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Phenomenology of the flavor symmetric scoto-seesaw model
with dark matter and TM; mixing
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We propose a hybrid scoto-seesaw model based on the A4 X Z, X Z3 X Z, non-Abelian discrete flavor
symmetry. Light neutrino masses come from the tree-level type-I seesaw mechanism, and from the one-loop
scotogenic contribution accommodating viable dark matter candidates responsible for the observed relic
abundance of dark matter (DM). These contributions restore the atmospheric and solar neutrino mass scales,
respectively. With only one right-handed neutrino, the model features specific predictions with the normal
ordering of light neutrino masses, the lightest neutrino being massless, and only one relevant CP Majorana
phase. Further, an experimentally favorable TM; mixing scheme is realized with concrete correlations and
constraints on the mixing angles and associated CP phases. The model predicts the atmospheric mixing
angle to be in the upper octant with specific ranges 0.531(0.580) < sin? 6,3 < 0.544(0.595), and the Dirac
CP phase is restricted within the range +(1.44—1.12) rad. The Majorana phase is also tightly constrained,
with the ranges 0.82-0.95 and 1.58-1.67 rad, which are otherwise unconstrained from neutrino oscillations.
Strict predictions on the Majorana phases also yield an accurate prediction for the effective mass parameter
for neutrinoless double beta within the range of 1.61-3.85 meV. The model offers a rich phenomenology
regarding DM relic density and direct-search constraints, and the fermionic DM scenario has been discussed
in detail, estimating its possible connection with the neutrino sector. As an example of the model studies at
colliders, the SM Higgs in the diphoton decay channel is examined. The model predicts strictly vanishing
7 — ey, 7 — 3e decays and testable signals by MEG-II and SINDRUM/Mu3e experiments for the 4 — ey

and p — 3e decays, respectively.
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I. INTRODUCTION

In the last few decades, several experiments around the
globe have confirmed the phenomenon of neutrino oscil-
lation with incredible precision [1-8]. The immediate
consequence of neutrino oscillation is that at least two light
neutrinos have nonzero mass. Furthermore, if we combine
this with a bound on the absolute neutrino masses coming
from the end-point spectrum of the tritium beta decay [9], as
well as the bounds from cosmological surveys [10] and
the neutrinoless double beta decay [11], we conclude that
the neutrino masses are in the sub-eV scale. Despite these
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spectacular accomplishments, the origin of tiny neutrino
masses (compared to other Standard Model fermions)
remains an open question in particle physics. Over the
years, various ideas have been proposed, and the most
common schemes are seesaw mechanisms [12—-19] and the
radiative generation of neutrino masses [20]. Nonzero
neutrino masses can also be realized within the framework
of hybrid mass mechanisms where both seesaw and
radiative mass mechanisms contribute.

In addition to the tiny neutrino masses, we are yet to
understand the observed pattern of the lepton mixing
comprehensively. In fact, two of the three mixing angles—
namely, solar (¢;,) and atmospheric (6,3)—are found to be
large, while the reactor (6;;) mixing angle is relatively
small. Such a finding clearly shows the distinctive feature
associated with the lepton sector in contrast to the quark
sector. The study of the underlying principle behind this
typical mixing is particularly interesting with the precise
measurement of the reactor mixing angle 6,3 [7,8,21,22].
Neutrino oscillation data also constrains the two mass-
squared differences (solar and atmospheric) defined as
Am3, = m3 —m? and |Am3,| = |m3 — m3|, where m,, m,,
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my are the masses of the three light neutrinos. The present
global analysis from several experimental data can be
summarized as [23]

Am3, = (6.82 —8.03) x 107° eV?,
|Am3,| = (2.427 — 2.590) x 1073 eV?,
sin0;, = 0.270 — 0.341, sin’0,; = 0.408 — 0.603,
sin0,3 = 0.02052 — 0.02398 (1)

for normal ordering (NO) of light neutrino masses, and
similar constraints for inverted ordering (I0) [23]. In this
regard, many conjectures have been put forward. A par-
ticular pattern yielding sin® 6,5 = 1/2, sin’#,, = 1/3, and
013 =0, known as tri-bimaximal mixing (TBM) [24],
received a lot of attention due to the proximity of 6,3
and 6, with experimental values. Such a mixing pattern can
also be elegantly generated using flavor symmetries.
Particularly, the use of non-Abelian discrete symmetries
like S5, Ay, Sy, As is very well known [25,26] in this
context. For a detailed discussion on such frameworks,
see [27-32] and references therein. Unsurprisingly, a
deformation from TBM mixing becomes inevitable after
precisely measuring 6;5. Nevertheless, the TBM mixing
scheme can still be considered as a leading-order approxi-
mation, requiring adjustments such as accounting for
nonzero 63 and the Dirac CP phase 0. Possible simple
deviations from the TBM mixing are called trimaximal
(TM; and TM,) mixings, where the first and second
columns of the TBM mixing, respectively, remain identi-
cal [33—41]. Such deviations can be elegantly achieved by
considering larger residual symmetry (compared to the
TBM scenario) or introducing an additional constituent
that breaks the TBM structure [40—49]. Although the 3¢
allowed ranges for all three mixing angles can be explained
by both TM; and TM, mixings, the allowed value of the
solar mixing angle 6, (within these trimaximal scenarios)
slightly prefers the TM; over the TM, mixing scheme. For
a detailed discussion on the relative comparison of both
mixings, see [32].

Apart from the neutrino masses and mixing, unraveling
the nature of dark matter (DM) remains a pressing challenge
in contemporary particle physics. While compelling astro-
physical evidence, including observations like galaxy rota-
tion curves, gravitational lensing, and the cosmic large-scale
structure, substantiates the existence of DM [50], the quest
for a laboratory-based confirmation persists. Satellite mis-
sions such as WMAP [51] and Planck [52] have precisely
determined that DM constitutes roughly 26.8% of the total
energy content of the Universe. Expressing the prevailing
dark matter abundance through the density parameter Qpy
and the normalized Hubble parameter 4 (the Hubble
parameter divided by 100 kms~! Mpc™') yields Qpyh? =
0.120 +0.001 at a 68% confidence level. Still, the intri-
cacies of its properties beyond gravitational interactions

remain elusive. Among all proposed particle dark matter, the
most sought-after paradigm is the weakly interacting
massive particle (WIMP) paradigm, which suggests a dark
matter particle with a mass and interaction strength akin to
the electroweak scale. Unfortunately, the Standard Model of
particle physics fails to comprehensively explain either
neutrino masses and mixings, or dark matter. Standing at
this juncture, certainly, it is a tempting challenge to find a
common origin of these two seemingly uncorrelated sectors,
if any. Hence, we aim to go beyond the SM of particle
physics to explore scenarios that can accommodate a
candidate of DM and explain nonzero neutrino masses
and mixings.

Neutrino oscillation data presented earlier [see Eq. (1)]
does not determine the absolute scale or ordering of
neutrino masses. The experiments have measured the
two mass-squared differences (solar and atmospheric)
associated with neutrino oscillations, and the ratio of the
solar to atmospheric mass-squared difference (r) is found to
be [23]

r = Am2,/|Am2,| ~0.03. (2)

This may be an indication of the involvement of two
different mass scales that might originate from entirely
separate mechanisms.' Following this ethos, the authors
in [61] showed a scotogenic extension of the type-I seesaw
scenario that can minimally explain the hierarchy of solar
and atmospheric neutrino mass scales. In this setup, the
Standard Model particle content is extended by including
one heavy isosinglet neutral lepton Ny (for the type-I
sector) along with a dark fermion f and an inert scalar
doublet 7 (for the scotogenic sector), both being odd under
a dark Z, symmetry. Here, the type-I contribution gives
rise to the larger atmospheric scale. In contrast, the one-
loop scotogenic contribution turns out to be the origin of
the smaller solar mass scale mediated by a dark fermion,
also providing a potential dark matter candidate [62,63].
Unfortunately, such constructions turn out to be inadequate
in explaining the observed neutrino oscillation data asso-
ciated with the mixing and the Dirac CP phase mentioned
above. This problem can be addressed by augmenting
well-motivated non-Abelian discrete flavor symmetries.
Earlier, in [64,65], the authors proposed a flavor symmetric
realization of the scoto-seesaw framework with two right-
handed neutrinos having Zg and A, discrete symmetries.
The use of A, discrete flavor symmetry has the additional
advantage of obtaining analytic expressions for neutrino

'Within the framework of the type-I seesaw mechanism, the
hierarchy of the atmospheric and solar neutrino mass scales can
also be explained through the mechanisms of sequential domi-
nance [53-58] and constrained sequential dominance [59,60],
where one of the right-handed neutrinos is considered to
dominantly contribute the light neutrino masses.
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masses and mixing angles, as well as yielding interesting
correlations among the oscillation parameters with dis-
tinctive predictions. For instance, in [65], the authors
realized a TM, mixing scheme within a flavor symmetric
scoto-seesaw (FSS) framework with A, symmetry, which
can arise in various ways such as starting from a continu-
ous [66-71] or superstring theory in compactified extra
dimensions [26,43,72-81]. Furthermore, in another Aj-
based scoto-seesaw framework [82], the authors showed
that the hierarchy of atmospheric and solar neutrino mass
splitting can be obtained as a prediction of the “discrete
dark matter” mechanism [83]. In this construction, both the
scotogenic contribution and the stabilizing symmetry for
DM (obtained as a residual symmetry of A, breaking)
appear naturally; however, additional copies of right-
handed neutrinos and scalar doublets are essential.

