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1 Introduction

The discovery of non-zero neutrino masses and mixing in neutrino oscillation experiments [1, 2],
along with compelling evidence that approximately 85% of the Universe’s total matter exists
as dark matter (DM) [3], has drawn significant interest from particle physicists. These
observations point to clear shortcomings of the otherwise successful Standard Model (SM),
which cannot account for neutrino masses or the nature of DM. Additionally, the question of
whether neutrinos are Dirac or Majorana particles in nature has remained a long-standing
puzzle, continuing to attract considerable attention in the field. These interesting aspects
have driven efforts to explore physics beyond the Standard Model (BSM) for a deeper
understanding of such phenomena. From a theoretical viewpoint, various models have been
proposed in the literature to explain the tiny masses of neutrinos and the origin of DM
within a unified framework. One widely acclaimed model is the “scotogenic” mechanism [4], a
minimal extension of the SM that links DM stability to neutrino mass generation and treats
neutrinos as Majorana particles. Although these models offer insight into the smallness of
neutrino masses and DM stability, they are often criticized for their difficulty in explaining
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Figure 1. Dirac scotogenic model for neutrino mass generation.

the flavor structure of the leptonic sector, and the two different mass scales observed in
neutrino oscillation experiments [5–7] namely, atmospheric, ∆m2

atm, and the solar, ∆m2
sol.

The scoto-seesaw model, recently addressed in [8], is one possible way to explain the origin of
the two different mass scales of neutrino oscillation in addition to DM. Within this framework,
∆m2

atm arises from scoto-loop, while ∆m2
sol appears at the tree level seesaw [8–17]. However,

scoto-seesaw models do not shed any light on the mixing and flavor structure of the leptonic
sector like other neutrino mass mechanisms.

Experimental evidence for the Majorana nature of neutrinos remains inconclusive, as
indicated by the results from searches for neutrinoless double beta decay [18]. This leaves
open the possibility that neutrinos may instead be Dirac particles, thereby motivating
further investigation into their Dirac nature. While the canonical scotogenic model [4] was
originally formulated for Majorana neutrinos, the scotogenic framework is sufficiently general
to accommodate Dirac neutrinos as well [19, 20]. Indeed, in recent years, several attempts
have been made to explore Dirac scotogenic models, as proposed in [21–25]. This model
extends the SM by incorporating radiative neutrino mass generation, while ensuring that
neutrinos remain Dirac particles.

To address the challenges related to the origin of neutrino masses, their flavor structure,
the presence of two distinct mass scales, and the stability of DM, a recent approach based
on flavor symmetries has been developed [26–28]. Within this framework, it has been
demonstrated that employing the A4 flavor symmetry [29–31] allows for predictive solutions
to the leptonic flavor structure. In addition, the spontaneous breaking of A4 to its subgroup
Z2 [32–34] ensures DM stability while also leading to the scoto-seesaw mass mechanism.
Ref. [26], explore the Majorana scotogenic loop, whereas ref. [27] investigates the Dirac
scotogenic loop. Additionally, the authors of [26] emphasize that the mass of DM is tightly
constrained by the breaking of A4 symmetry. They further provide conclusive evidence for
the scalar DM scenario by ruling out the possibility of fermionic DM.

In this work, we propose a framework that explains the Dirac nature of neutrinos within
the leptonic flavor structure while simultaneously addressing both scalar and fermionic DM
scenarios. Overall, our flavor-symmetric approach provides a highly predictive framework
for both neutrino sector phenomenology and DM studies, offering compelling theoretical
insights into BSM physics. To serve our purpose, we employ A4 flavor symmetry on a Dirac
scotogenic-like radiative loop as shown in figure 1. The spontaneous symmetry breaking
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(SSB) of A4 to its Z2 subgroup stabilizes the DM candidate. This breaking also leads to the
cutting of the loop, inducing a hybrid “scoto inverse-seesaw” mass mechanism. Note that the
inverse-seesaw mass mechanism proposed in [35] requires a small mass parameter, usually
called µ-term. This naturally emerges in our formalism due to the presence of an SU(2)L

singlet scalar acquiring a vacuum expectation value (VEV), which can be very small. Recently,
authors of [36] have addressed this mechanism for both Majorana and Dirac neutrinos. In our
formalism, the Dirac neutrino masses are generated at the tree level via the inverse-seesaw
mechanism and at the loop level through the scoto-loop.

Here, we also consider an accidental U(1)B−L symmetry, inherently present in the SM,
and its breaking into a Z3 subgroup to prevent tree-level couplings before SSB and to forbid
the Majorana neutrino mass term. The chiral anomaly-free B − L symmetry requires the
(−4,−4, 5) charge assignment for the right-handed neutrinos νRi [37–39]. Unlike the Majorana
version [26], our model features both normal ordering (NO) and inverted ordering (IO) of
neutrino masses. Furthermore, the A4 symmetric approach imposes an upper bound on the
scalar masses based on the two mass-squared differences of neutrino, thereby constraining
the allowed parameter space for DM candidates. Also, we study the different charged lepton
flavor violation (CLFV) processes and check their viability under different current and future
proposed experiments.

This paper is organized as follows. In section 2, we outline the model setup based on A4
flavor symmetry and discuss the scalar mass spectrum as well as the neutrino sector. We
discuss the emergence of the inverse-seesaw mechanism at tree level and scoto-loop due to
the breaking of A4 symmetry. In section 3, we show the numerical results and correlation of
neutrino sector observables for both NO and IO of neutrino masses. We discuss our dark
sector results in section 4 and show that the mass of DM candidates is very constrained. In
section 5, we perform the numerical analysis for CLFV processes, and finally, concluding
remarks are made in section 6.

2 Model SET-UP

We utilize a flavor-symmetric Dirac scotogenic model based on the A4 symmetry group to
account for neutrino oscillation parameters and DM phenomenology. In addition to the SM
particles, we introduce BSM particles: scalars, η and ξ, which are SU(2)L doublet and singlet,
respectively, and both transform as triplets under the A4 symmetry. In this formalism, singlet
fermions NL and NR are also introduced and transformed as triplets under the A4 symmetry.
We also add three right-handed neutrinos νR, which transform as singlets (1, 1′′, 1′) under
the A4 symmetry. The SM Higgs doublet Φ transforms as trivial singlet (1), the charged
lepton doublets Li and singlets eRi (i = 1, 2, 3) transform as (1, 1′, 1′′) under the A4 symmetry,
respectively. For more details on the A4 flavor symmetry and its multiplication rules, see
appendix B. The particle content and their transformation rule under the SU(2)L ⊗U(1)Y are
summarized in the second column of table 1. The last two columns present the transformation
properties of different fields under the A4 symmetry and the U(1)B−L as well as their residual
subgroup Z2 and Z3, respectively. The charge assignments in table 1 ensure that, following
the A4 symmetry breaking by the VEVs of η and ξ, all the SM particles and νRi ’s remain
even under the residual Z2 symmetry. In contrast, the triplet BSM particles may acquire
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Fields SU(2)L ⊗ U(1)Y A4 → Z2 U(1)B−L → Z3

Li (2, -1) (1, 1′, 1′′) → (+, +, +) -1 → ω2

eRi (1, -2) (1, 1′, 1′′) → (+, +, +) -1 → ω2

H (2, 1) 1 → + 0 → 1
νRi (1, 0) (1, 1′′, 1′) → (+, +, +) (-4, -4, 5) → ω2

NL (1, 0) 3 → (+, −, −) -4 → ω2

NR (1, 0) 3 → (+, −, −) -4 → ω2

η (2, 1) 3 → (+, −, −) 3 → 1
ξ (1, 0) 3 → (+, −, −) 0 → 1

Table 1. Field content and transformation properties of different fields under the SU(2)L ⊗ U(1)Y ,
A4, and U(1)B−L symmetry, where i = 1, 2, 3 represents generation indices.

odd charges under the residual Z2 symmetry. The components of A4 triplets η, ξ and N

split into two, the first components transforming as even while the other components have
odd charges under Z2, see appendix B for more details. The odd particles will eventually
become dark sector particles as discussed in section 1. This discussion will focus on the
scenario, where U(1)B−L breaks down to the residual Z3 subgroup,1 a natural outcome when
the B − L symmetry is broken in a unit of three. The presence of the residual Z3 subgroup
ensures the Dirac nature of neutrinos.

