 𝑁𝑅 ≡

(−𝑁+
𝑅
+𝑁−

𝑅
)∕
√
2 and 𝜒 ≡ 𝜎𝐼 .

Taking into account the assumptions above, the relic abundance of 
Ω is determined by the annihilation channels shown in Fig. 3. Given 
that Ω is the DM candidate of the theory then 𝑚Ω < (𝑚𝑁𝑅

, 𝑚𝜂𝑅
, 𝑚𝜂𝐼

). In 
this case, the main annihilation channels are those s-channels depicted 
by diagrams (a), (b) and (c) in Fig. 3. We further simplify the analysis 
by considering that the annihilation channels mediated by the Higgs via 
the dimensionless parameters 𝜆2 and 𝜆3 are subleading. That is, we set 
𝜆2 = 𝜆3 = 0. Therefore, the independent parameters to be used in the 
numerical analysis turn out to be (𝑚Ω, 𝑚𝜂𝑅

, 𝑚𝜂𝐼
, 𝑚ℎ2

, 𝑚𝑁𝑅
, 𝑦𝑁1

, 𝑦Ω1
, 𝜃).

Let us note that in this inverse seesaw model, the Majorana dark 
matter candidate can interact with the atomic nucleons at tree-level. For 

this reason, our model gets restricted by direct detection constraints. As 
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Fig. 2. Parameter space fulfilling −10 keV ≤ 𝜇 ≤ 10 keV, for the DM masses indicated above each plot. The color in each plot, from light to dark, represents 
𝑦𝑁 = 0.01, 0.05 and 0.1, respectively. Here we assume that 𝑚Ω2

≫𝑚Ω. The discontinuity appears when a degenerate mass spectrum is reached in Eq. (15).

Fig. 3. Diagrams (a)-(g) are relevant for the freeze-out of Ω. The diagram (h) is relevant for direct detection, with 𝑁 representing the nucleons. Here to simplify 
notation we have used 𝜎 to denote either of (ℎ , ℎ , 𝜒).
1 2

a matter of fact, these constraints come from the 𝑡-channel exchange 
of ℎ1 and ℎ2 shown by Fig. 3-(h). Then, here the spin-independent (SI) 
tree-level DM-nucleon scattering cross section is, approximately, [34,

35]

𝜎Ω ≈
𝑓 2
𝑝 𝑚

4
𝑁
𝑚2
Ω

4𝜋𝑣2Φ(𝑚Ω +𝑚𝑁 )2

(
1
𝑚2
ℎ1

− 1
𝑚2
ℎ2

)2

(𝑦Ω1
sin 2𝜃)2, (22)

where 𝑚𝑁 denotes the nucleon mass and the nuclear elements 𝑓𝑝 ≈ 0.27. 
The approximation given in Eq. (22) does not take into account the fi-

nite width of both Higgs scalars, although the outputs of this expression 
match the numerical results from Micromegas code v5.3.35 [36] which 
do include these finite widths.

3.1. Analysis and results

In what follows, we compute the relic abundance of the Majorana 
fermion Ω assuming freeze-out mechanism, the direct detection via non-

relativistic scattering, and indirect detection prospects today. For our 
calculation, we make use of Micromegas code v5.3.35 [36].

As mentioned, here we explore the case where 𝜆1 ≠ 0, 𝜆2 = 𝜆3 = 0. 
Therefore, the contribution to the relic abundance coming from the an-

nihilation of Ω into SM particles happens only via the Higgs portal 
associated to 𝜆1. The left panel in Fig. 4 shows the relic abundance 
of Ω as a function of 𝑦Ω, for 𝑚Ω = 200 (solid blue) and 500 GeV (solid 
greed), assuming 𝑚ℎ2