In the present work, we show that the scoto-seesaw
mechanism can be embedded within a Ay X Z, X Z3 X Z,
flavor symmetric framework with the involvement of only
one right-handed neutrino, and the experimentally favored
TM, mixing scheme can be realized. We will call the
present model FSS; from now on, as it explains the TM;
mixing scheme. The scotogenic contribution contains
neutral particles in both the fermionic and scalar sectors.
Within this flavor symmetric framework, we perform a
phenomenological study of the fermionic dark matter and
determine its correlation with the observed neutrino mix-
ing. The obtained magnitude and flavor structure of the
scotogenic contribution dictates the observed neutrino
mixing pattern and facilitates us in obtaining the correct
dark matter relic density. Such a direct correlation with the
dark matter sector was missing in [65]; a detailed analysis
on fermionic dark matter in this work also completes the
associated phenomenology. The presence of flavor sym-
metry makes an interesting prediction for the neutrino mass
hierarchy, determines the octant of the atmospheric mixing
angle 0,5, and tightly constrains the TM; prediction for the
Dirac CP phase dcp. Here, the type-I contribution produces
aneutrino mass matrix of rank 1, yielding only one massive
light neutrino. Subsequently, the scotogenic contribution
generates another neutrino mass eigenstate, and together,
we obtain two massive neutrinos, which follow the normal
ordering of the light neutrino mass spectrum. In [61], the
authors showed that the type-I and scotogenic contributions
could be the origin of the atmospheric and solar mass
scales. Here, we show that such a hierarchy can also be
procured within a flavor symmetric construction, explain-
ing observed neutrino oscillation data. Furthermore, in the
present model, we can obtain the constraint on the
Majorana phase and predict the effective mass parameter
appearing in the neutrinoless double beta decay and the
sum of the absolute neutrino masses.

One of the essential aspects of any theoretical model is
its experimental viability. For the version of the FSS model

discussed here, we perform a comprehensive phenomeno-
logical analysis involving the &7 — yy decay, where £ is the
SM Higgs boson. The signal strength of the Higgs in the
diphoton decay channel, R,,, is measured at the LHC, the
value of which is around 1 [84]. The additional contribution
to the decay of & — yy in the FSS; model is the charged
scalar of the # field. Our analysis shows that R,, can be
fitted in our model, which can constrain the mass of the
charged component of the x field. Owing to the flavor
structure of this scoto-seesaw framework, we find that
only the scotogenic part contributes to the lepton-flavor-
violating decays such as y — ey, u — 3e, whereas only the
seesaw part contributes in the decays such as 7 — uy,
7 — 3u. However, the scotogenic and seesaw parts do not
contribute to the 7 — ey or v — 3e decays, a distinctive
feature of the present construction. All these phenomeno-
logical analyses for the FSS; framework serve as crucial
tests of the model’s predictions and provide valuable
insights into its compatibility with experimental data.

The rest of the paper is organized as follows: In Sec. II,
we briefly introduce the minimal scoto-seesaw framework.
In Sec. III, we present the complete A4 flavor symmetric
scoto-seesaw scenario, and in Sec. IV, we analyze corre-
sponding neutrino masses and mixing. We mention the
low-energy scalar potential in Sec. V. In Sec. VI, we discuss
the detailed phenomenology of fermionic dark matter, and
we further explore phenomenological implications for the
Higgs to the diphoton decay and lepton flavor violation in
Secs. VII and VIII, respectively. Then, in Sec. IX, we
summarize the phenomenological analysis. Finally, in
Sec. X, we present the conclusion and outlook of the
FSS, framework.

II. MINIMAL SCOTO-SEESAW MODEL

In this section, we present the minimal scoto-seesaw
model which is introduced in [61]. The minimal scoto-
seesaw model consists of one” right-handed neutrino N,
one singlet dark fermion f, and one extra scalar doublet 7.
In addition to these particles, one Z, symmetry is intro-
duced to stabilize the dark matter. In this model,” the usual
type-1 seesaw mechanism with one right-handed neutrino
Ny, is combined with the scotogenic model with fermion f.
The type-I seesaw generates the atmospheric mass scale at
the tree level, while the solar mass scale is generated at the
loop level in the scotogenic mechanism. As a result, the
hierarchy between the solar mass scale and the atmospheric
mass scale is maintained. The relevant Lagrangian in the
model can be written as

The number of right-handed neutrinos added [18] to the SM is
not fixed, as they do not carry any anomaly [85].

For various extensions of the minimal scoto-seesaw scenario,
see Refs. [62-65,86-89].
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_ 1 _ _
L =-Y&L*io,H" Ny + EMNN;NR + YiLYioon' f
1 _
+5Mff +He., (3)

where L* are the lepton doublets. The scalars H and 7 are
the SU(2) doublets defined in Eq. (35). Yy and Y, are
complex 3 x 1 Yukawa coupling matrices, and My f are the
mass terms for N and f. The total neutrino mass reads [61]

2

i v R . .
MY = _M—NYijfv + F(M”R,Mm,Mf)MfY}Y}. (4)

Here, the first term is due to the tree-level seesaw
mechanism, while the second term originates from the
one-loop scotogenic contribution with

1| M, log(M3/Mj,)
‘7:(M71R’M'71’Mf) = l

2 2 2
32 Mf - M;,

M, log(M%/M;%,)]

(5)
M3 =M,

where M, and M, are the masses of the neutral component
of 5. Although the ratio of the above two contributions in
Eq. (4) can explain the hierarchy of the solar and atmos-
pheric mass scales, it fails to explain the observed neutrino
mixing pattern. In this regard, the use of non-Abelian
discrete flavor symmetries is well motivated [28-32]. In
the following sections, we discuss the phenomenological
consequences of flavor-symmetric construction of the scoto-
seesaw framework with only one right-handed neutrino to
explain the correct neutrino masses and mixing. We also
provide a detailed analysis of the fermionic dark matter relic
abundance and direct detection search constraint to deter-
mine the parameter space consistent with neutrino oscil-
lation data and predictions for Higgs-to-diphoton signal
strength and lepton-flavor-violating decays.

III. SCOTO-SEESAW WITH FLAVOR
SYMMETRY: THE FSS; MODEL

The model we are proposing is the flavor-symmetric
version of the scoto-seesaw model described in the
previous section with the usual scotogenic fermion f
and inert doublet  in addition to one right-handed neutrino
Ng. To obtain the flavor structure, Ay X Z4 X Z3 X Z,
flavor discrete symmetry and flavons ¢, ¢,, ¢r, and &
are introduced. To avoid unwanted terms in the Lagrangian
and get the correct flavor Yukawa structure, additional Zy
symmetries are introduced. The inclusion of flavon fields
and auxiliary symmetries are generic features of such
flavor-symmetric constructions [25,26,72,90]. A remnant
Z, symmetry of the Zy symmetries acts as a dark
symmetry that ensures the stability of dark matter under

TABLE 1. Field content and transformations under the sym-
metries of the FSS; model. Product rules of the A, singlets and
triplets are given in the Appendix. The flavon fields mentioned in
the second block are essential to implement the A, symmetry, and
w(= €*7/3) is the cube root of unity.

Fields €Rs HR> TR La H NR f n (ps ‘/)a d)T é
Ay L11r 3 1 1 1 1 3 3 3 1
Z -1 i1 1 1 1 i i =i 1
Z3 1 o o 1 1 1 & o 1 1
Z, -1 1 1 1 -1 -1 1 -1 -1 -1

which only f and # are odd. Similar types of flavored
scoto-seesaw models were studied before in [64,65] with
Zg and Ay x Zy X Z3 x Z, discrete symmetries, respec-
tively. No simple analytic correlation can be obtained due
to the use of the Zg symmetry [64], whereas the TM,
mixing was reproduced in [65] with the Ay X Z, X Z3 x Z,
symmetry. In both cases, two right-handed neutrinos are
introduced in the seesaw contribution to get the flavor
structure and mixing. In the present work, we construct the
framework with only one right-handed neutrino and realize
the experimentally preferred TM; mixing scheme com-
pared to the TM, mixing scheme (derived in [65]). The
particle content of our model and charge assignment under
different symmetries are shown in Table I. The role of each
discrete auxiliary symmetry will be described in detail as
we proceed further.

