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ABSTRACT: We present a Dirac scotogenic-like one loop radiative model where the stability of
dark matter is intricately linked to the breaking of A4 flavor symmetry. This breaking induces
a Zy dark symmetry, stabilizing the dark matter candidate. The breaking of A4 — Z5 leads
to cutting the loop and facilitating a “scoto inverse-seesaw” mass mechanism responsible
for neutrino mass generation. This elucidates the explicit explanation of two mass-squared
differences, Am2,,, and Am?2, observed in neutrino oscillations. Our model accounts for
normal and inverted ordering of neutrino masses, revealing sharp correlations between >_ m;
and (mg). It also shows strong compatibility with current data in the dcp—623 plane. Moreover,
stringent constraints on scalar masses narrow down the viable dark matter mass regions,
accommodating SU(2)y singlet and doublet scalar dark matter as well as fermionic dark
matter. Additionally, our model presents a viable avenue for addressing lepton flavor violating

decays while remaining consistent with current experimental constraints.
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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

2 2

2tm, and the solar, AmZ ;.

neutrino oscillation experiments [5—7] namely, atmospheric, Am
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,
Am?2,,, arises from scoto-loop, while Am2 | 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
Zy [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



(SSB) of A4 to its Z5 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 p-term. This naturally emerges in our formalism due to the presence of an SU(2),
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)p_; 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 v, [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 Ay
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, n and &, which are SU(2)7, doublet and singlet,
respectively, and both transform as triplets under the A4 symmetry. In this formalism, singlet
fermions Ny, and Ng are also introduced and transformed as triplets under the A4 symmetry.
We also add three right-handed neutrinos vg, which transform as singlets (1,1”,1’) under
the A4 symmetry. The SM Higgs doublet ® transforms as trivial singlet (1), the charged
lepton doublets L; and singlets eg, (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), ® 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)p_1, as well as their residual
subgroup 2 and Zj3, respectively. The charge assignments in table 1 ensure that, following
the A4 symmetry breaking by the VEVs of 1 and &, all the SM particles and vg,’s remain
even under the residual Z, symmetry. In contrast, the triplet BSM particles may acquire



Fields || SU(2), @ U(1)y Ay — 25 Ul)p-r — 23
L; (2, -1) (1,1, 1") = (+, +, +) -1 — w?
er, (1, -2) (1, 17, 1") = (+, 4+, +) -1 — w?

H (2, 1) 1 —+ 0—1
VR, (1, 0) (1,17, 1) = (+, +, +) || (-4, -4, 5) — w?
Ny, (1, 0) 3= (+, — —) -4 — w?
Ng (1, 0) 3= (+, — —) 4 — w?
n (2, 1) 3= (+,—, ) 31
3 (1, 0) 3= (+, — —) 0—1

Table 1. Field content and transformation properties of different fields under the SU(2); ® U(1)y,
Ay, and U(1) g_y, symmetry, where ¢ = 1,2, 3 represents generation indices.

odd charges under the residual Z5 symmetry. The components of A4 triplets i, £ and N
split into two, the first components transforming as even while the other components have
odd charges under Z,, 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)p_, breaks down to the residual Z3 subgroup,’ 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:

e The dimension-4 Dirac neutrino mass term of the form, L; H vR; and the bare Majorana
mass term, U VR, are prohibited by both the A4 and U(1) p—r, symmetries, except for
i = j = 1. Specifically, although the terms L1 Hvg, and v vg, are allowed by Ay, they
are forbidden due to the U(1)p_j, charge assignments.

e Similarly, the effective dimension-5 Weinberg operator I:fH HL;, which generates
Majorana neutrino masses, is forbidden by both the A4 and U(1)p_; symmetries,
except for ¢ = j = 1. The term corresponding to ¢ = 1 is allowed by the A4 but remains
forbidden by U(1)p_1, symmetry.

o The effective dimension-5 operator L; H VR;§, which generates Dirac neutrino masses, is
forbidden by both the A4 and U(1)p_;, symmetry.

e The effective dimension-5 operator L;n vg; &, where 4,7 = 1,2 is allowed by the
symmetries and requires UV-completion. This term emerges after the breaking of the
Ay symmetry, as shown in the top-right panel of figure 3.