= 120 GeV and 𝜃 = 0.1.3 This benchmark consid-

ers 𝑦𝑁 = 0.1, 𝑚𝜂𝑅
= 2000 GeV, 𝑚𝜂𝐼

= 2001 GeV and 𝑚𝑁 = 300 GeV (these 

3 Collider searches of additional scalars restrict the doublet-singlet mixing 
4

angle to be 𝜃 ≲ 0.2 [37].
parameters will be fixed to such values from now on). The limit of the 
DM relic abundance given in Eq. (19) is represented by the red dashed 
line. One can see from Fig. 4 that the relic abundance has a strong de-

pendence on the DM mass and the parameter 𝑦Ω. For a small Yukawa 
coupling 𝑦Ω ≲ 10−2 and 𝑚Ω > 𝑚𝑁 , the process ΩΩ →𝑁𝑁 is kinemati-

cally allowed and dominates over the other annihilation channels. In 
the case of 𝑚Ω < 𝑚𝑁 , the leading contributions to the relic abundance 
are those processes which involve the fields (𝜒, ℎ1, ℎ2) (diagrams 𝑏 and 
𝑐 in Fig. 3). In such a case, the relic abundance turns out to be inversely 
proportional to 𝑦2Ω. For this reason, as shown on the left-panel in Fig. 4, 
the solid blue (green) curve decreases when the value of Yukawa in-

creases. It is evident that, for a given 𝑦Ω, the relic abundance grows 
as the DM mass decreases. This behavior is expected since ΩΩℎ

2 is in-

versely proportional to the annihilation cross section which depends on 
the center-of-mass energy of the colliding non-relativistic DM particles, 
i.e. 𝑠 ≈ 4𝑚2

Ω. Here, we are focusing on the case of small doublet-singlet 
mixing 𝜃, i.e. ≲ 0.1. For this reason, the DM relic abundance turns out 
to be “blind” to this parameter and is completely determined by the in-

teraction of fields belonging to the dark sector (namely, 𝜒 and/or ℎ2). 
The DM annihilation channel into a pair of 𝜒 is always present unless 
further assumptions are made to suppress it.

In contrast to the situation previously described, the DM direct de-

tection given by the SI cross section 𝜎Ω, Eq. (22), is sensitive to the 
values of the doublet-singlet mixing 𝜃. This is shown by the plot on 
the right-hand side of Fig. 4 where 𝜎Ω is depicted as a function of the 
mass of second CP-even scalar 𝑚ℎ2

(considering 𝑚Ω = 200 and 500 GeV, 
and each case with 𝜃 = 0.1, 0.01). The blue and green curves represent 
the points in the parameter space fulfilling the correct relic abundance 
while the red, yellow and gray dashed horizontal lines correspond to 
the experimental limits provided by XENON1T [38] and LUX-ZEPLIN 

(LZ) [39], and the projections by XENONnT [40], respectively. From 
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Fig. 4. Left-panel: Relic abundance as a function of 𝑦Ω for 𝑚Ω = 200 and 500 GeV. Here we have set 𝑚ℎ2
= 120 GeV and 𝜃 = 0.1, with the rest of the parameters 

specified in the text. Right-panel: Direct detection cross section as a function of 𝑚ℎ2
and different combinations of (𝑚Ω[GeV], tan𝜃). The horizontal red and orange 

lines are the current DD upper limits for each value of 𝑚Ω, whereas the grey curves are the XENONnT projections. The solid curves depicted here fulfill the correct 

relic abundance.

Eq. (22) one can notice that the cross section rests on the existence of 
a mixing between the scalar doublet Φ and the singlet 𝜎. This depen-

dence can be observed from Fig. 4 which shows the sensitivity of the 
cross section to 𝜃 variations. Furthermore, we can see that when the 
CP-even scalars ℎ1 and ℎ2 are (semi)-degenerate, i.e. 𝑚ℎ2

≈ 𝑚ℎ1
, there 

is a numerical cancellation that generates the inverted peak in the SI 
cross section. This allows to elude the experimental bounds when ℎ1
and ℎ2 are close in mass. Another possibility to relax the experimen-

tal constraints, including the one coming from XENONnT, happens by 
shrinking the value of doublet-singlet mixing as depicted in Fig. 4. This 
parameter space limit is reached, for instance, when lepton number gets 
broken at energies much higher than the electroweak scale.