With the field content and charge assignment in Table I,
the charged lepton Lagrangian can be written up to leading
order as

e /7 Yu 5 T T
L= yK(Lff’T)HeR +Xﬂ (Lér)Hug +yX(L¢T)HTR +Hec.,
(6)

where A is the cutoff scale of our model. y,, y,, and y, are
the coupling constants. Now, when the flavon ¢, gets a
vacuum expectation value (VEV) in the direction {(¢) =
(v7,0,0)7 and subsequently, the Higgs field also gets a
VEV as (H) = v, where v is the SM VEV, we find the
charged lepton mass matrix to be in the diagonal form as

vy 0 O
Ur
Ml = Xﬂ 0 yﬂ 0 . (7)
0 0 vy,

Now, the Lagrangian in the neutrino sector, which gen-
erates neutrino masses, constitutes two parts: a type-I
seesaw contribution with one right-handed neutrino N,
and another one-loop scotogenic part with the presence of
the dark fermion f and scalar #. Following the symmetries
and particle content mentioned in Table I, the Lagrangian
for the neutrino sector can be written as
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1
L= A (L) HNg + 2MNNRNR +22 e 5 (Lpa)Eioon” f
+ %ij“f + H.c., (8)

where yy and y, are the coupling constants and M is the
Majorana mass of the right-handed neutrino N, while M,
is the mass of the fermion f. In the above Lagrangian, we
have considered VEVs of the flavons ¢, ¢,, and £ in
the directions (¢,) = (0, —vy, vy), (¢,) = (2v,, v,,0), and
() = vg, respectively. A similar vacuum alignment can be
found in the literature for neutrino model building [60,91],
which can be realized inherently by analyzing the com-
plete scalar potential [28,48,59,92-94]. The light neutrino
mass matrix involving both type-I seesaw and scotogenic
contributions can be written as

2 .
(M) = =YYy + F(M
My

12 M

nR? ﬂl’Mf')MfY}Yj" (9)

where the Yukawa couplings take the following form:

T
Yy = (V5. V4, V)T = (0, yy =2, —yy =2 ) 10
N(NNN) ()’NA )’NA ()
Ve v, Ve 20 r
Yy = (Y%, YA, YT St Sate 1)
F (FvFF) <ySAA SAA >

= (k,2«,0)T. (11)

Within this setup, the total effective light neutrino mass
matrix of Eq. (9) is the following:

b 2b 0

M,=|2b —a+4b a |, (12)
0 a —a
with
v 2
= <. 13
yN My Az ( )
2.2
115 vy
b= yi 25 pa Ty my, . My)M;
= (M, M, M})M, (14

where F is the loop function defined in Eq. (5). Clearly,
from Eqgs. (10)—(14), it is evident that the parameters a and b
originate from type-I seesaw and scotogenic contributions,
respectively. In the next section, we show how these
parameters’ relative magnitudes help us explain the hier-
archy of the atmospheric and solar oscillation mass scales.

Though the neutrino mass matrix given in Eq. (12) is
obtained through a combination of type-I seesaw and

scotogenic mechanisms, there can be additional operators
like LHLH /A, contributing to the light neutrino masses. In
our model, this higher-dimensional term is not invariant
explicitly under the Z, symmetry given in Table I. Also,
terms like LHLH (¢, ¢y, 7, E)/A?* are disallowed due to
the considered discrete Z, symmetries. For the same Zy
symmetries, the scotogenic contribution (Lic,;* f) is only
allowed at 1/A? with the involvement of flavons ¢, and &,
which are both odd under the Z, symmetry along with f and
n. Here, in principle, there could be another contributing
term via Lio,n* f¢,E7/A>. This term, however, can be
absorbed in the previous contribution through a redefinition
of the Yukawa coupling. Owing to the A, symmetry, in the
charged lepton sector, the leading-order contribution
appears only at dimension 5. However, for example, there
could be a next-to-leading correction at O(1/A?) via
(Lplg,)Hag/ A2, where ay is the corresponding right-
handed charged lepton. Interestingly, such a contribution is
disallowed due to the Z, symmetry given in Table 1. As the
right-handed Majorana neutrino present in our model is also
a singlet under A, symmetry, any higher-order correction
can be absorbed in the leading-order contribution to M.
For the same reason, we can also absorb any higher-order
contribution to M, as it does not affect the flavor structure
of our model. Finally, the Dirac Yukawa coupling is allowed
at dimension 5, as given in Eq. (11). The next-to-leading-
order contributions at O(1/A?), such as (Lglps)HN and
(Lplpr)HNp, are not allowed due to the Z, symmetry.

IV. NEUTRINO MASSES AND MIXINGS
IN THE FSS; MODEL

The model we presented in the last section has two parts.
One is coming from a type-I seesaw with one right-handed
neutrino Ng. Another part is the scotogenic contribution
with the dark fermion f. The full light neutrino mass matrix
is given in Eq. (12), and both contributions are essential in
explaining observed neutrino masses and mixing. To
diagonalize the mass matrix in Eq. (12), we first write
the mass matrix in the TBM basis as

0 0 0
M, =UM, U =10 3b —V6b |, (15)
0 —V6b 2(b—a)

where

UTB - - - 1 . (16)

<= S= o
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As is evident from Eq. (15), a further rotation by Ujys
(another unitary matrix) in the 23 plane will diagonalize the

light neutrino mass matrix via My® = UL, M, U,;. The
unitary rotation matrix U,; can be parametrized as

1 0 0
Ups=|0

0 —sin@e™”

cos@  sinfe™V (17)

cos 6

where 6 and y are the rotation angle and the associated
phase factor, respectively. So, the diagonalization of M,
can be achieved through

(UrgUa3)"™M,(UrpUss) = diag(mie™, mye'™>, mye™),
(18)

where m , 5 are the real and positive mass eigenvalues, and
7123 are the phases that are extracted from the correspond-
ing complex eigenvalues. In our framework, we have only
one right-handed neutrino, which, via type-I seesaw [the first
term in Eq. (9)], yields a rank-1 mass matrix which makes
one light neutrino massive. Together with the scotogenic
contribution, we obtain a rank-2 mass matrix given in
Eq. (12), generating two massive neutrinos. Hence, within
|

C12€13
_ i
Upmns = | —S12023 — €12523513€"°¢F
is
S12823 — C12€23813€ "
where ¢;; = cos@;;, s;; =sin0;;, 5cp is the Dirac CP-

violating phase, and U,, is the Majorana phase matrix. We
can see that the total light neutrino mass matrix of Eq. (12)
contains two parameters @ and b associated with the
type-I seesaw and scotogenic contributions, which can
be complex in general. We can write these parameters as
a = |ale’® and b = |b|e’», where ¢, and ¢, are the
associated phases. For calculational purposes, we define the
parameter a = |a|/|b| and the difference of phases by
bap = Pa — ¢y As M., is diagonalized by U3, the rotation
angle € and the phase y appearing in Eq. (17) can be
expressed in terms of the model parameters as

) 2asin ¢y,
any = ————,
v 5 —2acos ¢y,
24/6
tan 26 = Ve . (21)
cosy + 2acos(y + dyp)

As the charged lepton mass matrix is diagonal, to obtain the
correlation among the mixing angles and phases, we can

this flavor-symmetric construction, one mass eigenvalue (the
lightest) will be zero. So, we have m; = 0, which implies
71 = 0. Now, we can get the form of the neutrino mixing
matrix U, such that UTM, U, = diag(0, m,, m3). Thus, U,
becomes U, = UrgUyU,,, where U, = diag(1, 1, e/®2/?)
is the Majorana phase matrix with @3, = y3 — 7,. Therefore,
we have only one nonzero phase in the Majorana phase
matrix U,,, as the lightest neutrino is massless. The explicit
form of U, follows

2 cosd e~V sing
3 V3 V3
U = | L cosf e¥sind _cosd y e¥sinf | [J . 19
v 7 e o me (19)
1 cos@ _ e¥sin®  cosd + e~V sinf
Vo V3 V2 V2 V3

This form of U, is well known in the literature as a deviation
from Utgy and is called the TM; mixing pattern, where the
first column of the lepton mixing matrix is trimaximal. The
VEV alignment of the flavons ¢, ; mentioned earlier plays a
crucial role in obtaining such a mixing pattern. The lepton
mixing matrix U, can now be compared with Upyng, Which
in its standard parametrization is given by [95]

—i5
$12€13 Syze e
is
C12Co3 — S12823813€ 7" $23C13 U, (20)
i6
—C12823 — S12C3813€7°"  €3C3

|
compare U, = UrgUxU,, of Eq. (19) with Upyns given in
Eq. (20). These correlations can be written as [37-39]

, e ¥sing 2
in@e 0cr =__ "7 in20, =1 —-————
smdize \/§ Sm-o, 3_ Sin26
1 V/6'sin 26 cos
in%0y; == (1 ————"— . 22
Sin“0x3 2( 3 — sin%6 ) (22)

The above relations among the three mixing angles imply a
mutual correlation. These correlations are the unique
feature of the considered A, X Z, X Z3 X Z, flavor sym-
metry, giving rise to the TM; mixing scheme. More
specifically, relations in Eq. (22) are general for the TM;
mixing scheme [37-39], where the mixing angles 6,5 and
0, are being correlated to each other. The correlation plot
among these mixing angles can be found in Ref. [38],
where sin’ @, is restricted to some narrow range corre-
sponding to the 3¢ regions of sin® #,5. Relations in Eq. (21)
are unique for the considered FSS; model. From Egs. (21)
and (22), it is clear that the angle # and the associated phase

035012-6



PHENOMENOLOGY OF THE FLAVOR SYMMETRIC SCOTO- ...