!The explicit breaking of the U(1)p_z, symmetry arises from the cubic interaction term H 5 € in the scalar
potential. Here, H and £ carry zero B — L charge, while 1 has a charge of three. Consequently, this interaction
alters B — L in steps of three, leading to the breaking of U(1)p_1 in units of three. As a result, the residual
symmetry is the discrete subgroup Zs. Since B — L is violated in multiples of three, the transformations that
preserve the term HTnf must correspond to those where B — L charges differ by multiples of three. This
implies that the U(1)p_r phase factor, e’ B=1) is constrained such that !B~ = giae(B-L+43n) g any
integer n. This periodicity signifies that the continuous U(1)p_1 symmetry is broken down to the discrete
subgroup Zs.



¢ In this minimal setup, one neutrino remains massless because the Yukawa interaction
Y'Np&vg 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)z, singlet but Ay triplet scalar {9 with B — L charge —9, allowing the Yukawa term
yo N 1CoVR,. After SSB, (g acquires a VEV (ug, 0,0) preserving the Ay — Z5 breaking.
Then through the scoto-seesaw mechanism, we can generate a light Dirac neutrino mass
for the (vr,,vR,) 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 Z; 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 Zs symmetry assumes the role of the scotogenic dark symmetry. Consequently,
the lightest Z5 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 Z, 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 n, £&. We
aim to obtain the unbroken Z, subgroup as a residual symmetry. This can be accomplished
by the following VEV alignments of n and £ components

(m) = 725 (n2) = 0= (m3) ,
&) =mu, (&) =0=(&). (2.1)

Under the residual Z; symmetry, these fields transform as

n—>+n, M2 -N2, N3 —N3,
& —+&, S — =&, & — €. (2.2)

The SM H, being a singlet of A4 transforms as H — +H under the residual Z», and

hence (H) = % After the SSB, the SU(2); doublet scalars H, 7; and singlet scalar ¢;
can be expressed as

H o ny 5
H = vi+o1+ior | o M = | votoatios | 2 = n§+in£ 5 N3 = n§+in§ 5
V2 V2 V2 V2

G=utds, &L=& &G=¢F, (2.3)

where ¢1, ¢a, @3, nf, 7731?7 §2R, %’% are CP even particles, whereas CP odd particles are o1, 09, 7]5, ng.
The SM VEV is given by (/v +v3 = vsm ~ 246 GeV.
One can compute the scalar mass spectrum from the scalar potential,

V=Vg +Vy+ Ve + Vg + Ve + Vie + Ve +hec.. (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 12 and 73 do not mix in the present framework.



This distinction arises because, in this model, 7 is charged under U(1)p_p, which forbids
terms such as 73 H, ensuring that no mixing occurs between 7o and 73. The real component
of the scalar 7 mixes with the real scalar ¢, with 7§ mixing with &£ and 7£* with ¢£.

The mass matrices are given as follows:

A, 02 — agu? a1v9U A, 02 — agu? Qa1U2U
2 n2Y2 2 1v2 2 12 Y2 3 1V2

2 Q102U A52u2 — QU

Q1 UU Ag,u? — azv?

The details about these mass matrices and the mass spectrum of other scalars of the model
have been presented in the appendix A. The 74 mixes with &5 and after the mixing the
mass eigenstates y; and xo are given as follows

X1 = cos Oanht + sin 6268, xo = —sin Gand® 4 cos ol (2.6)

The mixing angle is given by

2001v9u

tan 26, = (2.7)

Agyu? — Apyvd + agu? — agvs

The mass eigenvalues corresponding to the mass eigenstates can be written as follows
m%R = (Amvg — a2u2> cos® 0y + (A52u2 — a;w%) sin® 0y — 20 vou sin Oy cos O ,

m%R = (An2v§ — a2u2) sin? 0, + (AEQUQ - Oég?)%) cos? 0y + 21 vau sin O cos O . (2.8)

