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Abstract

We study the connection between dark matter (DM) and neutrinoless double
beta (0νββ) decay in a scotogenic model with hybrid texture in the neutrino
mass matrix. Characteristically, the framework allows to write all the non-zero
elements of the mass matrix proportional to effective Majorana mass |Mee|. The
overall scale of the neutrino mass is found to be governed by non-zero |Mee|.
We have obtained interesting correlations of relic density of DM(Ωh2) with
DM mass M1 and |Mee|. Using experimental value of DM relic density(Ωh2),
the DM mass M1, is found to be O(1TeV) which is within reach of collider
experiments. Specifically, for all five hybrid textures, the range of upper bound
on DM mass M1 is found to be (2.27-5.31)TeV. Another interesting feature
of the model is the existence of lower bound on |Mee| for all allowed hybrid
textures except texture T5 which can be probed in current and future 0νββ
decay experiments. With high sensitivities, these experiments shall establish
the theoretical status of the proposed model. For example, the non-observation
of 0νββ decay down to the sensitivity O(0.03)eV will refute T3 hybrid texture.

1 Introduction

After the experimental observation of neutrino oscillations [1,2], the immediate quest
is to understand the origin of neutrino mass eventually responsible for observed mix-
ing pattern in the leptonic sector. Despite astounding success standard model (SM) of
particle physics is inadequate to explain non-zero neutrino mass. Various beyond SM
scenarios have been proposed providing a coherent and unified theoretical structure
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to understand the underlying dynamics of neutrino mass generation. Vast majority
of these models are based on tree-level seesaw frameworks [3–7]. Alternatively, ra-
diative neutrino mass models are very appealing as they can accommodate solar and
atmospheric neutrino mass scales by suppression emanating from the loop factors
and relatively lighter mass of the mediator particle which may be observed at current
collider experiments.

On the other hand, there is another apparently independent unsettled problem about
the nature of the dark matter (DM). The radiative models forged with discrete sym-
metries such as Z2 provide a natural way to stabilize the viable DM candidate(s). In
this way, these extensions, beyond tree-level dynamics popularly known as “scotogenic
models”, offer promising explanation to both non-zero neutrino mass and nature of
DM. In these models the SM field content is enhanced by the addition of three singlet
fermions and a scalar doublet [8].

Another fundamental problem in neutrino physics pertains to discerning Dirac or
Majorana nature of neutrinos. Such identification is very important for neutrino mass
model building. In fact, these models blooms from the very basic assumption about
the nature of neutrino being Dirac or Majorana. One of the characteristic feature of
Majorana neutrino is the possibility for existence of lepton number violating (LNV)
processes such as neutrinoless double beta (0νββ) decay. Although this process is
still elusive but, once observed, will confirm Majorana nature of neutrino.

Radiative generation of neutrino mass can be done at one-loop level [9–14], two-
loop level [15–19], three and higher-loop level [20–25]. The basic scotogenic model
proposed by E. Ma is the most discussed radiative models at one-loop level, as this
model simultaneously account for the neutrino mass generation and dark matter [8].
In these models, additional suppression is guaranteed by the loop integrals, and this
suppression is higher for higher loops. Therefore, with higher-loops, we can expect
charged scalar to be lighter enough to be tested at LHC. Scotogenic model assuming
texture zeros in the neutrino mass matrix has been discussed in Refs. [26, 27].

In this work, we attempt to integrate the explanation to aforementioned problems
into a single framework assuming neutrino to be Majorana particle. Within scotogenic
model, we work in a more constrained scenario wherein hybrid textures are assumed in
the neutrino mass matrix. Hybrid texture means one-zero and one-equality amongst
the elements of neutrino mass matrix. One of the important property of hybrid
textures considered in this work is that all the elements except “0-element” can be
written, in a way, proportional to non-zero |Mee| element of the neutrino mass matrix.