PHYS. REV. D 110, 035012 (2024)

y in U, can be linked with the parameters involved in M.
Relations in Eq. (22) imply that 5cp = y when sinf > 0,
and 6-p = y + & for sinf < 0, which can be written in a
compact form as tan 6.p = tany. Now, from Eq. (12), the
complex mass eigenvalues are calculated to be

m§ =0, (23)
1
ms =5 (—2a +5b - \/4d® + dab + 25b2), (24)
1
=5 (—2a +5b+\/4a® + dab + 25b2). (25)

The real and positive mass eigenvalues are calculated as

m; = O, (26)
b
my = 21(5 ~ 2acos by — P + (0 + 2asin g )2,
(27)
b
ms; = % [(5 —2acos py, + P)? + (Q — 2asin,, )]/,
(28)
where
M VM? +N* 0= —M £V M?* + N* (29)
B 2 ' B 2 ’
M =25 + 4acos ¢y, + 4a® cos 2y,
N = dasin g, + 4a? sin 2¢,,,. (30)

Now, from Egs. (23)-(25), we get the phases associated
with the complex eigenvalues m{ , ;. These phases can be
written as y; = ¢, + ¢;, i = 2,3. i = 1is excluded here, as
the lightest mass eigenvalue is zero, and the phase
associated with m{ is y; = 0. Now, ¢, in our model
can be written as

5 —2acos¢,, — P

O —2asin ¢y,
5—2acos¢,, +P)°

¢, = tan™! < Q + 2asin g )

3 = tan‘1< (31)

Using the above relations, we can calculate the Majorana
phase a3, in U,,, which can be written as

ay, = tan™! < Q — 2asinda )

5—-2acos¢,, + P

~ tan-! QO +2asing,,
5—-2acos¢,, —P)°

(32)

The phase ¢,, is irrelevant while calculating the Majorana
phase, as it is the difference between y; and y,. Finally, the
Jarlskog invariant J-p [96,97],

Jep = Z(U UpUiyUs) ) = $12€12813€13823C23 Sin 8¢,
(33)

will be used to quantify the CP violation in the FSS| model.
From Eqgs. (21)—(32), we observe that the mixing angles
and all the phases depend on the parameters a and ¢,
while the light neutrino masses depend on these parameters
as well as on |b|. Now, we will estimate these model
parameters (a, |b|, and ¢,;) using neutrino oscillation data
on neutrino mixing angles and mass-squared differences.
With measured values [23,98,99] of mixing angles 03, 65,
and 0y3; mass-squared differences Am3,, |Am3,| (men-
tioned in Eq. (1), taken from [23]); and the ratio r defined in
Eq. (2), we first estimate a and the phase ¢,;, using the 36
range of neutrino oscillation data. The allowed ranges for a
and ¢, are plotted in the left panel of Fig. 1 in the a — ¢,
plane. Here, we find that the allowed ranges of a vary
between 4.82 and 5.27, whereas two distinct regions of ¢,
are allowed: 4.72-4.76 rad and 5.03-5.06 rad. As men-
tioned earlier, the effective light neutrino mass matrix in the
FSS; model has rank 2 due to the considered A4 symmetry.
Hence, we obtain two massive light neutrinos as given in
Egs. (26)—(28), predicting only the normal ordering (NO) of
light neutrino masses. To obtain the absolute values of m,
and ms, we need to find the overall factor |b| appearing in
Eqgs. (27) and (28). Though the factor |b| cancels out while
calculating r, it can be calculated by fitting solar or
atmospheric mass-squared differences after knowing «
and ¢, from the left panel of Fig. 1. After evaluating
|b], |a| can be easily estimated using the relation |a| = alb|.
Hence, in the right panel of Fig. 1, we have plotted the
allowed region in the |a| — |b| plane for the 36 range of
neutrino oscillation data. Corresponding to two distinct
regions of ¢, in the left panel, there also exist two distinct
regions of the parameters |a|, as shown in the right panel of
Fig. 1. Now, from Egs. (27) and (28), we find that the light
neutrino masses are functions of both a and b, whose
origins lie in the type-I seesaw and the scotogenic con-
tributions, respectively. Since m; = 0 in the FSS; frame-
work, m, and ms3 are proportional to the solar and
atmospheric mass-squared differences. Hence, in Fig. 2,
we have plotted the variation of |b| with respect to |a]
(represented by the color variation from blue to red) to
reproduce correct r. This plot shows that the hierarchy
between |a| and |b| essentially explains the observed value
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FIG. 1.

of the ratio of the solar to atmospheric mass-squared
differences r, where |a| is the dominant contribution
originating from the type-I seesaw.

With the allowed values of a, ¢, |a|, and |b| obtained
from Fig. 1, we are in a position to study the correlations
among neutrino mixing angles, phases, and masses. Due
to the presence of the A, discrete flavor symmetry, we
have realized the TM;| mixing scheme yielding interesting
correlations among the observables appearing in the
neutrino mixing. It is well known that there are still
some unsettled issues in the measurement of 6,3 and
Ocp [23,98,99]. These are (i) the octant of 6,3 (i.e.,
whether 0,3 < 45° or 0,3 > 45°) and (ii) the precise
measurement of §-p. Following Egs. (21) and (22), we
find a correlation between the atmospheric mixing angle
6,3 and the Dirac CP phase dcp for the TM; mixing
scheme. Together with Eq. (21) and Fig. 1 within the FSS;

0.034
0.032 | 3§
0.03
i
0.028 | &
0.026
0.02525  0.02575  0.02625 0.02675
lajin eV
0.024 -
0.0048 0.005 0.0052 0.0054 0.0056
[b| in eV
FIG. 2. r vs |b| with variation of |a|.

|blin eV

0.0056 |

0.0054
0.0052
0.0050
0.0048
0.0255  0.0260  0.0265  0.0270
la]in eV

The allowed regions for a and ¢,,, (left panel), and |a| and |b| (right panel) for the 36 ranges of neutrino oscillation data [23].

framework, the predictions regarding 6,3 and J.p for the
TM; scheme get constrained further, as plotted in the left
panel of Fig. 3. Here, the gray-shaded region represents
the TM; prediction in the 6,3 — 5¢p plane, where the red-
shaded region is the prediction for the FSS; framework.
We find that our model prefers the higher octant of 6,5 for
narrow regions of p. The allowed regions of sin’ 6,5 are
0.531-0.544 and 0.580-0.595, whereas the allowed
regions of §cp are £(1.44-1.12) rad. Here, the relative
phase between type-I and scotogenic contributions
(denoted by ¢,;,) is the source of CP violation in the
lepton sector—see Eq. (21) and subsequent discussion.
Hence, in the right panel of Fig. 3, we have plotted the
dependence of d.-p on ¢, (the relative phase between a
and b) denoted by the red shaded regions. It is established
that the Majorana phases cannot be constrained from
neutrino oscillation data directly, as they do not appear in
the neutrino oscillation probability [100-102]. In the FSS;
framework, the Majorana phase a,3 can be constrained
using Eq. (32) with the allowed range for a and
¢a.»- Hence, in the left panel of Fig. 4, we show the
correlation among the CP phases in the a,; — dcp plane,
and the Majorana phase is found to be within the ranges
0.82-0.95 rad and 1.58—1.67 rad. Estimating the Majorana
phase will play a crucial role in predicting the effective
mass parameter appearing in the neutrinoless double
decay [100]. Now, following Eq. (33), we have plotted
the Jarlskog invariant J-p as a function of ¢, in the right
panel of Fig. 4. Here, the magnitude of Jp is found to be
within the ranges 0.0290-0.0313 and 0.0318-0.0344.
Finally, with the allowed parameter space obtained in
Fig. 1, we make predictions for the light neutrino masses
(m,, my), their sum (3 m;), and the effective mass
parameter appearing in the neutrinoless double decay
(mgp), as summarized in Table II. The prediction for
> m; is consistent with cosmological observation [10],

035012-8



PHENOMENOLOGY OF THE FLAVOR SYMMETRIC SCOTO- ...

PHYS. REV. D 110, 035012 (2024)

0.60r 5.05 ‘ .:
' | 5.00} 3
0.58} ]
295} ]
@ 0.56 ] 450 ]
o= | ]
= he ]
@ 054} , \ ] 4.85} :
4.80} .
0.52} ]
4.75} ' .
0.50} ; a0l ]

-2 -1 0 1 2 10 -05 00 05 1.0

dcp dcp

FIG. 3.

sin?6,; — 8¢p correlation plot (denoted by red dots) is presented in the left panel. The gray-shaded region represents the

generic prediction for the TM; mixing scheme. In the right panel, .p is plotted against the relative (between a and b) phase factor ¢,

whereas the prediction for myg falls below the upper limit
provided by the next-generation double beta decay experi-
ment nEXO [103].

V =—u}(H H) + p3(n'n) + 2 (H H)* + 2 (n'n)?

+ 23 (HH) (n'n) + Ay (H'n) (" H)
As oo

+ = {(Hn) (H'n) + Hee.}. (34)

V. SCALAR POTENTIAL

The FSS; model considered here consists of two SU(2)
doublet scalars, H and 7. To obtain the flavor structure of
the leptons, we have four flavons—ay, ¢, ¢pr, and E—as
mentioned in Table I. These SU(2) singlet flavons are
considered to be very heavy compared to H and # and
hence remain decoupled from the low-energy phenomenol-
ogy of scalars. The low-energy scalar potential of the model
can be written as

The doublets in the model can be parametrized as

= (v/ﬁ+(Hh++ i@/ﬁ)’

" <(’7R - im)/ﬁ) (9)

18 . . . .
] 0.034} ]
I ;
0.033} .
1.4} . ]
— 0.032} 1
o Y 1
g2 ] = :
0.031} ]
1.0 ] :
\ ’Z 0.030} ]
08} ]
0.029} ]
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Pab
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dcp

FIG. 4. Correlation plot between the Dirac CP phase 6.p and the Majorana phase as, (left panel); dependence of the Jarlskog invariant
Jcp on ¢, (right panel).
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TABLE II.  Predictions for m,, ms3, Y m;, and mpy (all in meV)
for the FSS| framework.

ny ms

8.3-9.0 49.7-51.3

Z m; Mpg
58.0-60.3 1.61-3.85

The electroweak gauge symmetry is given by

H:<vﬁﬁ>’ ”:<g>

The above symmetry-breaking pattern ensures that the Z,
symmetry will remain unbroken and results in two CP-even
scalars (i, 77z) and one CP-odd neutral scalar 7;, in addition
to a pair of charged scalars (5T). Due to the dark Z,
symmetry, there is no mixing between / and 5z, and 4 plays
the role of the SM Higgs boson. The Z, symmetry also
ensures the stability of the lightest scalar (77 or 7;) that can
act as a dark matter candidate. The masses of all scalars can
be written in terms of the following parameters:

(36)

{H2, 415 A0, A3, g As ) (37)

These parameters can be written in terms of physical
masses of scalars as [104]

m? 2
A :ﬁ, A :F(Mii —13), (38)
M;IR + M’%l - 2M3i MgIR B M’%}
4 = 2 ) 5 = 2 (39)

We can choose all the A’s as free parameters—or, equiv-
alently the four physical scalar masses, 4, and y,—namely

{ud. my. My, M, . M,:. 2}

nRr?