Similarly, 77§12 mixes with E:If and after the mixing the mass eigenstates ys and x4 are given
as follows

X3 = €OS 0377;52 + sin 03{5, X4 = —sin O3nLt 4 cos 03{5. (2.9)
The mixing angle in this case is given by

2001v9U
tan 203 = 172

. 2.10
Ag,u? — Ap,v3 + asu? — v (2.10)

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

mip = (Amvg - a3u2) cos? 03 + (A§2u2 - agv%) sin? 03 — 20 vou sin O3 cos O3 ,

mZR = (Amvg — a3u2) sin? 65 + (A52u2 — a2v§> cos? 05 + 204 v9u sin O3 cos O3 . (2.11)

For a small mixing between the dark scalar particles, x; and ys will primarily behave as
doublet scalars, while o and y4 will predominantly exhibit singlet nature. This follows from
egs. (2.6) and (2.9), which reduce to x1,3 ~ 775?3 and x2.4 ~ 55%73 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 x1 (x2) as doublet (singlet) DM candidates, making them the lightest particle
in the dark sector. Note that taking y3 and x4 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, m/%™, with the singlet scalar VEV, (£1) = u. The numerical values of other
parameters are chosen such that m;g is the maximum for a given value of u. Since, the
doublets VEV follows w/v% + v% = vgym and A has perturbativity limit, the maximum value
of scalars masses (m;r; @ = 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 mir and map to be ~ 700 GeV,2 and ~ 900 GeV,
respectively. A Similar behavior is observed for mggr and mypg, as their analytical expressions
closely resemble those of mir and msag. Hence, the DM candidate in our model has an upper
bound < 700GeV.? This specific feature of our model arises directly from the A4, — Z
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(er, )1 + y22(La)1wH(ery )1 + y33(Ls)1 H(ery )17 + y1(L1)1(7NR)1
+ 2 (L)1 (INR)1 + y3(L3) 1 (INR) 1 + ¥1 (N L)1 (VR )1 + ya(N &)1 (VRy) 17
+ M(NLNg); + h.c. (2.12)

Exploiting the A4 multiplication rule (see appendix B), we can simplify eq. (2.12) as
—Ly =ynL1Heg, +yooLoHepr, + yssLsHer, + y1L1 (M Npg, + 72Npg, + 713NRg,)
+ 2Ly (ﬁlNRl + wipNg, + w2?73NR3) +y3L3 (771NRl + w2 Np, + Wﬁ:%NR:s)

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.

31t 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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Figure 3. Breaking of A4 — Z5 leading to a scoto inverse-seesaw mass mechanism. The residual Z,
stabilizes the DM candidate running inside the loop. We have shown the A4 (Z3) charges in the left
(right) panel of the diagram.

+ (NLlfl + Np,& + NL3§3> VR, + Y (NL1€1 +wNp,& + w2WL3§3) VR,
—|—M(NL1NR1 —I—NLZNRQ +NL3NR3) + h.c. (213)

where v, y;i (1 = 1,2,3) and yg, ( = 1,2) are the Yukawa couplings, w 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 Ay symmetry through the VEVs of n; and &. 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 Ay (Z2) charges before (after) symmetry breaking are
shown in figure 3. The breaking of the A4 symmetry and the emergence of Z, 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 x 6) mass matrix in the basis (v, N,) and

(yRi,NRj)T, (where i,j = 1,2,3) is given by
Y1v
0 00 \1/52 0 0
Y202
0 00 NG 0 0
Y3v2
M,=| 2 0055 00 (2.14)
yiuybu O M 0 0
0 00 0 MO
0 00 0 O0M



(0 Mp
(o) o

where,
yiu yhu 0 ) y1v2 00 M 0 0
p=10 00| Mp=—5p 00| M=|0M0 (2.16)
0 0O ysvg 00 0 0M