Some of the salient features of the model are as follows:

• The dimension-4 Dirac neutrino mass term of the form, L̄iH̃νRj and the bare Majorana
mass term, ν̄c

Ri
νRj , are prohibited by both the A4 and U(1)B−L symmetries, except for

i = j = 1. Specifically, although the terms L̄1H̃νR1 and ν̄c
R1
νR1 are allowed by A4, they

are forbidden due to the U(1)B−L charge assignments.

• Similarly, the effective dimension-5 Weinberg operator L̄c
iHHLj , which generates

Majorana neutrino masses, is forbidden by both the A4 and U(1)B−L symmetries,
except for i = j = 1. The term corresponding to i = 1 is allowed by the A4 but remains
forbidden by U(1)B−L symmetry.

• The effective dimension-5 operator L̄iHνRjξ, which generates Dirac neutrino masses, is
forbidden by both the A4 and U(1)B−L symmetry.

• The effective dimension-5 operator L̄i η νRj ξ, where i, j = 1, 2 is allowed by the
symmetries and requires UV-completion. This term emerges after the breaking of the
A4 symmetry, as shown in the top-right panel of figure 3.

1The explicit breaking of the U(1)B−L symmetry arises from the cubic interaction term H†η ξ in the scalar
potential. Here, H and ξ carry zero B −L charge, while η has a charge of three. Consequently, this interaction
alters B − L in steps of three, leading to the breaking of U(1)B−L in units of three. As a result, the residual
symmetry is the discrete subgroup Z3. Since B − L is violated in multiples of three, the transformations that
preserve the term H†η ξ must correspond to those where B − L charges differ by multiples of three. This
implies that the U(1)B−L phase factor, eiα(B−L), is constrained such that eiα(B−L) = eiα(B−L+3n) for any
integer n. This periodicity signifies that the continuous U(1)B−L symmetry is broken down to the discrete
subgroup Z3.
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• In this minimal setup, one neutrino remains massless because the Yukawa interaction
Y ′N̄LξνR is forbidden for the third generation right-handed neutrino due to B − L

charge assignments. However, the massless neutrino can be made massive by adding a
SU(2)L singlet but A4 triplet scalar ζ9 with B−L charge −9, allowing the Yukawa term
y9N̄Lζ9νR3 . After SSB, ζ9 acquires a VEV (u9, 0, 0) preserving the A4 → Z2 breaking.
Then through the scoto-seesaw mechanism, we can generate a light Dirac neutrino mass
for the (νL3 , νR3) pair. Note that, since one massless neutrino is allowed by the current
oscillation data, we do not develop this analysis further.

The spontaneous breaking of the A4 symmetry to its residual Z2 subgroup results in a hybrid
scoto-seesaw mechanism, wherein an interplay between the tree level type-I seesaw and the
one-loop level scotogenic mechanism facilitates the generation of neutrino masses. Moreover,
the residual Z2 symmetry assumes the role of the scotogenic dark symmetry. Consequently,
the lightest Z2 odd particle is inherently stable and emerges as a potential DM candidate.

2.1 Scalar sector

In this section, we discuss the scalar sector of our model and the emergence of Z2 dark
symmetry from A4 flavor symmetry. The scalar potential of our model is provided in
appendix A. The A4 symmetry is broken spontaneously by the VEVs of the scalars η, ξ. We
aim to obtain the unbroken Z2 subgroup as a residual symmetry. This can be accomplished
by the following VEV alignments of η and ξ components

⟨η1⟩ = v2√
2
, ⟨η2⟩ = 0 = ⟨η3⟩ ,

⟨ξ1⟩ = u, ⟨ξ2⟩ = 0 = ⟨ξ3⟩ . (2.1)

Under the residual Z2 symmetry, these fields transform as

η1 → +η1 , η2 → −η2, η3 → −η3 ,

ξ1 → +ξ1 , ξ2 → −ξ2, ξ3 → −ξ3 . (2.2)

The SM H, being a singlet of A4 transforms as H → +H under the residual Z2, and
hence ⟨H⟩ = v1√

2 . After the SSB, the SU(2)L doublet scalars H, ηi and singlet scalar ξi

can be expressed as

H =
(

H+

v1+ϕ1+iσ1√
2

)
, η1 =

(
η+

1
v2+ϕ2+iσ2√

2

)
, η2 =

 η+
2

ηR
2 +iηI

2√
2

 , η3 =

 η+
3

ηR
3 +iηI

3√
2

 ,
ξ1 = u+ ϕ3, ξ2 ≡ ξR

2 , ξ3 ≡ ξR
3 , (2.3)

where ϕ1, ϕ2, ϕ3, η
R
2 , η

R
3 , ξ

R
2 , ξ

R
3 are CP even particles, whereas CP odd particles are σ1, σ2, η

I
2 , η

I
3 .

The SM VEV is given by
√
v2

1 + v2
2 = vSM ≈ 246 GeV.

One can compute the scalar mass spectrum from the scalar potential,

V = VH + Vη + Vξ + VHη + VHξ + Vηξ + VHηξ + h.c. . (2.4)

See eq. (A.2) in appendix A for the complete description of the potential. We want to mention
that, unlike the scenario in ref. [26], the fields η2 and η3 do not mix in the present framework.
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This distinction arises because, in this model, η is charged under U(1)B−L, which forbids
terms such as η3H, ensuring that no mixing occurs between η2 and η3. The real component
of the scalar η mixes with the real scalar ξ, with ηR

2 mixing with ξR
2 and ηR

3 with ξR
3 .

The mass matrices are given as follows:

M2
2R =

[
Λη2v

2
2 − α2u

2 α1v2u

α1v2u Λξ2u
2 − α3v

2
2

]
, M2

3R =
[
Λη2v

2
2 − α3u

2 α1v2u

α1v2u Λξ2u
2 − α2v

2
2

]
. (2.5)

The details about these mass matrices and the mass spectrum of other scalars of the model
have been presented in the appendix A. The ηR

2 mixes with ξR
2 and after the mixing the

mass eigenstates χ1 and χ2 are given as follows

χ1 = cos θ2η
R
2 + sin θ2ξ

R
2 , χ2 = − sin θ2η

R
2 + cos θ2ξ

R
2 . (2.6)

The mixing angle is given by

tan 2θ2 = 2α1v2u

Λξ2u
2 − Λη2v

2
2 + α2u2 − α3v2

2
. (2.7)

The mass eigenvalues corresponding to the mass eigenstates can be written as follows

m2
1R =

(
Λη2v

2
2 − α2u

2
)

cos2 θ2 +
(
Λξ2u

2 − α3v
2
2

)
sin2 θ2 − 2α1v2u sin θ2 cos θ2 ,

m2
2R =

(
Λη2v

2
2 − α2u

2
)

sin2 θ2 +
(
Λξ2u

2 − α3v
2
2

)
cos2 θ2 + 2α1v2u sin θ2 cos θ2 . (2.8)

Similarly, ηR
3 mixes with ξR

3 and after the mixing the mass eigenstates χ3 and χ4 are given
as follows

χ3 = cos θ3η
R
3 + sin θ3ξ

R
3 , χ4 = − sin θ3η

R
3 + cos θ3ξ

R
3 . (2.9)

The mixing angle in this case is given by

tan 2θ3 = 2α1v2u

Λξ2u
2 − Λη2v

2
2 + α3u2 − α2v2

2
. (2.10)

The mass eigenvalues corresponding to the mass eigenstates can be written as follows

m2
3R =

(
Λη2v

2
2 − α3u

2
)

cos2 θ3 +
(
Λξ2u

2 − α2v
2
2

)
sin2 θ3 − 2α1v2u sin θ3 cos θ3 ,

m2
4R =

(
Λη2v

2
2 − α3u

2
)

sin2 θ3 +
(
Λξ2u

2 − α2v
2
2

)
cos2 θ3 + 2α1v2u sin θ3 cos θ3 . (2.11)

For a small mixing between the dark scalar particles, χ1 and χ3 will primarily behave as
doublet scalars, while χ2 and χ4 will predominantly exhibit singlet nature. This follows from
eqs. (2.6) and (2.9), which reduce to χ1,3 ∼ ηR

2,3 and χ2,4 ∼ ξR
2,3 in the limit of small mixing.