(40)

The quartic couplings are constrained theoretically by
perturbativity and vacuum stability. We force the scalar

potential to be perturbative, which requires all quartic
couplings of the scalar potential to obey

|4;| < 87. (41)

To get the scalar potential to be bounded from below, the
following conditions can be obtained [105,106]:

il,2>0 and ){; —I—/14—|/15|+2\//11/12>O

and A5 +2v/A Ay > 0. (42)

Equation (42) gives constraints based on the bare couplings
of the Lagrangian. Another approach with running param-
eters of the model evaluated at the cutoff scale A of the
theory is possible—see, for instance, Refs. [63,105-108].
Apart from these theoretical constraints, 13, 44, and 45 given
in Eq. (39) can also be constrained from experimental and
phenomenological constraints. As we will discuss in the
subsequent sections, 45 is crucially relevant in determining
the scotogenic Yukawa coupling and hence is constrained
from DM relic density and direct-search constraints, as well
as the neutrino phenomenology. Similarly, 43 4 can also be
constrained from DM direct search, as well as SM Higgs
diphoton signal strength.

The presence of the doublet scalar # in our model can
have important consequences in the context of CDF-II
W-boson mass anomaly [109] (for instance, see [110-117]),
as it can affect the EW precision observables S, 7', and
U [95]. Through the self-energy correction of the W-boson
with the doublet scalar in the loop, the W-boson mass can be
increased from the SM prediction to the value obtained by
the CDF-II Collaboration. Parametrizing the new physics
effects in terms of the S, 7, U parameters as [118,119],
we find

1 M,
S=—In—1,
27 M2
. Gy (Mp+M.. M M. M
pu— — n s
4\/2”2aem 2 Mio - M§+ Mio
M2
2 2 4 2 2 4 +
1 (M'YO + M’7+)(M’70 - 4M}1QM”+ + M”+) ln(M—rzzIO> SM;;O _ 22M$0M3,+ + 5M3+ ( )
_ L - , 43
127 (V2 = ME) 3042 — %)

where 1y = (ng + in;)/+/2, and the W-boson mass can be written as [120]
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1
— =S+ cos?Oy T

a,,,cos20
My = (M + 3 bt |-

cos?fy, — sin’6y,
(cos?@y, — sin’Oy)
4sin’0y, '

(44)

where a,,, is the fine structure constant, 6y is the Weinberg
angle, and (M3%,)qy is the SM predicted value of the W-
boson mass. The dominant correction to My, comes from
the T parameter, which is very much sensitive to the mass
difference between the charged scalar and the neutral scalar
components of the inert doublet. And the CDF-II W mass
can be obtained if the mass difference between 7™ and 7, is
around 80 to 100 GeV. However, we should stress that
CDF-II data on the W mass are in contradiction with global
electroweak eTe™ fits and recent ATLAS LHC analysis,
with systematic uncertainty improved by 15% [121] and
optimized reconstruction of the W-boson transverse
momentum [122].

VI. DM PHENOMENOLOGY
FOR THE FSS; MODEL

In this FSS, framework, both type-I seesaw and scoto-
genic mechanisms are combined to obtain correct neutrino
masses and mixing. The scotogenic contribution contains
two potential candidates for DM: the lightest neutral scalar,
and the singlet fermion. Determining the DM relic density
hinges on these candidates’ production mechanisms during
the early Universe. While the literature extensively covers
the scalar DM phenomenology,4 which aligns with the inert
doublet model (IDM) perspective, our focus here is on the
singlet fermion denoted as f, an odd Z, particle in the
scoto-seesaw scenario. We explore various mechanisms
that can yield the correct relic density and delve into the
associated parameter space. Since [ is a gauge singlet, its
production mechanism is intricately tied to its Yukawa
couplings—see Eqgs. (11) and (14)—with SM leptons and
the inert doublet scalar . The magnitude of these Yukawa
couplings plays a pivotal role in determining whether the
correct relic density can be achieved through thermal
freeze-out or freeze-in mechanism.

A. Relic density of DM

As outlined in the preceding section, in our FSS; model,
the scotogenic contribution to neutrino mass is parame-
trized in terms of the parameter b given in Eq. (14), which
also plays a crucial role in explaining the observed neutrino
oscillation data, which is constrained within in a range
|b| € [0.0048, 0.0056] eV. Thus, to obtain the magnitude of
Yukawa couplings that can satisfy this constraint with the
masses of the loop particles of the order O(1-10°) GeV,

*For scalar dark matter phenomenology within the scoto-
seesaw framework, see Ref. [63].

[bl € [0.0048,0.0056]

1
..
0.1 1 10 100 1000 |
M
0.01
107 |
2
10—4 L
1075 F
105 |- =
M,.= M, + 100 Ge
10—7 I
10712 107 106 107 1
Ns
FIG. 5. Correlation between A5 defined in Egs. (34) and (39),

and « defined in Eq. (14), consistent with the constraint
from neutrino oscillation data—i.e., |b|€[0.0048,0.0056] eV
(see Fig. 1).

we perform a numerical scan, the result of which is shown
in the plane of k versus 45 in Fig. 5. We have used Egs. (14)
and (39) to obtain the estimations of x and As. It is worth
noticing from the neutrino mass expression that in the limit
As — 0, the scotogenic contribution to neutrino mass
vanishes. This 1s due to the fact that in this limit, the
CP-even and CP-odd scalars 7 and ; become degenerate,
and thus (M, .M, M) — 0. Thus, to satisfy the con-
straints on b from neutrino oscillation data, if A5 is made
small, then x can be enhanced, and vice versa. We see that
with this constraint on b, it is not possible to obtain Yukawa
couplings smaller than O(107°) even if A5 is O(1).
Consequently, the singlet fermion also remains in thermal
equilibrium with the SM bath. This equilibrium is guar-
anteed by the doublet scalar #, which, due to its gauge
interactions, consistently maintains equilibrium with the
SM bath during the early stages of the Universe. Hence, the
DM relic density is governed through the WIMP mecha-
nism. Several pertinent processes contribute to the relic
density of DM. Specifically, the essential parameters
influencing the relic density are the Yukawa couplings
and the mass differences between the singlet fermion f and
other particles in the dark sector, namely 7z ;, n™.

For WIMP-type DM which is produced thermally in the
early Universe, its thermal relic abundance can be obtained
by solving the Boltzmann equation for the evolution of the
DM number density,

dn eq
dt +3Hn = —(o0) o (n* — (n%9)?), (45)
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where n = 3, n; represents the total number density of all the dark sector particles, and n®? is the equilibrium number
density. (ov).; represents the effective annihilation cross section which takes into account all number-changing processes

for DM freeze-out. It can be written as [123]

9r9n

0 o) (1 + 4, ) expl-1t )
eff

nene (1 A, )% exp(—2xA,,)

2
g g
(V) o = g—’; (ov) pr + ngzk (o0) (1 + A"]R)3/2 exp(—=x4,,) + =5
€ €
2
9r9y* g
+ ngz <UU>f,,]t(1 + Ani)3/2 exp(—xAni) + g%:f (ov)
€ €
9y 9
0800 (g1) (14 8,021+ 8, exp (=x(8,, +8,)
eff
+ DI ) (1 ALY+ A2 exp (—x(B,, + A,))

where g;, gy, 9y,» and g, represent the internal degrees of
f» ng> n;, and =, respectively, and A; stands for the ratio
(M; —M;)/M;, with M; denoting masses of ng, ;. 7*.
Here, g. is the effective degree of freedom, which is
given by

Geff = gf + gnR (1 + AnR)3/2 exp(_XAnR)
+ g, (1 +4,,)¥? exp(—xA,)

+ gy (1 + A2 )2 exp(—xA ), (47)

and x is the dimensionless parameter M,/T. The relic
density of DM f can then be evaluated as

Q= 1.09 x 10° GeV~! {/“’ dx <Uvzeff
XF.0

-1
NG ; ] . (48)

Here, Mp, is the Planck mass, xpo = M;/Tg o, and Tg g,
denotes the freeze-out temperature of f. For this scenario,
we have implemented the model in micrOMEGAs [124] to
calculate the relic abundance of f. As is evident from
Eq. (46), the mass difference between the dark sector
particles—namely f and #, along with the coupling x—is
pivotal in determining the ultimate relic abundance of dark
matter in this configuration. Smaller mass splittings can
induce effective coannihilations between 7 and f, poten-
tially reducing the relic abundance to the observed ballpark.
The dominant number-changing processes relevant in
governing the relic density are as shown in Figs. 6-8.
Clearly, the processes pivotal in establishing the relic
abundance of dark matter fall into three distinct categories:

+
= (ov),, (1 + A, )P (1 + Ani)3/2 exp(—x(A,, +A,:)).