Now, in the limit, M > y}u, yiv2 (7 = 1,2 and i = 1,2,3), the light Dirac neutrino mass
matrix can be written as

y1yy y1yh 0

_ vo2u
—m{) = MpM~'p = NGiT; Y2y1 Y25 0 | (2.17)
Y3yl Y3y 0

The resulting neutrino mass is proportional to the p-matrix, where u is the VEV of the
singlet field €. 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 ml(,l) 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 N7 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
Z5 symmetry remains unbroken, and as a consequence, mixing between the first generation
singlet fermion Nj (even under Z5) and the other generations No, N3 (odd under Zs) is
forbidden. Similarly, mixing between scalars n; or &; (even under Z5) and the dark scalars
n2.3 or {23 (odd under Z3) 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

3
(My)ij =Y YaYjp(ca +c3), (2.18)
k=1
where, Y;;, and Yj’k are Yukawa couplings and
M mig mip mip mip
2= gop ) [mfR myTeR ( ) "o\ e )|

M m%R m%R mzziR mZR
3= 353 sin(263) [ng e In < a2 )~ R Ve In e . (2.19)




The Yukawa couplings Y;; and Yj’k are as follows

Yii=v1, Yio=v1, Yiz=uy1, Yo =12, Yoo =uwys, Yo3=uw?ys,
Va1 =y, Yao =w?ys, Yaz=wys,

Ylll = yiv Y1/2 = yiv Y1,3 = y£7 YQ,I = yév Y2,2 = Wyé7 }/2/3 = w2yé . (220)
Hence, from the loop contribution, the neutrino mass matrix elements are given by

(M) =1y (2 +¢3),  (My)iz = 1y (ch + w203) , My)z =0,
(My)21 = you1 (ch + w203) , (My)az2 = yauh (w262 + wcg) , (My)sz =0,
(My)s1 = ysy1 (w262 + wqa) ;o (My)sa =ysys (ca+c3), (My)sz3=0. (2.21)

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

y1y1d1 y1yada 0
m{?) = Yoyida Yaysds 0 | (2.22)
y3y1ds y3yadi 0

where, di = ¢ + ¢3, da = wea + w?es, and dz = w?es + weg. 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:

vy (d — 237 ) vivs (de — A7) O
w700 = m®) m®) = | ok (e~ ) s (05— ) 0| 229
ysy1 (ds — A5 ) wsya (di— 257 ) O
In the matrix ml(,TOT), di is a real parameter whereas ds and dz are complex and conjugate

to each other due to the presence of w. Due to the U(1)p_1, charge assignment (see table 1),
VR, 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, £ being
a singlet of SU(2)r, its VEV () = w can be chosen arbitrarily. Note that in the type-I
seesaw mechanism, right-handed neutrino masses are typically around ~ 10'2 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 p parameter, often referred to as the lepton number
violating parameter. In our framework, this scenario is realized by inducing a VEV for

,10,



&, leading us to refer to it as the “inverse seesaw” mass mechanism. As discussed earlier,

2

: 2
the two mass-squared differences, AmZ, and Amz; .,

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 —L:y; = ¢ and y =y,
Case — Il :y3 = €y2,e = (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 (I0). This prediction of a massless neutrino
also leads to precise predictions for other neutrino sector observables in both NO and 10
cases, as we discuss below.

3.1 Normal ordering

For NO, mg > mo > my and as the m; = 0 in our scenario, we find m3 and mo using
global-fit data [5-7] as

Am2, =255 x 1073 V2, Am3, =7.5x 107° eV?,
—  m3=505x10"26eV, ms=8.66x10"3¢V. (3.2)

Sum of neutrino masses confined to a narrow range, > m; € [0.058,0.061] eV, which we
obtain by varying Amgj into their 30 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 (mg) is defined as:

(mg) = |3 |UejPm? = \/yamd + stycdam} + stam3, (3.3)
J

where ¢;; = cosf;; and s;; = sin6;; and that falls in the range (mg) € [8.26,9.57] meV.
This value is consistent with the expected sensitivity of KATRIN [41]. In addition to the
constrained values of both } m; and (mg), they exhibit a correlation with each other as

shown in figure 4. Predictions for the CP-violating phase dcp and its correlation with the
atmospheric mixing angle 623 are displayed in the left panel of figure 5 for case-I, while the
prediction for case-1II 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 > m; and effective mass (mg) of beta decay
in the NO case.

dcp/n

[ JL o P P R I...‘...l...l. 0- \
36 38 40 42 44 46 48 50 52 54 36 38 40 42 44 46 48 50 52 54

613 [deg] 613 [deg]

Figure 5. Correlation between dcp and 6o for NO, where left (right)-panel represents case-1 (-IT).

From case-1, we observe a sharp and well-defined correlation between the CP-violating
phase dcp and the atmospheric mixing angle o3, with predictions clustering closely around
the global best-fit value, i.e., dcp ~ m. Interestingly, this correlation exhibits a bifurcated
structure, with two distinct branches centered near dcp = w. Notably, this case excludes
CP-conserving values (dcp = 7) for a portion of the lower octant, specifically for a3 < 42°.
Furthermore, the latest global analysis of neutrino oscillation data disfavors the model
predictions for o3 < 41° and o3 = 51°. In contrast, for case-II, the model predictions are
found to be incompatible with the global-fit data at the 1o confidence level. In particular,
the CP-violating phase values in the range 0.17 < dcp < 0.77 are disfavored even at the
3 o0 confidence level. However, the model remains viable at the 2 ¢ 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 Y m; and (mg). The
gray band depicts the cosmology limit. Right panel: correlation between neutrino masses, m; and my.

3.2 Inverted ordering

For 10, 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 ms > mj > mg, hence the lightest
one, m3 = 0 for this case. Imposing Am?j constraint, we find m and mo are as follows:

Am2, = —245x 1073 V2, Am, = 7.5 x 107° eV?,
—  m; =4950x10"2eV, mp=>5.025x10"2eV. (3.4)

In this case, we also find stringent range values for the sum of neutrino masses Y m; and
the effective mass of the beta decay (mg) and are given as follows:

Y m; €[0.098,0.101] ¢V, (mg) € [0.048,0.050] &V,

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 Y- m; and (mg) with
each other. In addition, there is a strong correlation between neutrino masses m; and my
as shown in the right panel of figure 6. Note that, unlike the NO, where m; = 0 ~ mo,
leading to no observable correlation, the IO has ms = 0 with my and mo being relatively
large, resulting in a strong correlation between them.

In figure 7, we present the correlation between dcp and 623 in the case of 10, 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
o0cp. 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 fo3 € [41°,51°] and dcp € [1.57,27]. In the right panel, which shows
case-11, we find that the model predicts a broader range of allowed values for dcp compared
to case-I. Specifically, the compatible region extends over dcp € [0.97, 27|, while the allowed
range for 03 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 I0.

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 < Qh? < 0.1246 at the
3o 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 (x1,3), as well as the predominantly
singlet dark scalars (x2.4). On the other hand, the fermionic DM candidates are represented
by the neutral fermions (/Na3). The stability of the lightest dark sector particle is ensured
by the residual Z5 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
A [10~4, /47| Ay [10~8, \/4n]
Ag, [10_87 \/ZE] ’)‘Hm‘ [10_87 \/E]
Mgl | 08VER] | el | (1078 Vi)
|k [1078,30] GeV U [107%,10°] GeV
My, [10,1012] GeV Yis U [1076,1071)

Table 2. The ranges of values used in the numerical scan for the dark sector results correspond
to the indices ¢ = 1,2,3, j = 1,2, k = 1,2,3,4,5, 1 = 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.

o 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 — x;X;
(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(hy — inv) < 0.145. (4.1)
o 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:

>Myz, m+ +m = > Mgy.

M3 May3 (4.2)

m m,_+ > M, m m
ny/s N 2/3 W s + s

e Chargino searches in LEP-II in the context of singly-charged scalar production ete™ —
772i/3n2$/3 can be adapted to our analysis to set the limits [47] given by

myx > 70 GeV .