Hence, in the scalar DM case, we will have two different types of DM candidates that will
provide different natures of the DM particle (see section 4). For the sake of definiteness, we
have taken χ1 (χ2) as doublet (singlet) DM candidates, making them the lightest particle
in the dark sector. Note that taking χ3 and χ4 as a DM candidate will not change the
results of our analysis.
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Figure 2. Correlation between the upper bound of dark sector scalar masses and singlet scalar VEV.

In figure 2, we have shown a correlation of the maximum value of the mass of dark
sector particle, mmax

iR , with the singlet scalar VEV, ⟨ξ1⟩ = u. The numerical values of other
parameters are chosen such that miR is the maximum for a given value of u. Since, the
doublets VEV follows

√
v2

1 + v2
2 = vSM and λ has perturbativity limit, the maximum value

of scalars masses (miR; i = 1, 2, 3, 4) is governed by u. While performing the numerical
analysis, we observed that there is an upper limit on u (∼ 100 GeV), beyond which the
neutrino oscillation data can no longer be explained, as discussed in section 3. The limit
on u will restrict the dark scalar masses m1R and m2R to be ≈ 700 GeV,2 and ≈ 900 GeV,
respectively. A Similar behavior is observed for m3R and m4R, as their analytical expressions
closely resemble those of m1R and m2R. Hence, the DM candidate in our model has an upper
bound ≤ 700GeV.3 This specific feature of our model arises directly from the A4 → Z2
breaking, distinguishing it from conventional Dirac scotogenic and scoto-seesaw models.

2.2 Yukawa sector

Referring to the charge assignments specified in table 1, the Yukawa Lagrangian governing
the leptonic sector can be expressed as follows

−Ly = y11(L1)1H(eR1)1 + y22(L2)1′′H(eR2)1′ + y33(L3)1′H(eR3)1′′ + y1(L1)1(η̃NR)1

+ y2(L2)1′′(η̃NR)1′ + y3(L3)1′(η̃NR)1′′ + y′1(NLξ)1(νR1)1 + y′2(NLξ)1′(νR2)1′′

+M(NLNR)1 + h.c. (2.12)

Exploiting the A4 multiplication rule (see appendix B), we can simplify eq. (2.12) as

−Ly = y11L1HeR1 + y22L2HeR2 + y33L3HeR3 + y1L1 (η̃1NR1 + η̃2NR2 + η̃3NR3)

+ y2L2
(
η̃1NR1 + ωη̃2NR2 + ω2η̃3NR3

)
+ y3L3

(
η̃1NR1 + ω2η̃2NR2 + ωη̃3NR3

)
2Note that, as pointed out in [26], scalar masses also have an upper bound, but this arises solely from

the perturbativity constraint. In contrast, in the present model, the upper bound is determined by both the
perturbativity limit and the restriction on the value of u imposed by neutrino observables.

3It is important to point out that even if the DM candidate is a fermion, this mass limit still applies as the
DM candidate has to be the lightest in the dark sector particles.
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FIG. 1:

〈H〉

Li NR2,3
νR jNL2,3

χq χq

Z2

FIG. 2:

〈η1〉 〈ξ1〉

Li NR1
νR jNL1

FIG. 3

Q
→→⟨η⟩, ⟨ξ⟩⟨η⟩, ⟨ξ⟩

(1,1′,1′′) (1,1′,1′′)(3) (3)

(3) (3)

(1)

(+) (+)

(+) (+)(+,+,+) (+,+,+)

(+)

(−) (−)

(−) (−)(+,+,+) (+,+,+)

(+) (+)

(+) (+)(+,+,+) (+,+,+)

(+)

(−) (−)

(−) (−)(+,+,+) (+,+,+)

2

Figure 3. Breaking of A4 → Z2 leading to a scoto inverse-seesaw mass mechanism. The residual Z2
stabilizes the DM candidate running inside the loop. We have shown the A4 (Z2) charges in the left
(right) panel of the diagram.

+ y′1

(
NL1ξ1 +NL2ξ2 +NL3ξ3

)
νR1 + y′2

(
NL1ξ1 + ωNL2ξ2 + ω2NL3ξ3

)
νR2

+M(NL1NR1 +NL2NR2 +NL3NR3) + h.c. (2.13)

where yii, yi (i = 1, 2, 3) and y′j , (j = 1, 2) are the Yukawa couplings, ω is the cubic root of
unity and M is the Dirac mass term of the BSM fermions. With this specific charge assignment,
the mass matrix for charged leptons becomes diagonal. Consequently, the observed oscillation
and mixing patterns of leptons originate solely from the neutrino sector as discussed next.

2.3 Neutrino masses

One of the primary objectives of the scoto-seesaw mechanism [8] is to account for the two
observed neutrino mass-squared differences in oscillation experiments. To explain neutrino
masses, we break the A4 symmetry through the VEVs of η1 and ξ1. Consequently, this
symmetry breaking divides the loop into two distinct segments: the type-I-like seesaw and the
scoto-loop, as shown in figure 3. The A4 (Z2) charges before (after) symmetry breaking are
shown in figure 3. The breaking of the A4 symmetry and the emergence of Z2 odd charges
in the scoto-loop plays a very crucial role in generating neutrino masses and stabilizing
the DM candidates. At the tree level, the (6 × 6) mass matrix in the basis (νLi , NLj ) and
(νRi , NRj )T , (where i , j = 1, 2, 3) is given by

Mν =



0 0 0 y1v2√
2 0 0

0 0 0 y2v2√
2 0 0

0 0 0 y3v2√
2 0 0

y′1u y
′
2u 0 M 0 0

0 0 0 0 M 0
0 0 0 0 0 M


, (2.14)
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=
(

0 MD

µ M

)
, (2.15)

where,

µ =

y
′
1u y

′
2u 0

0 0 0
0 0 0

 , MD = 1√
2

y1v2 0 0
y2v2 0 0
y3v2 0 0

 , M =

M 0 0
0 M 0
0 0 M

 . (2.16)

Now, in the limit, M ≫ y′ju, yiv2 (j = 1, 2 and i = 1, 2, 3), the light Dirac neutrino mass
matrix can be written as

−m(1)
ν = MDM−1µ = v2u√

2M

y1y
′
1 y1y

′
2 0

y2y
′
1 y2y

′
2 0

y3y
′
1 y3y

′
2 0

 . (2.17)

The resulting neutrino mass is proportional to the µ-matrix, where u is the VEV of the
singlet field ξ. Since u can take very small values, this feature is characteristic of the inverse
seesaw mechanism [36], which will be discussed in the next section. It is noteworthy that the
rank of m(1)

ν is one, implying that only one of the neutrinos acquires mass at the tree level.
Note that, even when we take the one-loop contribution associated with N1 into account,

the texture zeros of eq. (2.17) remain symmetry protected. This results in an additional
mass matrix with a similar structure to eq. (2.17). It is due to the fact that the residual
Z2 symmetry remains unbroken, and as a consequence, mixing between the first generation
singlet fermion N1 (even under Z2) and the other generations N2, N3 (odd under Z2) is
forbidden. Similarly, mixing between scalars η1 or ξ1 (even under Z2) and the dark scalars
η2,3 or ξ2,3 (odd under Z2) are also not allowed by this residual symmetry. As a result, the
loop correction do not induce any new non-zero entries in the neutrino mass matrix; the zero
entries remain protected by symmetry. The loop induced corrections affect only the non-zero
elements of the tree-level mass matrix in eq. (2.17), which can be effectively absorbed into a
redefinition of the Yukawa couplings. We do not explicitly include these loop contribution in
our analysis. Thus, the overall structure of the mass matrix remains unchanged and only
one neutrino mass can be generated at this stage.