I 1+ A )3 exp(=2xA % 1+ A )3 exp(—=2xA
+ > <6U>17,11,< + 77,) exp( X m>+92 <61}>nirﬁ( + ni) exp( X I’]i)

(46)

(i) the annihilation of dark matter particles into both charged
and neutral SM leptons (Fig. 6), (ii) the coannihilation of
dark matter particles with scalar particles from the dark
sector (Fig. 7), and (iii) the coannihilation contribution
arising from the annihilation of dark sector scalars (Fig. 8).
As denoted by Eq. (46), the coannihilation contribution to
the effective annihilation cross section (o) is predomi-
nantly shaped by the mass difference between dark matter
and the dark scalars.

To elucidate the influence of Yukawa couplings and mass
splitting on the relic abundance of dark matter, in Fig. 9, we
illustrate the variation of relic density with the dark matter
mass. In the left panel of Fig. 9, the Yukawa coupling « is
varied within the range x € [107*,107%], while the mass
difference between the lightest neutral scalar ; and f (i.e.,
M,, — M) is varied in three different ranges, as indicated in
the figure’s inset. Evidently, an increase in the mass
difference leads to a corresponding increase in the relic
density. This trend arises because the coannihilation con-
tribution to (ov).¢ gradually diminishes with an increase in

(M, — M), thereby boosting the relic abundance of f.

f /v

Ner/ME

f /v

FIG. 6. Annihilations of dark matter into SM leptons.
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FIG. 8. Annihilations of scalar coannihilation partners.
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FIG.9. DM relic density as a function of DM mass with the Yukawa couplings (left panel) and mass difference M,,, — M/ (right panel)
varied randomly as mentioned in the inset of the figure. The horizontal cyan line represents the observed relic density [52].
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FIG. 10. Correct relic-density-satisfying points in the plane of
DM mass M y and k. The color code shows the value of M, — M.

Expanding the analysis, in the right panel of Fig. 9, the
mass difference (M,, — M) is varied within a small range
of [50, 60] GeV, and the variation of relic density with dark
matter mass is then showcased for three different ranges of
Yukawa couplings, as outlined in the figure’s inset. It is
evident that an increase in Yukawa coupling leads to a
decrease in relic density, attributed to the increase in (6v) .
Additionally, an intriguing observation from this figure is
that, when (M, — M) €[50,60] GeV and Yukawa cou-
plings are small [i.e., k < O(1073)], the relic density does
not change with further reduction in Yukawa couplings for
dark matter masses exceeding 500 GeV, as indicated by the
red- and blue-colored points. This phenomenon can be
explained by the fact that, in scenarios with small Yukawa
couplings, neither the annihilation of DM nor the coanni-
hilation of DM with dark sector scalars efficiently affects the
relic density. Instead, it is primarily determined by the
coannihilation contribution from the annihilation of dark
scalar partners. Conversely, in situations where Yukawa
couplings are large and the mass difference is substantial,
the relic density is primarily influenced by the annihilation
of DM, as indicated by the purple-colored points.

Thus, in summary of the effects that affect the relic
density, in scenarios characterized by small Yukawa cou-
plings and substantial mass differences (4;), the relic
density is predominantly governed by the coannihilation
contribution from the dark scalars. In such scenarios, DM
annihilation becomes subdominant, and coannihilation
among dark matter and dark scalars is suppressed due to
the large mass splitting. Conversely, when the mass differ-
ence between dark matter and dark scalars is not consid-
erably large, coannihilation among DM and dark scalars, as
well as dark scalar annihilations, plays a crucial role in

determining the relic density. Only in cases where Yukawa
couplings are significantly large and the mass difference is
also substantial do dark matter annihilations become
relevant for achieving the correct relic density.

We present the parameter-space-satisfying correct relic
density in the plane of M, and k, with the color code
representing the corresponding value of M, — My, in
Fig. 10. The gray-colored points are ruled out by imposing
a conservative limit on the doublet scalar mass given by the
LEP experiment of about M P 100 GeV. It is evident that,
when the DM mass is small and « is small, the effective
annihilation cross section is very small, and thus it is not
possible to achieve correct relic density even with coanni-
hilation contributions. Thus, we obtain an overabundant
region below M s around 30 GeV and k < O(1072). In the
small-DM-mass range M, < 100 GeV, the correct relic
density can be obtained only when the Yukawa couplings
are significant—i.e., k ~ O(1)—such that the DM annihi-
lation cross section is appropriate to match the thermal
cross section, as in this region the coannihilation contri-
butions are negligible. When the DM mass is greater than
100 GeV, and the Yukawa coupling k < O(1072), we see
that with an increase in DM mass, the value of M, — M,
shows a gradual decrease to achieve the correct relic
density. This is attributed to the fact that as the DM mass
increases, the effective cross section gradually decreases,
thereby increasing the relic density, and thus it needs more
effective coannihilations, which are made possible by
decreasing M, — M to bring the relic density within
the correct ballpark. We also observe an underabundant
region when kx > O(107"), even with very large M, — M.
This is due to the fact that, with very large x, the DM
annihilation cross section is large. So even if the coanni-
hilation contribution is suppressed because of large
M,, — My, it is still not possible to achieve the correct

n
density.

B. Direct detection of DM

As the sole interaction connecting f with SM particles is
the Yukawa term in Eq. (8), direct interactions between
quarks and dark matter are absent at the tree level. However,
at the one-loop level, f can have effective couplings with
various SM particles, such as the photon, Z boson, and
Higgs boson. Specifically, the exchange of the Z-boson
results in the emergence of an effective axial vector
interaction, which gives rise to a spin-dependent DM-
nucleon scattering and is dominant only when the couplings
between Higgs and » are very small. The constraints of spin-
dependent DM nucleon scattering is also relatively less
constrained as compared to the spin-independent scattering
cross sections. Thus, we focus here on the spin-independent
DM-nucleon scattering rate, as the direct-search experi-
ments very stringently constrain it. The detection rate of
dark matter particles within a detector can experience an
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FIG. 11. Spin-independent elastic DM-nucleon scattering aris-

ing at one loop.

amplification if the quartic couplings Ay and A, are signifi-
cant. When this condition is met, the exchange of Higgs
bosons, as depicted in Fig. 11, leads to the emergence of
an effective scalar interaction term between the quark ¢ and
the dark matter particle f. This interaction is effectively
described by Squf f, where

K M} (A + 4a) (M7
S,=———|16(—L) + B g( L),
162’ MIM, [ 3g(M§i> L g(Mg)]

(49)
with the loop function G(x) defined as
x4+ (1 =x)In(1-x)
Gi(x) = , (50)
x
“ \
107° \ i\ &
10%
1

N —48
g 10
- ¥
8 joe
a |
©

10

10 ——  Lux-Zeplin
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FIG. 12. Spin-independent DM-nucleon scattering cross sec-
tion as a function of DM mass for the points satisfying correct
relic density. The color code represents the value of k. The black
solid line represents the most recent constraint from the Lux-
Zeplin experiment. The green and red dot-dashed lines represent
the projected sensitivities of the XENON-nT and DARWIN
experiments, respectively.

and its value spans between 0 and 1 for 0 < x < 1. This
interaction then results in the computation of the spin-
independent cross section ogy for the interaction of f with a
proton, and the expression for ogy is given by

4 szcm?,

o5 =——1——
St n(M;+m,)?

mpSaf s (51)
where f, represents the scalar form factor. We show the
DM-nucleon scattering cross section as a function of DM
mass for the points satisfying correct relic density in Fig. 12.
Because of the loop suppression, we observe that even when
the Yukawas and scalar quartic couplings are large, none of
the points are ruled out, and the parameter space remains
safe from the DM direct-search constraints. However,
interestingly, future experiments like XENON-nT [125]
and DARWIN [126] with enhanced sensitivity can probe
the Yukawa coupling x down to O(0.1).

VII. HIGGS BOSON IN THE DIPHOTON
DECAY CHANNEL

The SM Higgs boson has a mass of mj ~ 125 GeV
[84,127], and one of the main decay channels is the
diphoton, where the SM rate for & — yy is dominated
by the W-boson loop contribution. The signal strength of
h — yy is the ratio between the observed cross section
pp — h — yy and the same quantity computed in the SM.
The observed cross section pp — h — yy should match
the FSS; model prediction. Since the dominant process
of the Higgs boson production is gluon fusion, in the first
approximation, the production cross section of the Higgs
boson in the FSS; model is the same as in the SM. As a
result, following [104], after using narrow-width approxi-
mation, the signal strength of 47 — yy in the model can be
written as

_ lo(gg = h) x Br(h = yy)]gss,
7 lo(gg = h) x Br(h — y7)lsm

_ Ty C(h = 77)kss,

- Iﬁﬁssl C(h = y7)sm ‘

(52)

Here, the quantities with the FSS; and SM suffixes are
computed in the flavored scoto-seesaw and the Standard
Model, respectively. F{«Lss].sm is the total decay width for
these models. The h — yy decay is experimentally well
established, and in the LHC, the signal strength of & — yy
is R= 1.04f8.'58 [84]. While computing R,,, we take for
the total decay width of the Higgs boson FlSlM =4.07 x
1073 GeV with a relative uncertainty of 30, [95]. For a
theoretical error estimate, see also [128]. For detailed
studies on 7 — yy decays within miscellaneous beyond-
SM scenarios, see [104,129-132]. In the framework of the
FSS,| model, this decay can be enhanced with the charged
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FIG. 13. R, is plotted against mm,;+ in the plane of A3. The white-

shaded region is the allowed region determined by the ATLAS
experiment [84].