Let us note that this model is characterized by the presence of the 
process ΩΩ̄→ 𝜒ℎ1,2, with ℎ1,2 decaying into SM particles [34]. These s-
wave processes are velocity independent channels not present in other 
models [20,23] and give good prospects for indirect DM detection es-

pecially when 𝜒 is a pseudo-Goldstone boson, i.e. 𝑚𝜒 ≠ 0. For this 
reason, we look into regions of the parameter space where the pro-

cesses ΩΩ̄→ 𝜒ℎ1,2 dominate the DM annihilation and provide the limits 
coming from the Alpha Magnetic Spectrometer (AMS) experiment as 
well as the future sensitivities of the Cherenkov Telescope Array (CTA) 
experiment. For convenience, we assume 𝑚𝜒 > 𝑚ℎ2

∕2 so that the decay 
ℎ2 → 2𝜒 is kinematically disallowed. In this way, the DM candidate does 
not annihilate primarily into invisible channels.

Using Eq. (9), one can express the ℎ2 branching fraction into SM 
particles as [41],

BR(ℎ2 → SM) = sin2 𝜃
[
Γ(ℎ2 → SM)

Γtot

]
(23)

where Γ(ℎ2 → SM) corresponds to the partial decay width of the scalar 
boson ℎ2 (with mass 𝑚ℎ2

) into SM states, and the total decay width is 
given by

Γtot = sin2 𝜃 × ΓSM
tot + Γ(ℎ2 → 2ℎ1) + Γ(ℎ2 → 2Ω) + Γ(ℎ2 → 2𝜒). (24)

Here ΓSM
tot corresponds to the total decay width of ℎ2 into SM states [42]. 

For simplicity, we focus on the case in which 𝑚ℎ2
< 2𝑚Ω. Furthermore, 

in order to assure observability, via ℎ2 decaying into SM particles, we 
assume 𝑚𝜒 ≠ 0 as well as 𝑚ℎ2

< 2𝑚𝜒 . Therefore, the third and fourth 
terms in Eq. (24) are not present in our study.

Taking into account the considerations previously stated, we per-

form a numerical analysis. Fig. 5 shows the predictions for indirect 
detection signals coming from the DM annihilation into a pseudo-

Goldstone 𝜒 and ℎ2. The CP-even scalar subsequently decays into SM 
particles, see Eq. (23). Then, the DM annihilation would be ΩΩ̄ →
5

𝜒ℎ2 → 𝜒SM. The assumed thermal value 2 ×10−26 cm3∕s≤ ⟨𝜎𝑣⟩ΩΩ̄→𝜒ℎ2
≤

3 ×10−26 cm3∕s is depicted by the red region at the top of each panel in 
Fig. 5. The left-panels consider 𝑚Ω = 200 GeV for 𝜃 = 0.1 and 0.01, while 
the panels on the right take 𝑚Ω = 500 GeV for the same values of 𝜃. In 
all panels, the Yukawa coupling is 𝑦𝑁 = 0.1, and the dark scalar and 
pseudoscalar masses are fixed as 𝑚𝜂𝑅

= 2000 GeV and 𝑚𝜂𝐼
= 2001 GeV, 

respectively. The solid blue (green) line corresponds to the DM mat-

ter annihilation into 𝑏𝑏̄ (𝑊 +𝑊 −). The dashed blue horizontal line is 
the upper bound of AMS-02 [43] for DM annihilation into 𝑏𝑏̄, whereas 
the dashed green horizontal one represents the future sensitivity of 
CTA [44] in the 𝑊 +𝑊 − channel. We also consider the bound projected 
by CTA for DM annihilation searches with 𝑊 +𝑊 − in the final state 
assuming a gNFW profile with a slope parameter 𝛾 = 1.26 [44]. Fig. 5 in-

cludes direct detection bounds at fixed 𝜃 and DM mass. The dark orange 
is the exclusion region coming from the LZ results on DD searches. The 
light orange area represents the future sensitivity of XENONnT. There-

fore, only the light orange and white parts in each panel are allowed by 
current DM direct detection constraints. In addition, the dark gray area 
in the left panels of Fig. 5 satisfies 𝑚ℎ2

> 2𝑚𝜒 and is then forbidden. 
This is because we are working under the assumption that 𝑚ℎ2

< 2𝑚𝜒 or 
𝑚𝜒 = 2𝑚Ω −𝑚ℎ2

> 2∕3𝑚Ω, i.e. ℎ2 does not decay into 2𝜒 . This guarantees 
that the fermion DM candidate Ω annihilates into observable modes.