The additional neutrino masses can be generated at the loop level from the scoto-loop
mechanism. The loop contribution is given by

(Mν)ij =
3∑

k=1
YikY

′
jk(c2 + c3) , (2.18)

where, Yik and Y ′
jk are Yukawa couplings and

c2 = M

32π2 sin(2θ2)
[

m2
1R

m2
1R −M2 ln

(
m2

1R

M2

)
− m2

2R

m2
2R −M2 ln

(
m2

2R

M2

)]
,

c3 = M

32π2 sin(2θ3)
[

m2
3R

m2
3R −M2 ln

(
m2

3R

M2

)
− m2

4R

m2
4R −M2 ln

(
m2

4R

M2

)]
. (2.19)

– 9 –



J
H
E
P
1
0
(
2
0
2
5
)
0
8
8

The Yukawa couplings Yik and Y ′
jk are as follows

Y11 = y1, Y12 = y1, Y13 = y1, Y21 = y2, Y22 = ωy2, Y23 = ω2y2 ,

Y31 = y3, Y32 = ω2y3, Y33 = ωy3 ,

Y ′
11 = y′1, Y ′

12 = y′1, Y ′
13 = y′1, Y ′

21 = y′2, Y ′
22 = ωy′2, Y ′

23 = ω2y′2 . (2.20)

Hence, from the loop contribution, the neutrino mass matrix elements are given by

(Mν)11 = y1y
′
1 (c2 + c3) , (Mν)12 = y1y

′
2

(
ωc2 + ω2c3

)
, (Mν)13 = 0 ,

(Mν)21 = y2y
′
1

(
ωc2 + ω2c3

)
, (Mν)22 = y2y

′
2

(
ω2c2 + ωc3

)
, (Mν)23 = 0 ,

(Mν)31 = y3y
′
1

(
ω2c2 + ωc3

)
, (Mν)32 = y3y

′
2 (c2 + c3) , (Mν)33 = 0 . (2.21)

Thus, the light neutrino mass matrix arising from the scoto-loop level can be expressed as

m(2)
ν =

y1y
′
1d1 y1y

′
2d2 0

y2y
′
1d2 y2y

′
2d3 0

y3y
′
1d3 y3y

′
2d1 0

 , (2.22)

where, d1 = c2 + c3, d2 = ωc2 + ω2c3, and d3 = ω2c2 + ωc3. Combining the contributions
originating from both the tree-level seesaw and the scoto-loop, known as the “scoto-seesaw”
scenario, yields the expression for the light neutrino mass matrix as follows:

m(T OT )
ν = m(1)

ν +m(2)
ν ≡


y1y

′
1

(
d1 − v2u√

2M

)
y1y

′
2

(
d2 − v2u√

2M

)
0

y2y
′
1

(
d2 − v2u√

2M

)
y2y

′
2

(
d3 − v2u√

2M

)
0

y3y
′
1

(
d3 − v2u√

2M

)
y3y

′
2

(
d1 − v2u√

2M

)
0

 . (2.23)

In the matrix m(T OT )
ν , d1 is a real parameter whereas d2 and d3 are complex and conjugate

to each other due to the presence of ω. Due to the U(1)B−L charge assignment (see table 1),
νR3 has been decoupled. Therefore, it is evident that within our model, only two neutrinos
acquire mass, while one remains massless. This finding remains consistent with the neutrino
oscillation data.

3 Neutrino sector predictions

In this section, we discuss the numerical results concerning the neutrino sector. We start
by analyzing the features of neutrino mass matrices in our model. The tree-level neutrino
mass matrix given in eq. (2.17) is proportional to the factor u/M . In this model, ξ being
a singlet of SU(2)L, its VEV ⟨ξ⟩ = u can be chosen arbitrarily. Note that in the type-I
seesaw mechanism, right-handed neutrino masses are typically around ∼ 1012 GeV for O(1)
Yukawa couplings. In contrast, within this framework, the freedom to choose the value of u
allows us to reduce the fermion mass M to a desired value while maintaining a fixed u/M

ratio. This is similar to the inverse seesaw mass mechanism [35], where a small fermion
mass is achieved by introducing a small µ parameter, often referred to as the lepton number
violating parameter. In our framework, this scenario is realized by inducing a VEV for
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ξ, leading us to refer to it as the “inverse seesaw” mass mechanism. As discussed earlier,
the two mass-squared differences, ∆m2

sol and ∆m2
atm, are generated at the loop level (via

the scotogenic mechanism) and tree level, respectively. Due to the A4 symmetry in our
model, both the loop and tree level contributions involve the same Yukawa couplings. For
O(1) Yukawa couplings, the mass parameter M is bounded from above (typically ∼ a few
TeV), which also constrains the VEV u (to ∼ 100 GeV) to simultaneously satisfy both the
mass-squared differences. This upper bound on u has direct implications for the scalar mass
spectrum, as illustrated in figure 2, and significantly affects the “dark sector” by restricting
the parameter space available for viable DM candidates (see section 4).

We now turn to the numerical analysis of the neutrino sector. For our analysis, we
consider two benchmark scenarios:

Case − I : y1 = y′1 and y2 = y′2 ,

Case − II : y3 = ϵ y2, ϵ = (0, 1) . (3.1)

It is worth noting that our analysis is consistent with the latest global fit data [5–7]. In our
model, one of the neutrinos is massless. Once the constraints from the two mass-squared
differences are imposed, the neutrino mass spectrum becomes fully determined for both
normal ordering (NO) and inverted ordering (IO). This prediction of a massless neutrino
also leads to precise predictions for other neutrino sector observables in both NO and IO
cases, as we discuss below.

3.1 Normal ordering

For NO, m3 > m2 > m1 and as the m1 = 0 in our scenario, we find m3 and m2 using
global-fit data [5–7] as

∆m2
31 = 2.55 × 10−3 eV2, ∆m2

21 = 7.5 × 10−5 eV2 ,

=⇒ m3 = 5.05 × 10−2 eV, m2 = 8.66 × 10−3 eV . (3.2)

Sum of neutrino masses confined to a narrow range, ∑mi ∈ [0.058, 0.061] eV, which we
obtain by varying ∆m2

ij into their 3σ ranges [5–7]. This value is consistent with the Planck
data [3] as well as with the recent DESI result [40]. Furthermore, the effective neutrino
mass ⟨mβ⟩ is defined as:

⟨mβ⟩ ≡
√∑

j

|Uej |2m2
j =

√
c2

12c
2
13m

2
1 + s2

12c
2
13m

2
2 + s2

13m
2
3 , (3.3)

where cij = cos θij and sij = sin θij and that falls in the range ⟨mβ⟩ ∈ [8.26, 9.57] meV.
This value is consistent with the expected sensitivity of KATRIN [41]. In addition to the
constrained values of both ∑mi and ⟨mβ⟩, they exhibit a correlation with each other as
shown in figure 4. Predictions for the CP-violating phase δCP and its correlation with the
atmospheric mixing angle θ23 are displayed in the left panel of figure 5 for case-I, while the
prediction for case-II is shown in the right panel. For comparison, the latest global analysis of
neutrino oscillation data [6] is included, represented by the cyan-colored contours in figure 5,
with the best-fit value indicated by a black dot.
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Figure 4. Correlation between sum of neutrino masses
∑
mi and effective mass ⟨mβ⟩ of beta decay

in the NO case.

36 38 40 42 44 46 48 50 52 54
0.