2/3

(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 (x1) are discussed in this section. Note that considering
x3 as a DM candidate will have the same results as the DM candidate x;. In the left panel
of figure 8, the dependence of the DM relic density on the mass of the doublet DM mip
has been shown. The blue points represent the 3o 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 x1. The left panel shows relic density and the
right panel shows WIMP-nucleon cross section vs doublet scalar DM mass mir. 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 < mip < 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)y, singlet
scalar, identified as x24. In the following, we present our results for the DM candidate x2,
representing the singlet scalar case, noting that the analysis and results for y4 are qualitatively
similar. The left panel of figure 9 shows the dependence of the DM relic density on the
DM mass mogr. 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 < mop < 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 10. Relic density as a function of fermionic DM mass My, 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 No
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 < My, < 700 GeV.
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Figure 11. One loop feynman diagram for the process ¢, — 5.

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 u — ey decay is estimated to be of the order
of 10754, 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(u — ey) < 3.1 x 10713 [52],
BR(T — ey) < 3.3 x 1078 [53], and BR(T — uy) < 4.2 x 1078 [54], respectively. Projections
indicate significant enhancements in the near future for detecting these decay processes,
with anticipated limits of BR(u — ey) < 6 x 107 [55], BR(T — ey) < 9 x 1079 [56], and
BR(T — py) < 6.9 x 1079 [56], respectively. The leading contribution to £, — 37 arises at
the one-loop level through the mediation of the charged scalar 771-+ as shown in the diagram
of figure 11. The branching ratio of this process is given by

2
Yy YE [ M%
> Yk (m) B
+ +

i m

3aem
167TG%

Br(lo — €gy) = Br (lo — l3vaT3) X

We take the numerical values of Br (¢, = {31a73), Qe and Gr from the PDG [57] and

j(z) is the loop function defined as

(2) 1 — 62 + 322 + 223 — 622 log(x)
:E = .
J 12(1 — 2)°

(5.2)

We have analyzed various CLFV rates corresponding to different DM candidates. In
figure 12, we show the resulting CLF'V 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. st column: BR(u — ev), 2nd column:
BR(7 — ev), 3rd column: BR(T — wvy). 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 p — ey. However, for
the decay channels 7 — ey and 7 — w7y, 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
Ay 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 w. This framework naturally explains the observed neutrino mass-
squared differences, Am2. and Am2, from oscillation data. The model also addresses
leptonic flavor patterns via the A4 symmetry. It includes right-handed neutrinos vg, SU(2)[,
singlet fermions Ny, Np, a singlet scalar £, and a doublet scalar 1. Here, vp’s are Ay
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 vg. The
breaking U(1)p_7, — 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
>_m; and the effective beta decay mass (mg), 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
dcp and the atmospheric mixing angle 63 for two benchmark scenarios. For NO, case-I
aligns more closely with the global best-fit value, whereas case-1I remains consistent within
the 20 range. For 10, both scenarios allow a broader range of dcp 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 < mir < 700 GeV, though the lower region is nearly
ruled out by DD bounds. Singlet scalar DM remains viable in the 20 < mor < 700 GeV
range. Fermionic DM remains viable in the mass range 10 < My, < 700 GeV. Thus,
the model predicts DM candidates with masses confined to narrow, experimentally and
theoretically motivated windows.

We have also analyzed lepton LF'V decays, such as u — e, 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 LF'V 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.

— 20 —



Acknowledgments

Authors would like to acknowledge the SARAH-4.14.5 [58] and SPheno-4.0.5 [59] to compute all
vertex diagrams, mass matrices, and tadpole equations. Additionally, the thermal contribution
to the DM relic density, as well as the cross sections for DM-nucleon scattering, are evaluated
using micrOMEGAs-5.3.41 [60]. RK and SY would like to acknowledge the funding support
by the CSIR SRF-NET fellowship.