Fig. 5 shows the parameter space fraction that CTA would be able 
to test in the future by looking for 𝑊 +𝑊 − products. One can see that 
the CTA projections do not reach the model predictions if the DM den-

sity distribution follows an Einasto profile. On the other hand, if the DM 
posses a gNFW profile, CTA searches could prove masses 𝑚ℎ2

≳ 150 GeV. 
In addition, we have that AMS-02 data impose parameter space restric-

tions over the parameter space from DM annihilation into 𝑏𝑏̄ searches. 
Notice that, as expected from Eq. (22), the direct detection constraints 
get weaker when the singlet-doublet mixing takes smaller values.

4. Charged lepton flavor violation

In this section we analyze charged lepton flavor violation (cLFV) 
processes present due to the mixing between active and heavy sterile 
neutrinos. Here we focus in the one-loop decays 𝑙𝑖 → 𝑙𝑗𝛾 whose branch-

ing ratios are given by [45–47]

BR
(
𝑙𝑖 → 𝑙𝑗𝛾

)
=

𝛼3
𝑊
𝑠2
𝑊
𝑚5
𝑙𝑖

256𝜋2𝑚4
𝑊
Γ𝑖

|||𝐺𝑖𝑗
|||2 (25)

𝐺𝑖𝑗 ≃
3∑

𝑘=1

([(
1 −𝑅𝑅†)𝑈𝜈

]∗)
𝑖𝑘

((
1 −𝑅𝑅†)𝑈𝜈

)
𝑗𝑘
𝐺𝛾

(
𝑚2
𝜈𝑘

𝑚2
𝑊

)

+ 2
2∑(

𝑅∗) (𝑅)𝑗𝑙 𝐺𝛾

⎛⎜𝑚2
𝑁𝑅𝑙

⎞⎟ , (26)

𝑙=1

𝑖𝑙 ⎜⎝ 𝑚2
𝑊

⎟⎠
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Fig. 5. Parameter space restrictions from direct and indirect dark matter. The thermal value of ⟨𝜎𝑣⟩ΩΩ→ℎ2𝜒
is given by the red band on top of the plots. It is assumed 

that ℎ2 decays into either 𝑏𝑏̄ (blue solid line) or 𝑊 +𝑊 − (green solid line). The dashed blue horizontal line represents the latest bound on the DM annihilation cross 
section into 𝑏𝑏̄ from AMS-02. The green dashed and dotted-dashed are the projected sensitivities of CTA depending on the DM profile. The dark and light orange 
areas correspond to the LZ exclusion region and the future sensitivity of XENONnT, respectively. The dark gray area in the left panels satisfies 𝑚ℎ2

> 2𝑚𝜒 and is then 

forbidden.

𝐺𝛾 (𝑥) =
10 − 43𝑥+ 78𝑥2 − 49𝑥3 + 18𝑥3 ln𝑥+ 4𝑥4

12 (1 − 𝑥)4
,

where Γ𝜇 = 3 ×10−19 GeV is the total muon decay width, 𝑈𝜈 is the matrix 
that diagonalizes the light neutrinos mass matrix which, in our case, is 
equal to the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix since 
the charged lepton mixing matrix is equal to the identity 𝑈𝓁 = 𝕀. In 
addition, the matrix 𝑅 is given by

𝑅 = 1√
2
𝑚∗
𝐷
𝑀−1, (27)

where 𝑀 and 𝑚𝐷 are the heavy Majorana mass matrix and the Dirac 
neutrino mass matrix, respectively. We provide in Appendix B all as-

sumptions made for computing 𝑅 in Eq. (27). Table 3 contains the 
benchmarks points used to compute 𝜇→ 𝑒𝛾 .

Then, feeding Eq. (25) with the values of the dimensionless param-

eters and masses given in Table 3, one gets the following branching 
fractions,

BR(𝑎)(𝜇→ 𝑒𝛾) ≃ 2.02 × 10−13 and BR(𝑏)(𝜇→ 𝑒𝛾) ≃ 1.13 × 10−13, (28)

where (𝑎) is for 𝑚Ω = 200 GeV and (𝑏) is for 𝑚Ω = 500 GeV.