0.5

1.

1.5

2.

θ23 [deg]

δ
C
P
/π

1σ

2σ

3σ

36 38 40 42 44 46 48 50 52 54
0.

0.5

1.

1.5

2.

θ23 [deg]

δ
C
P
/π

1σ

2σ

3σ

Figure 5. Correlation between δCP and θ23 for NO, where left (right)-panel represents case-I (-II).

From case-I, we observe a sharp and well-defined correlation between the CP-violating
phase δCP and the atmospheric mixing angle θ23, with predictions clustering closely around
the global best-fit value, i.e., δCP ∼ π. Interestingly, this correlation exhibits a bifurcated
structure, with two distinct branches centered near δCP = π. Notably, this case excludes
CP-conserving values (δCP = π) for a portion of the lower octant, specifically for θ23 ≤ 42◦.
Furthermore, the latest global analysis of neutrino oscillation data disfavors the model
predictions for θ23 ≲ 41◦ and θ23 ≳ 51◦. In contrast, for case-II, the model predictions are
found to be incompatible with the global-fit data at the 1σ confidence level. In particular,
the CP-violating phase values in the range 0.1π ≲ δCP ≲ 0.7π are disfavored even at the
3σ confidence level. However, the model remains viable at the 2σ confidence level when
the CP values lie in the second or the third quadrants, offering a window for experimental
verification in future neutrino oscillation studies.
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Figure 6. Model Predictions in the IO case. Left panel: correlation between
∑
mi and ⟨mβ⟩. The

gray band depicts the cosmology limit. Right panel: correlation between neutrino masses, m1 and m2.

3.2 Inverted ordering

For IO, it is noteworthy that, unlike the Majorana case [26], where IO was forbidden, in this
Dirac neutrino formalism, IO is permitted and remains consistent with the observed neutrino
oscillation data. As in IO, neutrino mass ordering follows m2 > m1 > m3, hence the lightest
one, m3 = 0 for this case. Imposing ∆m2

ij constraint, we find m1 and m2 are as follows:

∆m2
31 = −2.45 × 10−3 eV2, ∆m2

21 = 7.5 × 10−5 eV2 ,

=⇒ m1 = 4.950 × 10−2 eV, m2 = 5.025 × 10−2 eV . (3.4)

In this case, we also find stringent range values for the sum of neutrino masses ∑mi and
the effective mass of the beta decay ⟨mβ⟩ and are given as follows:∑

mi ∈ [0.098, 0.101] eV, ⟨mβ⟩ ∈ [0.048, 0.050] eV ,

which are consistent with the Planck results [3] and expected sensitivity of KATRIN [41],
respectively. In the left panel of figure 6, we show the correlation of ∑mi and ⟨mβ⟩ with
each other. In addition, there is a strong correlation between neutrino masses m1 and m2
as shown in the right panel of figure 6. Note that, unlike the NO, where m1 = 0 ≃ m2,
leading to no observable correlation, the IO has m3 = 0 with m1 and m2 being relatively
large, resulting in a strong correlation between them.

In figure 7, we present the correlation between δCP and θ23 in the case of IO, for the
two benchmark scenarios defined in eq. (3.1). From the left panel, corresponding to case-
I, we observe a pattern where the model predicts two distinct branches of solutions for
δCP. However, one of these branches is excluded by the latest global analysis of neutrino
oscillation data. The parameter space consistent with current experimental constraints can
be summarized as θ23 ∈ [41◦, 51◦] and δCP ∈ [1.5π, 2π]. In the right panel, which shows
case-II, we find that the model predicts a broader range of allowed values for δCP compared
to case-I. Specifically, the compatible region extends over δCP ∈ [0.9π, 2π], while the allowed
range for θ23 remains similar to that of case-I. This suggests that case-II is more flexible
in accommodating current neutrino data within the IO scenario.
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Figure 7. Same as figure 5, but for IO.

4 Dark sector results

We now turn our attention to the DM phenomenology of our model. In the early universe,
all the particles in the dark sector are in thermal equilibrium with the SM fields due to
the production-annihilation processes depicted in appendix C. As the universe expands and
cools, the temperature drops. For unstable particles, there is a threshold temperature below
which the thermal bath lacks sufficient energy to produce them, while their annihilation and
decay processes continue, leading to their eventual disappearance. However, the lightest
particle of the dark sector remains stable. Once this stable particle decouples from the
thermal bath, its relic density becomes ‘freezed out’. This relic density can be computed
and compared with observations from the Planck satellite data [3]. The current observed
value for the DM relic density, as measured by Planck data, is 0.1126 ≤ Ωh2 ≤ 0.1246 at the
3σ confidence level [3]. This class of DM candidates could potentially be probed through
nuclear recoil experiments such as XENONnT [42] and LZ [43]. In our model, we have both
scalar and fermionic DM candidates. In the scalar sector, the viable DM candidates include
the lightest neutral, predominantly doublet dark scalars (χ1,3), as well as the predominantly
singlet dark scalars (χ2,4). On the other hand, the fermionic DM candidates are represented
by the neutral fermions (N2,3). The stability of the lightest dark sector particle is ensured
by the residual Z2 symmetry.

As we have discussed in section 2.1, the mass of the scalar is related to the VEV of the
singlet scalar (u) as shown in figure 2. From the neutrino sector analysis, we find that there
is an upper bound for u ∼ 100 GeV. This limit of VEV restricts the dark scalar mass to be
around 700 GeV. Hence, in our model, the mass of the DM can not be greater than this
value. Here, we would like to mention that in our numerical analysis of the dark sector as
well as in LFV, we have presented the general scan and then shaded the region with the red
color, which is not allowed by the neutrino oscillation constraints.

Furthermore, we have imposed the collider constraint from LHC and LEP (LEP-I and
LEP-II), which have a significant impact on the viable parameter space of the DM mass.
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Parameter Range Parameter Range
λ1 [10−4,

√
4π] ληl

[10−8,
√

4π]
λξk

[10−8,
√

4π] |λHηi | [10−8,
√

4π]
|λHξm | [10−8,

√
4π] |ληξn | [10−8,

√
4π]

|κ| [10−8, 30] GeV u [10−4, 105] GeV
MNi [10, 1012] GeV yi, y′j [10−6, 10−1]

Table 2. The ranges of values used in the numerical scan for the dark sector results correspond
to the indices i = 1, 2, 3, j = 1, 2, k = 1, 2, 3, 4, 5, l = 1, 2, 3, 4, 6, 7, 9, 10, 11, 12, m = 1, 2, and
n = 1, 2, 4, 5, 8, 9, 11, 12, 14, as defined in the scalar potential given in appendix A.

• The most important LHC limit comes from the possibility of Higgs’ “invisible decay” to
dark sector particles. The Higgs invisible decay comes through the channel h1 → χiχj

(i, j = 1, 2, 3, 4). The current bound for the branching ratio of the Higgs invisible decay
from LHC data has a limit [44]:

BR(h1 → inv) < 0.145. (4.1)

• The LEP-I measurements rule out SM gauge boson decays into dark sector particles [45,
46]. This condition leads to the following lower limit on the dark sector scalar masses:

m
η

R/I

2/3
+mη±

2/3
> MW , mηR

2/3
+mηI

2/3
> MZ , mη±

2/3
+mη∓

2/3
> MZ . (4.2)

• Chargino searches in LEP-II in the context of singly-charged scalar production e+e− →
η±2/3η

∓
2/3 can be adapted to our analysis to set the limits [47] given by

mη±
2/3

> 70 GeV . (4.3)

We performed a detailed numerical scan with input parameters given in table 2.
In appendix C, we present the relevant Feynman diagrams corresponding to the annihila-

tion and co-annihilation channels that contribute to the relic density of the DM candidate.
Additionally, we include diagrams associated with the direct detection (DD) prospects of
the DM. For scalar DM, direct detection occurs at the tree level via Higgs and Z-boson
exchange. In contrast, fermionic DM does not couple directly to the quarks at the tree level,
and its DD interactions arise only at the loop level.