The paper is organized as follows. In Section 2 we outline the basic structure of
scotogenic model. In Section 3, we discuss the co-annihilation of dark matter and
calculation of relic density of DM in the current setup. In Section 4, we discuss
the connection between DM and 0νββ decay assuming hybrid textures in the neu-
trino mass matrix. The details of the numerical analysis and interpretation of the
phenomenological results are discussed in Section 5. Finally, the conclusions are elu-
cidated in Section 6.
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2 The model

The scotogenic model is an extension of the standard model (SM) wherein three Ma-
jorana SU(2)L singlet fermions Nk(k = 1, 2, 3) and an SU(2)L scalar doublet (η+, η0)
are added to the standard field content [8]. All these beyond standard model parti-
cles are odd under exact Z2 symmetry. The particle content of the scotogenic model
under SU(2)L × U(1)Y × Z2 is given by

Lα = (να, lα) : (2,−1/2,+), lCα : (1, 1,+),

φ = (φ+, φ0) : (2,−1/2,+),

η = (η+, η0) : (2, 1/2,−), Nk : (1, 0,−),

(1)

where α = e, µ, τ , (να, lα) and (φ+, φ0) are left-handed lepton doublets and Higgs
doublet, respectively.
The Lagrangian of the scotogenic model containing relevant Yukawa and mass terms
is given by

L ⊃ yαk(ν̄αLη
0 − l̄αLη

+)Nk +
1

2
MkN̄kN

C
k +H.c., (2)

and the relevant interaction terms in the scalar potential are given by

V ⊃ 1

2
λ(φ†η)2 +H.c., (3)

where λ is the quartic coupling. Due to exact Z2 symmetry neutrino mass at tree
level is forbidden and they will acquire mass via one-loop level.
After integrating heavy fields at one-loop level the general element of neutrino mass
matrix “Mαβ” is given by

Mαβ =
3

∑

k=1

yαkyβkΛk, (4)

where

Λk =
λv2

16π2

Mk

m2
0 −M2

k

(

1− M2
k

m2
0 −M0

k

ln
m2

0

M2
k

)

, (5)

m2
0 =

1

2
(m2

R +m2
I), (6)

and v, is the vacuum expectation value (vev) of the Higgs field, mR and mI are the
masses of

√
2Re[η0] and

√
2Im[η0], respectively and Mk(k = 1, 2, 3) are right-handed

neutrino masses. This model, also, accounts for the lepton flavor violating (LFV)
processes such as µ → eγ induced at one loop level. The branching ratio for process
µ → eγ is given by [11, 12]

Br(µ → eγ) =
3αem

64π(GFm
2
0)

2

∣

∣

∣

∣

∣

3
∑

k=1

yµky
∗
ekF

(

Mk

m0

)

∣

∣

∣

∣

∣

2

, (7)

where αem is the fine structure constant for electromagnetic coupling, GF is Fermi
coupling constant and F (r) is given by

F (r) =
1− 6r2 + 3r4 + 2r6 − 6r4 ln r2

6(1− r2)4
, r ≡ Mk

m0

. (8)

3



3 Co-annihilation of the cold dark matter and relic

density

The characteristic feature of scotogenic model is that it provide a framework for
simultaneous explanation of neutrino mass and DM. Nk is odd under Z2 symmetry.
The lightest of Nk is, thus, the suitable dark matter candidate in the model. The
co-annihilation of lightest Z2 odd particle (N1), through Yukawa couplings account
for the cold dark matter candidate abundance and, also, for branching ratios of flavor
violating µ → eγ process consistent with scotogenic model [28]. Here we assume that
the mass of dark matter candidate N1 is almost degenerate with mass of next singlet
fermion N2. The overall right-handed neutrino mass spectrum here is M1 ≤ M2 <
M3 [28]. The co-annihilation cross-section times the relative velocity of annihilating
particles vr is given by [29]

σij |vr| = aij + bijv
2
r , (9)

where

aij =
1
8π

M2
1

(M2
1+m2

0)
2

∑

α,β(yαiyβj − yαjyβi)
2,

bij =
m4

0−3m2
0M

2
1−M4

1

3(M2
1+m2

0)
2 aij +

1
12π

M2
1 (M

4
1+m4

0)

(M2
1+m2

0)
4

∑

α,β yαiyαjyβiyβj,

}

(10)

and σij(i, j = 1, 2) is the annihilation cross-section for the process NiNj → xx
′

,
dM = (M2 − M1)/M1 is the mass splitting ratio for the almost degenerate singlet
fermions, x = M1/T i.e. ratio of lightest singlet fermion N1 to the temperature T. If
g1, g2 are the number of degrees of freedom of singlet fermions N1 and N2, respectively,
the effective cross section is given by