Fig. 6 shows the correlation between the branching ratio BR (𝜇→𝑒𝛾)
and the mass of the lightest RH Majorana neutrino 𝑁𝑅. One observes 
that the branching ratio decreases as the mass of 𝑁𝑅 increases. In both 
plots, the red horizontal line and the shaded region represent the latest 
experimental constraint provided by the MEG [48] collaboration,

BR (𝜇→ 𝑒𝛾)exp < 4.2 × 10−13. (29)

The black stars in Fig. 6 correspond to the branching ratio predicted, 
6

Eq. (28), by the best-fit points of the model for 𝑚Ω = 200 GeV (left-panel) 
and 𝑚Ω = 500 GeV (right-panel). The scatter plots come from a random 
variation of the dimensionless parameters up to 30% around the best-fit 
value. The green points are compatible with current neutrino oscillation 
experimental limits at 3𝜎. One can see that neutrino oscillation data 
restrict the lightest RH neutrino mass to be in the range 436.9 GeV ≤

𝑚𝑁𝑅
≤ 996.5 GeV for 𝑚Ω = 200 GeV, and 204.5 GeV ≤ 𝑚𝑁𝑅

≤ 649.9 GeV

for 𝑚Ω = 500 GeV. All orange points are out of the 3𝜎 range and, hence, 
excluded by neutrino oscillation data.

5. Conclusions

We have built an SM extension where the tiny masses of the light 
active neutrinos are generated from an inverse seesaw mechanism at 
one-loop level. This model adds two scalar singlets and six right handed 
Majorana neutrinos to the SM particle content. In addition, the SM 
gauge group is enlarged by a global 𝑈 (1)𝑋 symmetry, which is spon-

taneously broken down to an Abelian discrete subgroup, 2 ⊂ 𝑈 (1)𝑋 . 
The latter is an exact low-energy symmetry guarantying a one-loop re-

alization of the inverse seesaw mechanism and the existence of stable 
scalar and fermionic dark matter candidates. We focused our study on 
the case in which the dark matter is the stable Majorana fermion.

We have found that our model, besides providing a dynamical origin 
of the inverse seesaw mechanism, successfully reproduces the mea-

sured values of the DM relic density. We have identified the parameter 
space regions sensitive to (in)direct DM searches. In the case of di-

rect detection searches, we show the parameter space restrictions of the 
model (imposed by XENON1T and LZ results) and future prospects of 
XENONnT experiment. Furthermore, we compare the model predictions 
coming from the Majorana fermion annihilation into 𝑏𝑏̄ and 𝑊 +𝑊 −

with AMS-02 bounds and CTA projections. We found that our bench-
marks could be tested by CTA if the DM has a gNWA profile.
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Fig. 6. Branching ratio BR (𝜇→ 𝑒𝛾) as a function of the mass of the lightest RH Majorana neutrino 𝑁𝑅 . The shadowed region is excluded by MEG [48]. The black 
star corresponds to the prediction of the best-fit point of the model, for 𝑚Ω = 200 GeV (left-panel) and 𝑚Ω = 500 GeV (right-panel). The green points are compatible 
with current neutrino oscillation experimental limits at 3𝜎. The orange points are out of the 3𝜎 range and, hence, excluded by neutrino oscillation data.

Table 2

Neutrino oscillation parameters from global fits [51].

Observable Δ𝑚2
21[10

−5 eV] Δ𝑚2
31[10

−3 eV] sin2 𝜃12∕10−1 sin2 𝜃23∕10−1 sin2 𝜃13∕10−2 𝛿CP∕◦

Best fit ±1𝜎 7.50+0.22−0.20 2.55+0.02−0.03 3.18 ± 0.16 5.74 ± 0.14 2.200+0.069−0.062 194+24−22

3𝜎 range 6.94 − 8.14 2.47 − 2.63 2.71 − 3.69 4.34 − 6.10 2.00 − 2.405 128 − 359
We have also analyzed the lepton flavor violating 𝜇 → 𝑒𝛾 process 
and provided the model predictions in simplified scenarios that are in 
agreement with current neutrino oscillation data.
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Appendix A. Boundedness conditions

The boundedness conditions of the scalar potential in Eq. (5) are 
derived assuming that the quartic terms dominate over at high energies. 
7

In order to do so, we define the following bilinears,
Table 3

Dimensionless parameters used to com-

pute BR(𝜇 → 𝑒𝛾) compatible with neu-

trino oscillation data. Case (a) considers 
𝑚Ω = 200 GeV and case (b) is for 𝑚Ω = 500
GeV.