4.1 Doublet scalar DM

Results for the doublet scalar DM (χ1) are discussed in this section. Note that considering
χ3 as a DM candidate will have the same results as the DM candidate χ1. In the left panel
of figure 8, the dependence of the DM relic density on the mass of the doublet DM m1R

has been shown. The blue points represent the 3σ range of the relic density for doublet DM
as measured by the Planck collaboration. The olive green and gray points represent the
over-abundant and under-abundant relic density, respectively. Our analysis reveals that the
blue points span a wide mass range from 10 GeV to approximately 3 TeV. The right side of
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Figure 8. Predictions for the doublet DM candidate χ1. The left panel shows relic density and the
right panel shows WIMP-nucleon cross section vs doublet scalar DM mass m1R. The red shaded
region is constrained by neutrino oscillation data.

figure 8 illustrates the relationship between the spin-independent WIMP-nucleon cross-section
and the mass of the DM particle. Various colored lines in figure 8 denote the latest DD
upper bounds from the XENONnT collaboration [42], the LZ collaboration [43, 48], and the
PandaX-4T collaboration [49]. The black line signifies the lower limit corresponding to the
“neutrino floor” arising from coherent elastic neutrino scattering [50]. Observing the right
panel of figure 8, one can deduce that the blue points positioned below the constraints of
LZ are considered permissible based on considerations of relic density, LHC, LEP, and DD
constraints. Apart from these constraints, the DM mass has an upper bound ∼ 700 GeV (see
figure 2). Note that we pointed out in figure 2 that neutrino data could not be explained
for DM mass greater than 700 GeV, which we show by the red shaded region. Therefore,
the shaded region is ruled out for DM by neutrino oscillation constraints. Moreover, the
mass region up to around 85 GeV is excluded by collider constraints from the LHC and LEP.
Consequently, the doublet DM mass region is confined in the range 85 ≤ m1R ≤ 700 GeV,
satisfying neutrino, DM, as well as collider constraints.

4.2 Singlet scalar DM

We now consider the scenario in which the DM is primarily composed of the SU(2)L singlet
scalar, identified as χ2,4. In the following, we present our results for the DM candidate χ2,
representing the singlet scalar case, noting that the analysis and results for χ4 are qualitatively
similar. The left panel of figure 9 shows the dependence of the DM relic density on the
DM mass m2R. The color code remains the same as for the doublet scalar DM case. In
our analysis, we observe that for the singlet DM candidate, the correct relic density points
range from 20 GeV to 10 TeV of the DM mass. Hence, again constraining them from neutrino
oscillation, DM constraints, and collider constraints, the allowed mass region for singlet
DM is 20 ≤ m2R ≤ 700 GeV.

4.3 Fermionic DM

The results for the fermionic DM are presented in figure 10, demonstrating that the fermionic
DM is consistent with all current experimental constraints. When the mass of the dark fermion
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Figure 9. Predictions for the singlet scalar DM candidate χ2. The left panel shows relic density and
the right panel shows WIMP-nucleon cross section vs singlet scalar DM mass m2R.

Figure 10. Relic density as a function of fermionic DM mass MN2 has been presented.

is significantly smaller than that of the neutral doublet and singlet scalar, co-annihilation
channels contribute negligibly to the computation of relic density. Consequently, the relic
density is predominantly determined by fermion annihilation channels alone, leading to a
higher relic density. This behavior can be understood by looking at figure 8 of the ref. [26]. To
achieve the correct relic density, it is crucial to account for co-annihilation channels as well.

Importantly, it is observed that for the fermionic DM, the limitations from DD experiments
such as XENONnT, LZ, and PandaX-4T are not significant. This is attributed to the fact
that the fermionic DM candidate has no direct interaction with quarks at the tree level. It
is noteworthy that, within the parameter space explored, the fermionic DM candidate N2
with a mass range between 10 GeV to 5 TeV concurrently satisfies all the previously discussed
constraints. Again, implementing the neutrino oscillation constraints, this region will be
further narrowed down to the 10 ≤ MN2 ≤ 700 GeV.
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Figure 11. One loop feynman diagram for the process ℓα → ℓβγ.

5 Charged lepton flavor violation

The discovery of neutrino oscillations provides compelling evidence for the existence of charged
lepton flavor violating interactions [51]. In the SM, if neutrino masses originate similarly to
those of other fermions (via Yukawa interactions with the SM Higgs), charged lepton flavor
violating (CLFV) rates are expected to be extremely suppressed to practically unobservable
levels. For instance, the branching fraction for µ→ eγ decay is estimated to be of the order
of 10−54, significantly below the sensitivity threshold of any feasible experiment. However,
alternative mechanisms for neutrino mass generation could yield to potentially significant
CLFV effects. Extensive experimental efforts have been made to explore flavor-violating
decays of muons and tau leptons. Yet, as of the present date, no conclusive positive signals
have emerged from these experiments. Consequently, the absence of such signals has prompted
the establishment of stringent bounds on the branching ratios associated with these flavor-
violating decay processes. Presently, these limits stand at BR(µ → eγ) < 3.1 × 10−13 [52],
BR(τ → eγ) < 3.3 × 10−8 [53], and BR(τ → µγ) < 4.2 × 10−8 [54], respectively. Projections
indicate significant enhancements in the near future for detecting these decay processes,
with anticipated limits of BR(µ→ eγ) < 6 × 10−14 [55], BR(τ → eγ) < 9 × 10−9 [56], and
BR(τ → µγ) < 6.9 × 10−9 [56], respectively. The leading contribution to ℓα → ℓβγ arises at
the one-loop level through the mediation of the charged scalar η+

i as shown in the diagram
of figure 11. The branching ratio of this process is given by

Br(ℓα → ℓβγ) = Br (ℓα → ℓβνανβ) × 3αem

16πG2
F

∣∣∣∣∣∣
∑

i

YβiY
∗

αi

m2
η+

i

j

M2
Ni

m2
η+

i

∣∣∣∣∣∣
2

. (5.1)

We take the numerical values of Br (ℓα → ℓβνανβ), αem and GF from the PDG [57] and
j(x) is the loop function defined as

j(x) = 1 − 6x+ 3x2 + 2x3 − 6x2 log(x)
12(1 − x)4 . (5.2)

We have analyzed various CLFV rates corresponding to different DM candidates. In
figure 12, we show the resulting CLFV decay rates as a function of the mass for each viable
DM candidate in our model. The gray and olive green points represent regions of under-
abundance and over-abundance, respectively, while the blue points correspond to the correct
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Figure 12. The CLFV rates vs DM mass have been shown. 1st column: BR(µ→ eγ), 2nd column:
BR(τ → eγ), 3rd column: BR(τ → µγ). 1st row: doublet scalar DM mass, 2nd row: singlet scalar
DM mass, 3rd row: fermionic DM mass. The gray and olive green points represent regions of
under-abundance and over-abundance, respectively, while the blue points correspond to the correct
relic density.

relic density. Note that all three processes show similar behavior: their maximum values drop
as the DM mass increases. This behavior arises because DM is the lightest particle in the
dark sector. As its mass increases, the other dark sector particles also become heavier, which
lowers the CLFV rates, as can be seen from eq. (5.1). In our analysis, we identified viable
data points in the mass ranges of (63–150) GeV for the doublet scalar, (48–265) GeV for the
singlet scalar, and (50–160) GeV for the fermionic DM candidate, all of which satisfy the
previously discussed experimental constraints. Notably, these points lie between the current
experimental bounds and the projected future sensitivity for the decay µ→ eγ. However, for
the decay channels τ → eγ and τ → µγ, no points within our scanned parameter space fall
within the current or expected experimental limits. This is primarily due to the comparatively
weaker experimental bounds for these decay modes, which our model does not reach within
the explored parameter range. Thus, CLFV points that are both within experimental reach
and consistent with DM constraints appear only in a few distinct regions, making CLFV
measurements a valuable probe for testing our model.
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6 Conclusions

We propose a Dirac scotogenic-like model where DM stability arises from the breaking of an
A4 flavor symmetry. The same breaking also induces a “scoto inverse-seesaw” mechanism,
which combines a tree-level inverse-seesaw with a one-loop scotogenic contribution to generate
neutrino masses. The inverse seesaw mechanism at the tree level is enabled by the smallness
of the singlet VEV u. This framework naturally explains the observed neutrino mass-
squared differences, ∆m2

atm and ∆m2
sol, from oscillation data. The model also addresses

leptonic flavor patterns via the A4 symmetry. It includes right-handed neutrinos νR, SU(2)L

singlet fermions NL, NR, a singlet scalar ξ, and a doublet scalar η. Here, νR’s are A4
singlets, while all other BSM particles transform as A4 triplets. To forbid tree-level neutrino
couplings before symmetry breaking, we assign specific B −L charges (−4,−4, 5) to νR. The
breaking U(1)B−L → Z3 then ensures neutrinos remain Dirac in nature and results in one
massless neutrino.