A Scalar potential and mass spectrum

In the scalar sector, the SU(2); doublet H is a singlet under the A4 symmetry, while the
doublet 1 and the singlet £ transform as triplets. The potential is formulated based on the
specified SU(2)r, ® U(1)y and Ay charge assignment for the scalar fields

V = VH+Vn+V§+VH77+VH§+V77§+VH,7§+}1.C.. (A.1)

The individual terms in the potential are explicitly written as:

Vg =p4H H+\ (H H)?,
Vi = i (') 1+ Ay (07 m) 1 (07 m) 14+ A, (1) 1 (1) 104 A (') 2. () 2+ Xy (0T )1 (i) 1
+ s (1 11) 1 (0m) 17+ Ans (0T0) 3, (171) 35 + Ay (0T0) 3, (071 35+ A (0T0) 35 (0 ) 3,
A+ (177) 3, ()33 4 Ao (770732 (1) 3+ Xy (01135 (9m) 31+ Ao (01135 (1) 35
Ve =112 (£€) 14 Aey (€9)1(60)1+ A, (€)1 (€€) 17+ Aey (€€) 3, (£€)3, + ey (£€)3, (6€)3,
+ g5 (6€)35(€€)35,
n =Nty (H H) (') 1+ My (H™0) 3 (0" H) g+ A (H )3 (nH)s,
VHs—AHgAHTH)(&&) +Ane, (H'€)3(EH)s,
(1"0)1(€€)1+ Mgy (0'10) 17 (€€) 17+ Ay (17 0) 1 (€6) 1]

)3
)1

Ve = g (n'n)1

na (171)3, (6€) 31+ Angs (171)3, (6€)3, + Anes (17132 (€€) 31+ Aner (1717)3, (£€)3,]

e (11€)1(nE)1+ Ango (7€)1 (N€) 17+ Anero (11€) 17 () 1]

11 (11€) 31 (1€) 31+ Angr (1) 34 (1) 30+ ey (17€) 35 (1€) 33 + Mg (7€) 32 (n€) 3],
(

Virge = k(H")1(n€)1+h.c. (A.2)

+[A
+[
+[
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

Vg =p4H H+) (HH)?,

Vi = 12 (A -40308) + gy + Mg g +200) (0l ma +mmand +nnsning)
+ (2, = Ao+ Ao Ay ) (0 maninz +nlmnins +ninanins)
+ ()‘n:a —AnstAng ) (77;773775773 +U§U1W§,ﬁ1 +77J1[772771FT]2 +h.c.)

(Mg Ao +Agis ) (imsmbmo - ndmn s +ninanbm),
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Ve = pg (1614 &6 +6383) + (e, +Xe,) (E1616161 +Eabalabo+E3E3E383)
+(2Ae; = Aey T Aes T Aey + A5 ) (€1616282 + 61616383 +62828383),
Vit = (\tigy + A ) (H Hlm+HY Hylna+ H' Hnlng)
+ Aty (H'mn] H+ H nonb H+ Hngnl H),
Ve = (Ame, +Ame,) (HTH&& +HTH§2€2+HTH§3§3) )

Ve = Ouner +20g + g +2g ) (i m &€ Hnbiméatatnlisésss)
+(Anes T Angs + Angra +Angs — )‘7769)(77;7735253 +T7§771€3§1 +771LTI2§1§2 +h.c.)
+(Mner = Aa Mg, ) (i€ Hni1msér+ni€amén)

+(Angr — Anes +>‘n§14>(71§52773§2 FnlEamEs+niEintr),
Virpe = k(H'mé& +Hina&o+ Hinz&s) +hec.. (A.3)

We can now compute the scalar mass spectrum of the model. The particles in the model
are classified as Z, even or Z5 odd, on their transformation properties under A4. Since
the Zy symmetry remains unbroken, only Z5 even particles mix among themselves, and
similarly, Z5 odd particles mix only with each other. The Z; even particles (¢1, ¢2, ¢3) mix
with each other giving M%{ matrix. Similarly, the Z5 even particles (01,02) mix to give
the mass matrix M?, while (H*,77) mix to form the mass matrix M3, The Z odd
particles (757, &5%) and (nf, €8%) do mix as well as (75,73 ) among themselves giving M3, M3

and Mf]i mass matrices, respectively.
2/3
These matrices are as follows:

2\ 07 — o2 A2v1v2 + Ku KU + 2A e, + A ViU
M%{ = Aaviv0 + KU 2/\77'1)% — LZ;U 2A9300u + KU1 ,
Kv2 + 2AHe, + Age,v1u 2A23v2u + KUy 8Agu? — =2
M| T R e | (P23 + =) 2520 + wu
pu P H Aty vive + KU — (—/\}g’? v3 + %;“)
9 Amv% — agu? a1V2U 9 Anzvg — azu’® a1U2U
Msp = 9 5| » Map = 2 2
102U Ag,u® — oz 102U Ag,u® — a3
+ I
my 0 ms 0
s l 0 mi|’ P 0 mi|’ (A4)
where
A 3 1
+ Hna 2 2 2
my = 2772 vy — (2)‘712 + Aps + 27, — §>‘n1o + )‘?711> Vg — 2,
A 3 1
+ Hna 2 2 2
mz = 2772 (U <2)‘Ti2 + Aps + 27y, — §>‘T]10 + >‘7711> Vg —asu,

2
()
mé = (_3)‘712 + )‘7710 + )‘7711 + >‘777 + )‘ng + )‘7712 - 4)‘773 - 2)‘774 - 2)\776) 52

viu
- ’QE + ()‘77514 —3Xney — Mg — 2)‘7769) U?%’
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2
(
mé = (_3)‘772 + Ao + Apn + Agp + Ay + Ay — 4Agg — 22, — 2)\776) 52
mu
— e+ O = 3e, — Angs — 2hg) 3

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

Ay =N A A 20, Ae =g, + ¢,

KU1 RV1
2= 1)27 + (3)‘7752 + >‘77$8 +2)‘77£9 - >‘77£14 )v a1 = 1]27 +)‘77§4 + )‘7}65 + )‘77612 + )‘7768 - )‘7759 )

A2 =X, + Ay, s A3 = Ang, +2Ane, +Angg +2Aneq

3 1 1 1 3
A772 = )\776 — 5)\772 —3>\774 + §A7710 +>\7711 + 5)\777 +>\779 +>\7712’ A3 = )\53 + 5)\64 — 5)\52 )
RU1
Agy =20+ A, +Aes —6Aey, 3= ou + (B Angs +Angs +2Ange — Aney)- (A.5)

B A, 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

S? =73 = (ST)} =1. (B.1)

Ay 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:

1X1:1:1/X1//’ 1/X1/:1//, 1”)(1”:1,,
1x3=3, 3x3=1+1+1"+3;+3;. (B.2)

In the basis where generators S and T' are real matrices, they are given by

10 0 010
S=lo-10 ], T=|o001]. (B.3)
00 —1 100

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

(ab); = aibi + azbs + aszbs,

(ab)y, = a1by + wasbs + w?asbs,

(ab),n = arby + w2asgby + wasbs, (B.4)
(ab)31 = (azbg, a3b1, albg) N

(ab)32 = (a3b2, albg, agbl) .

Here, w? = 1, denotes a cube root of unity. The generator S remains invariant under
VEV alignments (@) ~ (v,0,0), which leads to the breaking of the A4 symmetry into its
subgroup Z,.

S(p) = (#)- (B.5)
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For a A4 triplet, any field ¢ = (a1, ag, a3)” transforms under S as follows

10 0 al al
S¢ = 0-1 0 a9 = —a (BG)
00 —1 as —asg

Once A4 symmetry is broken, the Z, residual symmetry for triplets N, n and £ is given as

Nl_>+Nla 7]1_>+171’ €1_>+€1)
Nog — —No3, 123 ——123, 123 —T123. (B.7)

The remaining fields of our model are Zs 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
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