Dimensionless parameters (𝑎)

𝑦𝜈11 = 0.0109𝑒1.87𝑖 𝑦𝜈31 = 0.0124𝑒1.49𝑖

𝑦𝜈12 = 0.0105𝑒−1.31𝑖 𝑦𝜈32 = 0.0808𝑒1.77𝑖

𝑦𝜈21 = 0.0270𝑒1.70𝑖 𝑦𝑁 = 2.04 × 10−2

𝑦𝜈22 = 0.0463𝑒1.56𝑖 𝜃̂ = 1.303 rad

Dimensionless parameters (𝑏)

𝑦𝜈11 = 0.00525𝑒−1.51𝑖 𝑦𝜈31 = 0.0177𝑒1.572𝑖

𝑦𝜈12 = 0.0151𝑒−1.59𝑖 𝑦𝜈32 = 0.00424𝑒1.61𝑖

𝑦𝜈21 = 0.0166𝑒1.57𝑖 𝑦𝑁 = 1.22 × 10−2

𝑦𝜈22 = 0.0354𝑒−1.58𝑖 𝜃̂ = −4.98 rad

𝑎 = |Φ|2 ; 𝑏 = |𝜎|2 ; 𝑐 = |𝜂|2, (A.1)

and rewrite the quartic terms of the scalar potential. Then, using the 
expressions in Eq. (A.1) one gets

𝑉𝑞 =
1
2
(
√
𝜆Φ𝑎−

√
𝜆𝜎𝑏)2 +

1
2
(
√
𝜆Φ𝑎−

√
𝜆𝜂𝑐)2

+1
2
(
√
𝜆𝜎𝑏−

√
𝜆𝜂𝑐)2 + (𝜆1 +

√
𝜆Φ𝜆𝜎)𝑎𝑏

+(𝜆2 +
√
𝜆Φ𝜆𝜂)𝑎𝑐 + (𝜆3 +

√
𝜆𝜎𝜆𝜂)𝑏𝑐 −

1
2
(𝜆Φ𝑎2 + 𝜆𝜂𝑐

2). (A.2)

Following Refs. [49,50] the boundedness conditions of the model 
turn out to be,

𝜆Φ ≥ 0 ; 𝜆𝜎 ≥ 0 ; 𝜆𝜂 ≥ 0 (A.3)

𝜆1 +
√
𝜆Φ𝜆𝜎 ≥ 0 ; 𝜆2 +

√
𝜆Φ𝜆𝜂 ≥ 0 ; 𝜆3 +

√
𝜆𝜎𝜆𝜂 ≥ 0 (A.4)

Appendix B. Benchmarks for 𝝁 → 𝒆𝜸

The cLFV process 𝜇→ 𝑒𝛾 is computed using Eq. (26) and taking as 

inputs the model outputs that minimize the 𝜒2 function given by,
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Table 4

Best fit values of the model. Case (a) considers 𝑚Ω = 200 GeV and case (b) is for 𝑚Ω = 500 GeV.

Observable 𝜇1[keV] 𝑚𝑁𝑅
[GeV] Δ𝑚2

21[10
−5 eV2] Δ𝑚2

31[10
−3 eV2] sin𝜃(𝑙)12∕10

−1 sin𝜃(𝑙)13∕10
−3 sin𝜃(𝑙)23∕10

−1 𝛿
(𝑙)
𝐶𝑃

(◦)

Best fit case (a) −0.562 700.5 7.53 2.51 3.53 2.11 5.66 195.3

Best fit case (b) −0.4099 401.3 7.50 2.55 3.25 2.22 5.64 174.8
𝜒2 =

[
Δ𝑚2 (exp)