Our model is compatible with both normal (NO) and inverted (IO) neutrino mass
orderings. In both cases, we find a strong correlation between the sum of neutrino masses∑
mi and the effective beta decay mass ⟨mβ⟩, with both quantities confined within narrow

ranges. For the IO scenario, neutrino masses exhibit particularly sharp correlations (see
right panel of figure 6). We also examine the correlation between the CP-violating phase
δCP and the atmospheric mixing angle θ23 for two benchmark scenarios. For NO, case-I
aligns more closely with the global best-fit value, whereas case-II remains consistent within
the 2σ range. For IO, both scenarios allow a broader range of δCP values, still compatible
with the best-fit value. These predictions provide testable signatures that can be probed
in upcoming neutrino oscillation experiments.

Constraints from neutrino oscillation data impose an upper bound on the VEV of the
singlet scalar u, which in turn limits scalar masses due to the requirement of perturbative
Yukawa couplings. These theoretical bounds significantly influence dark sector predictions,
restricting the DM mass to an upper limit of ∼ 700 GeV. Incorporating collider (LHC and
LEP) and DD constraints further narrows the viable DM parameter space. For doublet scalar
DM, the allowed mass range is 85 ≤ m1R ≤ 700 GeV, though the lower region is nearly
ruled out by DD bounds. Singlet scalar DM remains viable in the 20 ≤ m2R ≤ 700 GeV
range. Fermionic DM remains viable in the mass range 10 ≤ MN2 ≤ 700 GeV. Thus,
the model predicts DM candidates with masses confined to narrow, experimentally and
theoretically motivated windows.

We have also analyzed lepton LFV decays, such as µ→ eγ, for the three DM candidates
in our model. By comparing the predicted branching ratios with current limits from MEG,
BaBar, and Belle, as well as projected future sensitivities, we find that viable regions of
parameter space remain consistent with all LFV constraints. Overall, the flavor symmetry-
breaking framework not only ensures the stability of DM but also leads to a novel scoto
inverse-seesaw mechanism. This yields a unified and predictive framework for both neutrino
mass generation and DM phenomenology. As a result, the model offers tightly constrained
and testable predictions in both the neutrino and dark sectors, potentially verifiable in
upcoming experimental efforts.
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A Scalar potential and mass spectrum

In the scalar sector, the SU(2)L doublet H is a singlet under the A4 symmetry, while the
doublet η and the singlet ξ transform as triplets. The potential is formulated based on the
specified SU(2)L ⊗ U(1)Y and A4 charge assignment for the scalar fields

V = VH + Vη + Vξ + VHη + VHξ + Vηξ + VHηξ + h.c. . (A.1)

The individual terms in the potential are explicitly written as:

VH =µ2
HH

†H+λ1(H†H)2,

Vη =µ2
η(η†η)1+λη1(η†η)1(η†η)1+λη2(η†η)1′(η†η)1′′ +λη3(η†η†)1(ηη)1+λη4(η†η†)1′(ηη)1′′

+λη5(η†η†)1′′(ηη)1′ +λη6(η†η)31(η†η)31 +λη7(η†η)31(η†η)32 +λη8(η†η)32(η†η)32

+λη9(η†η†)31(ηη)31 +λη10(η†η†)31(ηη)32 +λη11(η†η†)32(ηη)31 +λη12(η†η†)32(ηη)32 ,

Vξ =µ2
ξ(ξξ)1+λξ1(ξξ)1(ξξ)1+λξ2(ξξ)1′(ξξ)1′′ +λξ3(ξξ)31(ξξ)31 +λξ4(ξξ)31(ξξ)32

+λξ5(ξξ)32(ξξ)32 ,

VHη =λHη1(H†H)(η†η)1+λHη2(H†η)3(η†H)3+λHη3(H†η†)3(ηH)3,

VHξ =λHξ1(H†H)(ξξ)1+λHξ2(H†ξ)3(ξH)3,

Vηξ = [ληξ1(η†η)1(ξξ)1+ληξ2(η†η)1′(ξξ)1′′ +ληξ3(η†η)1′′(ξξ)1′ ]

+[ληξ4(η†η)31(ξξ)31 +ληξ5(η†η)31(ξξ)32 +ληξ6(η†η)32(ξξ)31 +ληξ7(η†η)32(ξξ)32 ]

+[ληξ8(η†ξ)1(ηξ)1+ληξ9(η†ξ)1′(ηξ)1′′ +ληξ10(η†ξ)1′′(ηξ)1′ ]

+[ληξ11(η†ξ)31(ηξ)31 +ληξ12(η†ξ)31(ηξ)32 +ληξ13(η†ξ)32(ηξ)31 +ληξ14(η†ξ)32(ηξ)32 ],

VHηξ =κ(H†)1(ηξ)1+h.c. (A.2)

Now, following the A4 multiplication rule as given in eqs. (B.2) and (B.4), the expressions
given in eq. (A.2) can be simplified in the component form as

VH =µ2
HH

†H+λ1(H†H)2,

Vη =µ2
η(η†1η1+η†2η2+η†3η3)+(λη1 +λη2 +λη3 +2λη4)(η†1η1η

†
1η1+η†2η2η

†
2η2+η†3η3η

†
3η3)

+(2λη1−λη2 +λη10 +λη11)(η†1η1η
†
2η2+η†1η1η

†
3η3+η†2η2η

†
3η3)

+(λη3−λη4 +λη6)(η†2η3η
†
2η3+η†3η1η

†
3η1+η†1η2η

†
1η2+h.c.)

+(λη7 +λη9 +λη12)(η†2η3η
†
3η2+η†3η1η

†
1η3+η†1η2η

†
2η1),
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Vξ =µ2
ξ(ξ1ξ1+ξ2ξ2+ξ3ξ3)+(λξ1 +λξ2)(ξ1ξ1ξ1ξ1+ξ2ξ2ξ2ξ2+ξ3ξ3ξ3ξ3)

+(2λξ1−λξ2 +λξ3 +λξ4 +λξ5)(ξ1ξ1ξ2ξ2+ξ1ξ1ξ3ξ3+ξ2ξ2ξ3ξ3),

VHη = (λHη1 +λHη3)(H†Hη†1η1+H†Hη†2η2+H†Hη†3η3)

+λHη2(H†η1η
†
1H+H†η2η

†
2H+H†η3η

†
3H),

VHξ = (λHξ1 +λHξ2)
(
H†Hξ1ξ1+H†Hξ2ξ2+H†Hξ3ξ3

)
,

Vηξ = (ληξ1 +2ληξ2 +ληξ8 +2ληξ9)(η†1η1ξ1ξ1+η†2η2ξ2ξ2+η†3η3ξ3ξ3)

+(ληξ4 +ληξ5 +ληξ12 +ληξ8−ληξ9)(η†2η3ξ2ξ3+η†3η1ξ3ξ1+η†1η2ξ1ξ2+h.c.)