scalars (7%) in the loop, over the SM contribution with
charged fermions and W bosons in the loop. Using
Eq. (52), the expression for the partial decay width of
h — yy in the FSS; model induced by the = loop can be
written as [133]

_ Graz,m;
128v/27°

23 7)2
2M§+

L(h —yy)

ZNfQ]%Fl/z(ﬂf) + Fy(Bw)
f
2

+ Fo(Bys)| » (53)

where f; = 4M7?/m?, i = f,W.n". Ny is the color factor,
and Qy is the charge of quarks. ., and G are the fine
structure constant and the Fermi constant. The F functions
in Eq. (53) are the form factors of spin-1/2, 1, and O fields
for the 4 — yy decay:

Fip(Br) = =2p[1+ (1 = B)f(B)]. (54)
Fi(fw) =[2+3p+3p2-B)f(B)], (55)
Fo(By=) = Bl1 = B (P)), (56)
where
. 1 L 2
fB) = <sm \/B> . B2l (57)

1] 1+yI=g ]2
_4[1111_ l—ﬁ_m]’ p<1. (58)

In the FSS; model, therefore, the total decay width of the
Higgs boson can be written as

r%ss, =Ty +T(h — ngng) +T(h — nmy)

+T(h—nty). (59)
In the above equation, the decay width of the Higgs boson
to different scalar particles is calculated using tree-level
couplings:

2

Ah”/R”R = ; (M’%R - ﬂ%)’ (60)
2 2 2

A’h’h’h = ; (M'h _'MZ)‘ (61)

Doing numerical analysis for I'(h — yy), we scan the
parameters of the FSS; model in the range
100 GeV <M, .M

M;,]‘F < 2000 GCV, ‘23’4,5| < 4.

(62)

nr> =12

In Eq. (§9), the total decay width of SM Higgs # in the
FSS; model has three extra contributions over the SM. In
the FSS, framework, the scalars 7z and 5; are not the
lightest neutral Z,-odd particles of the theory, f being the
DM candidate. Thus, with a judicious choice of the DM
mass M (satisfying relic density and direct-search con-
straints), the Higgs boson decays to nznr and 1;1; can be
made kinematically forbidden. The result of numerical
analysis is shown in Fig. 13, where the signal strength of
R,, in the wide 13 range is given as a function of the
charged scalar mass M,:. The horizontal white region
(R, = 1.047049) represents the currently allowed region
measured by the ATLAS experiment using 139 fb~! of pp
collision data at /s = 13 TeV [84]. This shows that the
M, masses heavier than 1000 GeV are completely safe
from LHC constraints. As follows from Eq. (53), if 43 < 0,
the partial decay width of 4 is smaller than in the SM,
while positive A3 will give an enhancement beyond the SM
value. So, depending on the positive or negative value of
A3, we get R, > 1 or R,, < 1, respectively. This behavior
can be seen in Fig. 13.

VIII. LEPTON FLAVOR VIOLATION

The constraints on lepton-flavor-violating (LFV) proc-
esses are an important aspect of the FSS; model under
consideration. The model offers specific predictions, given
that the flavor structure of the Yukawa couplings is entirely
dictated by the A, discrete flavor symmetry and the align-
ment of flavon vacuums. Along with neutrino masses,
mixing, and DM phenomenology, LFV decays also give
valuable insight on the FSS; model parameters. As a
consequence of the considered flavor symmetry, the
Yukawa couplings in the charged lepton sector are diagonal;
see Eq. (7). However, the Yukawa couplings yy and y, in
Eq. (8), associated with the type-I seesaw and scotogenic
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mechanisms, respectively, contribute to the LFV decays.
These Yukawa couplings can generate lepton-flavor-
violating processes5 like [, = lgy and I, — 3l (@, f = e
u, 7). Studies on these LFV decays completely depend on
the FSS; model construction as described below.

In our framework, the branching ratios of the [, — lgy
decays for the scotogenic contribution can be written

as [61,134]
38w | sy L szz 2
~ 64G2 Y Y M, (Fl (m
n

n
X Br(l, = lgy,bp). (63)

Br(l, = lgy)

Here, G is the Fermi constant, and Y is the Yukawa
coupling matrix from the scotogenic contribution given in
Eq. (11). The expression for the function F; is given by

1 — 6x + 3x% + 2% — 6x* log x
6(1 —x)*

Fi(x) = (64)

As mentioned earlier, the Yukawa couplings are determined
by the considered discrete symmetries of the model. Due to
the specific VEV structure of the A, triplet flavon, Y} = 0
as given in Eq. (11). Therefore, the scotogenic contribution
alone yields a vanishing contribution for 7 — ey and
7 — uy lepton-flavor-violating decays. So, the only non-
vanishing contribution arising in the decays of the form
l, = lgy comes from the u — ey decay, with its branching
fraction given by [61,134]

) | M7\ \?
Br(u — ey) ~ 64G2 R <F1<M2 ))
n "
x Br(u — ev,p,) (65)
_ 3na,, |b| 21 P szc 2
16GEMI\F (M, M, M) M "\ M2,
x Br(u — ev,p,), (66)

where we have substituted Eq. (11) into Eq. (65) to obtain
Eq. (66). In the above, € = v,/ A, where for simplicity we
have assumed all flavon VEVs to be the same—i.e.,
ve = v;, = vy. Clearly, Br(u — ey) depends on the
parameter |b|, which is constrained from neutrino oscil-
lation data ranging from 0.0048 to 0.0056 eV, as given in
Fig. 1. Another type of LFV decays appearing in our FSS;
framework are the [, — 315 (I, — lﬂfﬁlﬁ) processes. The
corresponding branching ratios are given by [134]

To study lepton flavor violation in the pure scotogenic model,
see Refs. [134-136].

em 1 mg M]% 2
Br(ly—3lp)~ 512(;2| M4 < ,,) <F2<M2 >>
i’]+

XBr(l, — lyv,bp), (67)
where

2 —9x + 18x> — 11x* + 6x° log x
6(1 —x)* '

2)-(m)D) e

Again, following Eq. (11), we find that Y}, = 0, hence the
branching fractions for 7 — 3¢ and v — 3y decays vanish.
The only nonvanishing contribution originates from the
u — 3e decay, and its branching fraction can be written

as [134]
S
M4+ m,
"

M7\ 2
(G e
n
_3a, ( 1 ) 1 g<m_>
128M3Gy \F (M. M, My)) M.~ \m,

(L)

where we have substituted Eq. (11) into Eq. (70) to obtain
Eq. (71) with € = v,/ A. Similarly to Eq. (66), here we also
find that Br(u — 3e) depends on the scotogenic mass
parameters My .+, . as well as |b|, the parameter involved
in explaining the correct neutrino oscillation parameter and
DM relic density. The variation of the corresponding
coupling A5 is given in the inset. In Fig. 14, we have
shown plots for y — ey (left panel) and y — 3e (right
panel) branching ratios against the dark matter mass M,
satisfying the bound on |b| obtained from Fig. 1. The
current constraint (denoted by a red line) for the branching
ratio of the y — ey decay is given by the MEG-II experi-
ment as Br(u — ey) < 3.1 x 10713 [137], whereas for y —
3e decay the constraint by the SINDRUM experiment is
given as Br(u — 3e) <1 x 1072 [138]. In both plots, a
current upper bound on both these decays constrains the
dark matter mass M, specifically in the low-mass region.
M ; will be further constrained by the future MEG-II (Proj.)
[139] and Mu3e Phase-I [140] experiments. To illustrate the
dependence of the LFV branching ratio on the neutrino
oscillation parameters and its consistency with the DM
phenomenology, in Fig. 15, we have plotted Br(u — ey)

Fy(x) = (68)

Br(u — 3e) » 512G2 | VsVi€
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FIG. 14.  The branching ratio of 4 — ey (u — 3e) is plotted against the dark matter mass M ; in the left (right) panel. In both panels, the
red line corresponds to the present upper bound, and the brown line corresponds to the future sensitivity (see text for details).

against |b|. Here, the white-shaded region is consistent with
correct neutrino masses and the mixing given in the right
panel of Fig. 1. Hence, the cyan-shaded regions are ruled
out by neutrino oscillation data. This plot also depicts the
dependence of the branching ratio on the scotogenic
Yukawa coupling shown by the variation of x. The upper
shaded region is already ruled out by the recent updated
constraint from MEG-II [137], and the projected sensitivity
of MEG-II can probe « of the order O(1072).
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FIG. 15. The branching ratio for y — ey is plotted against |b|
for the points satisfying correct relic density of DM. The variation
of color legends is for the variation of k. Cyan-shaded regions rule
out values of |b| other than those consistent with the neutrino
oscillation data: (0.0048-0.0056) eV. Solid red and dot-dashed
brown lines represent the recent updated constraint from MEG-II
and its projected sensitivity, respectively.

For the type-I seesaw contributions to LFV decays, the
branching fractions for /, — lzy decays can be cast in the

following form:
4 X M2
Y Y f(—N>
My

where Y is given in Eq. (10). The loop function f(x) in
Eq. (72) is

©om

>

_ x(2x* +3x% — 6x — 6x? log(x) + 1)
f) = 2(1—x) '

(73)

Similarly to the scotogenic contribution, the A, discrete
symmetry and the VEV alignment of the flavon ¢, play a
crucial role in estimating the branching ratio for [, — lgy.
The VEV alignment of the flavon ¢, is such that it gives

% = 0, as a result of which the branching fractions for
u — ey and T — ey decays vanish. The only nonvanishing
contribution arising in the type of [, — I3y decay is 7 — py,
and the branching fraction is given by

M2
(wyne’f (—N)
f<M_%v> ’
M3,
For My ~ 10* GeV and |a| = 0.0250 eV, the branching
fraction in Eq. (74) gives 5.4 x 10733, which is very small
compared to the experimental limit (4.4 x 1078) [141]. For
higher M, values, the branching ratio will be even more
suppressed. Similarly, the branching ratio for the 7 — 3u

conversion is found to be very small compared to the
experimental bound [142].