21 − Δ𝑚2 (th)
21

]2
𝜎2
Δ𝑚2

21

+

[
Δ𝑚2 (exp)

31 − Δ𝑚2 (th)
31

]2
𝜎2
Δ𝑚2

31

+
∑
𝑖<𝑗

[
𝑠
(exp)
𝑖𝑗

− 𝑠
(th)
𝑖𝑗

]2
𝜎2𝑠𝑖𝑗

+

[
𝛿
(exp)
𝐶𝑃

− 𝛿
(th)
𝐶𝑃

]2
𝜎2
𝛿𝐶𝑃

, (B.1)

where 𝑠𝑖𝑗 ≡ sin𝜃𝑖𝑗 (with 𝑖, 𝑗 = 1, 2, 3), 𝛿𝐶𝑃 is the leptonic CP violating 
phase, the label (th) is used to identify the model outputs, while the 
ones with label (exp) correspond to the experimental values, and 𝜎𝑎
represent the experimental errors. Table 2 shows best fit values and 
1𝜎 − 3𝜎 intervals reported by neutrino oscillation global fits [51].4

In order to compute all neutrino oscillation parameters we perform 
a random scan of the free parameters in the lepton sector and make 
assumptions about the flavor structure of the Dirac mass matrix 𝑚𝐷 , 
and the Majorana matrices 𝑀 and 𝜇 in Eq. (13). Using the Casas–Ibarra 
parametrization [54], the matrix 𝑚𝐷 in Eq. (14), reads as follows [54–

59],

𝑚𝐷 =
𝑦𝜈𝑣Φ√

2
=𝑈PMNS

(
𝑚̂𝜈

)1∕2
𝑅̂𝜇−1∕2𝑀 , (B.2)

where 𝑈PMNS ≡ 𝑈†
𝓁𝑈𝜈 , 𝑚̂𝜈 = diag(𝑚1, 𝑚2, 𝑚3) is the diagonal neutrino 

mass matrix and 𝑅̂ is a rotation matrix given by,

𝑅̂ =
⎛⎜⎜⎝

0 0
cos 𝜃̂ sin 𝜃̂
−sin 𝜃̂ cos 𝜃̂

⎞⎟⎟⎠ with 𝜃̂ ∈ [0,2𝜋]. (B.3)

The matrices 𝑀 and 𝜇 are assumed to be diagonal,

𝑀 =
(
𝑀1 0
0 𝑀2

)
and 𝜇 =

(
𝜇1 0
0 𝜇2

)
. (B.4)

For the matrix 𝑀 in Eq. (B.4) we varied 𝑀1 within the range 
100 GeV ≤ 𝑀1 ≤ 1 TeV and considered 𝑀2 = 10𝑀1, where 𝑀1 is the 
mass of the lightest RH neutrino, 𝑀1 =𝑚𝑁𝑅

. In the case of the 𝜇 matrix 
we used Eq. (15) to compute 𝜇1 and assumed 𝜇2 = 10𝜇1. This matrix 
depends on 𝑦𝑁 , 𝑚Ω, 𝑚𝜂𝑅

and 𝑚𝜂𝐼
. Then, following the study made in 

section 3, we analyze two situations: one with DM mass of 𝑚Ω = 200
and the other with 𝑚Ω = 500 GeV. In both cases, the Yukawa 𝑦𝑁 was 
varied in the range 10−2 ≤ 𝑦𝑁 ≤ 1 and the masses of the 2-odd scalars 
were fixed to

𝑚𝜂𝑅
= 2000 GeV, 𝑚𝜂𝐼

= 2001 GeV. (B.5)

We also take the charged lepton mass matrix as a diagonal matrix, 
i.e. 𝑀𝑙 = diag(𝑚𝑒, 𝑚𝜇, 𝑚𝜏 ), which implies 𝑈PMNS =𝑈𝜈 in Eq. (B.2).

Table 3 shows the dimensionless parameters that minimize the 𝜒2

function in Eq. (B.1) and that are used to compute 𝜇→ 𝑒𝛾 , Eq. (26). The 
best fits of the model, for 𝑚Ω = 200 GeV and 𝑚Ω = 500 GeV are presented 
in Table 4.
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