+(ληξ1−ληξ2 +ληξ11)(η†2ξ3η2ξ3+η†3ξ1η3ξ1+η†1ξ2η1ξ2)

+(ληξ1−ληξ2 +ληξ14)(η†3ξ2η3ξ2+η†1ξ3η1ξ3+η†2ξ1η2ξ1),

VHηξ =κ(H†η1ξ1+H†η2ξ2+H†η3ξ3)+h.c. . (A.3)

We can now compute the scalar mass spectrum of the model. The particles in the model
are classified as Z2 even or Z2 odd, on their transformation properties under A4. Since
the Z2 symmetry remains unbroken, only Z2 even particles mix among themselves, and
similarly, Z2 odd particles mix only with each other. The Z2 even particles (ϕ1, ϕ2, ϕ3) mix
with each other giving M2

H matrix. Similarly, the Z2 even particles (σ1, σ2) mix to give
the mass matrix M2

A, while (H±, η±1 ) mix to form the mass matrix M2
H± . The Z2 odd

particles (ηR
2 , ξ

R
2 ) and (ηR

3 , ξ
R
3 ) do mix as well as (η±2 , η±3 ) among themselves giving M2

2, M2
3

and M2
η±

2/3
mass matrices, respectively.

These matrices are as follows:

M2
H =

 2λ1v
2
1 − κv2u

v1
Λ12v1v2 + κu κv2 + 2λHξ1 + λHξ2v1u

Λ12v1v2 + κu 2Ληv
2
2 − κv1u

v2
2Λ23v2u+ κv1

κv2 + 2λHξ1 + λHξ2v1u 2Λ23v2u+ κv1 8Λξu
2 − κv1v2

u

 ,

M2
A =

[
−κv2u

v1
κu

κu −κv1u
v2

]
, M2

H± =

− (λHη2
2 v2

2 + κv2u
v1

)
λHη2

2 v1v2 + κu
λHη2

2 v1v2 + κu −
(

λHη2
2 v2

2 + κv1u
v2

) ,
M2

2R =
[
Λη2v

2
2 − α2u

2 α1v2u

α1v2u Λξ2u
2 − α3v

2
2

]
, M2

3R =
[
Λη2v

2
2 − α3u

2 α1v2u

α1v2u Λξ2u
2 − α2v

2
2

]
,

M2
η±

2/3
=
[
m±

2 0
0 m±

3

]
, M2

ηI
2/3

=
[
mI

2 0
0 mI

3

]
, (A.4)

where

m±
2 = −λHη2

2 v2
1 −

(3
2λη2 + λη3 + 2λη4 −

1
2λη10 + λη11

)
v2

2 − α2u
2,

m±
3 = −λHη2

2 v2
1 −

(3
2λη2 + λη3 + 2λη4 −

1
2λη10 + λη11

)
v2

2 − α3u
2,

mI
2 = (−3λη2 + λη10 + λη11 + λη7 + λη9 + λη12 − 4λη3 − 2λη4 − 2λη6) v

2
2
2

− κ
v1u

v2
+ (ληξ14 − 3ληξ2 − ληξ8 − 2ληξ9) v2

3,
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mI
3 = (−3λη2 + λη10 + λη11 + λη7 + λη9 + λη12 − 4λη3 − 2λη4 − 2λη6) v

2
2
2

− κ
v1u

v2
+ (ληξ11 − 3ληξ2 − ληξ8 − 2ληξ9) v2

3.

The following combinations of couplings have been used in above mass matrices

Λη ≡λη1 +λη2 +λη3 +2λη4 , Λξ ≡λξ1 +λξ2 ,

α2 ≡
κv1
v2u

+(3ληξ2 +ληξ8 +2ληξ9−ληξ14), α1 ≡
κv1
v2u

+ληξ4 +ληξ5 +ληξ12 +ληξ8−ληξ9 ,

Λ12 ≡λHη2 +λHη4 , Λ23 ≡ληξ1 +2ληξ2 +ληξ8 +2ληξ9 ,

Λη2 ≡λη6−
3
2λη2−3λη4 + 1

2λη10 +λη11 + 1
2λη7 +λη9 +λη12 , Λ3 ≡λξ3 + 1

2λξ4−
3
2λξ2 .

Λξ2 ≡ 2λξ3 +λξ4 +λξ5−6λξ2 , α3 ≡
κv1
v2u

+(3ληξ2 +ληξ8 +2ληξ9−ληξ11). (A.5)

B A4 symmetry and its multiplication rule

The A4 symmetry is a non-abelian discrete flavor group, corresponding to the even permutation
group of four objects. This symmetry is also the group of symmetries for a regular tetrahedron.
With its 12 elements, A4 can be generated by two generators, denoted as S and T , which
satisfy the following relations

S2 = T 3 = (ST )3 = I. (B.1)

A4 symmetry group features four distinct irreducible representations: one triplet, denoted as
3, and three singlets, labeled as 1, 1′, and 1′′. Their multiplication rules are as follows:

1 × 1 = 1 = 1′ × 1′′, 1′ × 1′ = 1′′, 1′′ × 1′′ = 1′,
1 × 3 = 3, 3 × 3 = 1 + 1′ + 1′′ + 31 + 32 . (B.2)

In the basis where generators S and T are real matrices, they are given by

S =

 1 0 0
0 −1 0
0 0 −1

 , T =

 0 1 0
0 0 1
1 0 0

 . (B.3)

If a = (a1, a2, a3) and b = (b1, b2, b3) are two triplets of A4, then they obey the following
multiplication rules [33, 61]

(ab)1 = a1b1 + a2b2 + a3b3 ,

(ab)1′ = a1b1 + ωa2b2 + ω2a3b3 ,

(ab)1′′ = a1b1 + ω2a2b2 + ωa3b3 ,

(ab)31
= (a2b3, a3b1, a1b2) ,

(ab)32
= (a3b2, a1b3, a2b1) .

(B.4)

Here, ω3 = 1, denotes a cube root of unity. The generator S remains invariant under
VEV alignments ⟨φ⟩ ∼ (v, 0, 0), which leads to the breaking of the A4 symmetry into its
subgroup Z2.

S⟨φ⟩ = ⟨φ⟩. (B.5)
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For a A4 triplet, any field ψ ≡ (a1, a2, a3)T transforms under S as follows

Sψ =

 1 0 0
0 −1 0
0 0 −1


 a1
a2
a3

 =

 a1
−a2
−a3

 (B.6)

Once A4 symmetry is broken, the Z2 residual symmetry for triplets N , η and ξ is given as

N1 → +N1 , η1 → +η1 , ξ1 → +ξ1 ,

N2,3 → −N2,3 , η2,3 → −η2,3 , η2,3 → −η2,3 . (B.7)

The remaining fields of our model are Z2 even, because they are singlets of A4 and transform
trivially under S.

C Annihilation, production and detection of DM

In this section, we present the possible Feynman diagrams that play an important role in
determining the relic density of different DM candidates, doublet and singlet scalar, as well
as fermion. In addition, we include Feynman diagrams for DD, for scalars at tree level, and
for fermionic DM at loop level. These Feynman diagrams serve to assist our understanding
of the dark sector results presented in section 4.
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Figure 13. Relevant diagrams for the computation of relic density of the scalar DM candidate
(continues . . . )
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Figure 13. Relevant diagrams for the computation of relic density of the scalar DM candidate
(continues . . . ).
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Figure 13. Relevant diagrams for the computation of relic density of the scalar DM candidate.
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N2 ν
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χ1/χ2

Figure 14. Relevant diagrams for the computation of relic density of the fermion DM candidate.
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2

Z

Figure 15. Relevant diagrams for the direct detection of the scalar DM candidate.1

q q
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FIG. 1: Direct detection at one loop level

Figure 16. Relevant diagrams for the direct detection of the fermion DM candidate.
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