3a,,,v* 2

8aMy,

Br(z — py) =

3a,,
= S |al? (74)
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TABLE III.  Possible lepton-flavor-violating decay modes and
their origin in the FSS; framework. The v" and X symbols stand
for allowed and disallowed regimes.

Decay modes Scotogenic Seesaw Remarks
u—ey v X Yg =0
T ey X X Yy, =0,Y5,=0
T uy X v Yz =0
u—3e v X Yg =0
7 — 3e X X Yy =0.Y,=0
7 3u X v Y, =0

In Table III, we have summarized the allowed LFV
decays in the FSS; model. The considered discrete
flavor symmetry and corresponding vacuum alignment of
the flavons completely disallow decay channels such as
7 — ey and 7 — 3e. Such a decisive prediction can be made
since we have vanishing values for the Yukawa couplings
Y% and Y{—see Eqs. (10) and (11)—associated with the
scotogenic and type-I seesaw contributions, respectively.
Present experiments already exclude branching ratios larger
than about O(107%). Any positive signal by the future
experiments will essentially test the validity of the FSS;
framework.

IX. SUMMARY OF PHENOMENOLOGICAL
ANALYSIS

Both the type-I seesaw and the scotogenic contribution
within our FSS| framework are crucial in explaining the
hierarchy associated with the neutrino mass-squared
differences. The scotogenic contribution is characterized
by the parameter b, and its magnitude is restricted within
a narrow range, 0.0048-0.0056 eV. The estimation of
DM relic density depends on the scotogenic contribution
Yukawa coupling « associated with |5/, as given in Eq. (11).
This dependence is shown in Fig. 10 in the DM mass M -k
plane. The allowed parameter space gets further constrained
to satisfy correct neutrino oscillation data and experimental
limits on LFV decays discussed in Secs. IV and VIII,
respectively. Although the allowed range of |b| is tightly
constrained from neutrino oscillation data, interplay of DM
f and other dark sector particles #; z + can satisfy correct
DM relic density with contributions from various annihi-
lation and coannihilation contributions mentioned in
Figs. 6-8. Hence, updating Fig. 10, in Fig. 16, we have
plotted the final parameter space, which includes constraints
from DM relic density, neutrino oscillation data, and LFV
decays. The points with the color code represent the
parameter space consistent with the DM relic density and
direct-search constraints. Once we impose the constraints for
|| from the neutrino oscillation data obtained from Fig. 1,
we get the magenta-colored points. Finally, we obtain the red
star points when we impose the constraint from LFV decays
along with the constraints mentioned above from DM

1y
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FIG. 16. Final parameter space for the two important param-
eters of the FSS; model—namely, the Yukawa coupling x and the
DM fermion mass M —after imposing the constraints from DM
relic density, direct search, neutrino oscillation data, and LFV
decays.

phenomenology and neutrino oscillation. LFV constraints
restrict the maximum allowed Yukawa coupling to be less
than O(1072), and DM masses within (100-1000) GeV are
found to be simultaneously consistent with neutrino oscil-
lation data, DM relic density, direct search, and LFV decay
constraints.

X. CONCLUSIONS AND OUTLOOK

We propose the flavor-scoto-seesaw (FSS) model, which
explains the observed hierarchy between the solar and
atmospheric neutrino mass scales, experimentally allows
the trimaximal mixing scheme, and naturally accommo-
dates viable dark matter candidates. In this framework,
type-I seesaw and one-loop scotogenic mechanisms con-
tribute to the effective light neutrino mass. With only one
right-handed neutrino, the type-I seesaw contribution
dominantly contributes to generating the atmospheric
neutrino mass scale, and the scotogenic contribution (with
the involvement of the dark fermion f and scalar 7) is
mainly responsible for the solar neutrino mass scale. The
whole framework is embedded within Ay X Z4 X Z3 X Z,
discrete flavor symmetry predicting the lightest neutrino to
be massless and one nonvanishing Majorana phase. The
model also contains a few flavon fields to realize the
appropriate flavor structure to explain observed neutrino
mixing. The inclusion of auxiliary Zy (N =4, 3,2) sym-
metries is a generic feature of discrete flavor-symmetric
models to forbid several unwanted terms, and the charged
lepton mass matrix is found to be a diagonal one. These Z
symmetries are broken down to a dark Z, symmetry,
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ensuring the stability of dark matter under which only f and
n are odd. With a judicious choice of the flavon vacuum
alignments, the TM; mixing scheme can be realized, and
hence we call our flavor-symmetric scoto-seesaw model an
FSS; model.

The considered flavor symmetry completely dictates the
flavor structure of the model and makes it highly predictive.
The FSS; model provides rich phenomenology for neutrino
masses, mixing, LFV decays, and collider studies, and it
accommodates potential dark matter candidates with the
DM f fermion and 7 scalar. With both type-I and scotogenic
contributions, a rank-2 light neutrino mass matrix is
obtained, predicting normal ordering of the light neutrino
mass. The presence of flavor symmetry in FSS; implies a
preference for the higher octant of the atmospheric mixing
angle 6,3, where the allowed ranges are given by 0.531 <
sin? @53 < 0.544 and 0.580 < sin” 0,5 < 0.595. The model
also tightly constrains the TM; prediction for the Dirac CP
phase Scp [within the range 4(1.44-1.12) rad] and the
Jarlskog CP invariant. Moreover, correlations among neu-
trino mixing parameters within the FSS; model (see Figs. 3
and 4) give a strict determination of the Majorana CP phase,
thus giving an accurate prediction for mg; (see Table II)
within the range 1.61-3.85 meV. Here, the dark fermion f is
considered as the DM candidate whose production mecha-
nism is connected with its Yukawa coupling with SM
leptons and the inert doublet scalar #. The magnitude of
these Yukawa couplings plays a critical role in determining
correct neutrino mixing and DM relic density through the
thermal freeze-out mechanism. With the flavor structure of
the FSS, framework, only the scotogenic part contributes to
the lepton-flavor-violating decays such as y — ey, u — 3e.
On the other hand, though they are very small, the seesaw
part of FSS; only contributes to decays such as 7 — uy,
7 — 3u. Interestingly, owing to the flavor symmetry and
vacuum alignment of the flavons, LFV decays such as
7 — ey and 7 — 3e are completely disallowed, and any
positive signal LFV for these two decays will test the
viability of this model. Within the FSS; framework, the
WIMP DM masses within (100-1000) GeV are simulta-
neously consistent with the constraints from neutrino
oscillation data, DM relic density, direct search, and LFV
decays.

The FSS; model can also be tested at the colliders via a
wide range of phenomenological studies. For example,
FSS; can contribute to the Higgs boson diphoton decay
channel & — yy. Figure 13 shows that M,+ masses up to
1 TeV can have implications at the diphoton Higgs decay
channel using the present LHC experimental results. With
the increasing data collection at LHC and HL-LHC, the
precision of R,, will improve, giving prospects for better
determination of allowed regions for specific flavor model
parameters. Thus, phenomenology-based R,, constraints
can be used for further studies and predictions for pro-
ducing exotic discrete flavor model signals at present and

future colliders. The same statement is valid for further
phenomenological studies of the model based on DM and
LFV constraints. Thus, in alignment with all pertinent
constraints, the model retains its predictiveness across LFV
experiments and direct detection of DM, as well as collider
experiments.
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APPENDIX: A; SYMMETRY

A, is a discrete group of even permutations of four
objects.6 Geometrically, it is an invariance group of a
tetrahedron. It has 12 elements which can be generated by
two basic objects S and 7, which obey the following
relations:

S§2=T=(ST)*=1. (A1)

The A, group has three one-dimensional irreducible rep-
resentations—1, 1’, and 1”"—and one three-dimensional
irreducible representation—3. Products of the singlets and
triplets are given by [27]

1®@l=1; 1I®1"=1, (A2)
1/ ® 1/ — 1//; 1// ® 1// — 1/’ (A3)
3@3=101'®1"®3,d 3, (A4)

where the subscripts “s” and “a” denote symmetric and
antisymmetric parts, respectively. Writing two A, triplets as
X = (x1,%,x3)7 and Y = (y1,y2,y3)7, respectively, their
product can be written as [27]

XQY=XQY),®(X®Y), ®(XQY),

OX®Y); ®(X®Y)s, (AS)

where

(X ®Y), ~x1y; + x93 + X3)2, (A6)

®For a detailed discussion on Ay, see Refs. [27,28].
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(X ®Y)y ~x3y3 + X135 + o)1, (A7)

(X ® YY) ~x292 +x1y3 + X3)1, (A8)
2x1y1 — X2y3 — X3

(X ®Y)3,~ | 2x3y3 —x1y2 = X2)1 |+ (A9)

2x,y7 = X1y3 — X34

X2Y3 — X3)2
(X ® Y)sa ~o X1Y2 — Xy (AIO)
X3y1 — X1)3

These relations are used in the construction of the mass
matrices given in Eqs. (7) and (12).
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