σeff =
g21
g2eff

σ11 +
2g1g2
g2eff

σ12(1+ dM)3/2 exp(−xdM) +
g22
g2eff

σ22(1+ dM)3 exp(−2xdM),

(11)
geff = g1 + g2(1 + dM)3/2 exp(−xdM), (12)

with dM ≃ 0 (N1 is almost degenerate with N2) and using Eqns.(9) and (12) in
Eqn.(11) we get

σeff |vr| =
(σ11

4
+

σ12

2
+

σ22

4

)

|vr|, (13)

= aeff + beffv
2
r ,

where

aeff = a11
4

+ a12
2

+ a22
4
,

beff = b11
4
+ b12

2
+ b22

4
.

}

(14)

The thermal average cross section is

< σeff |vr| >= aeff + 6beff/x, (15)

which has linear dependence on temperature as x = M1/T and relic abundance of
cold dark matter is given by

Ωh2 =
1.07× 109GeV−1

Jg
1/2
∗ mP l

, (16)
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where mP l = 1.22× 1019GeV , g∗ = 106.75 and

J(xf ) =

∫ ∞

xf

< σeff |vr| >
x2

dx, (17)

where xf = M1/Tf ≈ 25, Tf is the freeze-out temperature [30].
Using Eqn.(15), the relic density become

Ωh2 =
1.07× 109GeV−1xf

(aeff + 3beff/xf)g
1/2
∗ mP l

, (18)

where

xf = ln
0.038geffmP lM1 < σeff |vr| >

g
1/2
∗ x

1/2
f

. (19)

4 Connecting dark matter and 0νββ decay in the

framework of hybrid textures

After setting out the basic framework of the scotogenic model and modalities to
calculate relic density of DM in earlier sections, here we analyse neutrino mass matrix

Mν = Udiag(m1, m2e
iα2 , m3e

iα3)UT ≡





Mee Meµ Meτ

Meµ Mµµ Mµτ

Meτ Mµτ Mττ



 , (20)

focusing on the, yet elusive, neutrinoless double beta (0νββ) decay. Here U is the
Pontecorvo–Maki–Nakagawa–Sakata (PMNS) mixing matrix, (m1, m2, m3) are three
neutrino mass eigenvalues and (α2, α3) are Majorana phases. In general, U is pa-
rameterized in term of three mixing angles (θ12, θ23, θ13) and Dirac-type CP violating
phase δ. In fact, the most important characteristic of Majorana nature of neutrino is
the possibility of lepton number violating 0νββ decay. Beside the phase space factors,
the amplitude of this decay is proportional to (1,1) element of neutrino mass matrix,
(|Mee|). The elements of the mass matrix are, in general, functions of three mixing
angles, three mass eigenvalues and three CP violating phases. Alternatively, we can
rearrange, the elements of µ− τ sector of the mass matrix to write them as [31, 32]

Mµµ,ττ,µτ = f(Mee,Meµ,Meτ , θ12, θ23, θ13, δ), (21)

for example,

Mµµ = (A+B cos 2θ23)Mee + ((C +D)s23 + 2s223E)Meµ + ((C +D)c23 + 2c223F )Meτ ,

Mµτ = (A− B cos 2θ23)Mee + ((D − C)s23 − 2s223E)Meµ + ((D − C)c23 − 2c223F )Meτ ,

Meτ = −B sin 2θ23Mee − (Cs23 tan 2θ23 + E)Meµ − (Cc23 tan 2θ23 − F )Meτ .
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Zero Equality Allowed(✓)/Disallowed (✗)
Mµµ = 0 ✓:= T1

Mττ = 0 Meµ = Meτ ✓:= T2

Mµτ = 0 ✗

Mµµ = Mττ ✗

Meµ = 0 Mµµ = Mµτ ✓:= T3

Mττ = Mµτ ✓:= T4

Mµµ = Mττ ✗

Meτ = 0 Mµµ = Mµτ ✓:= T5

Mττ = Mµτ ✓:= T6

Table 1: Nine possible hybrid textures for which Mαβ, ((α, β) = e, µ, τ), is propor-
tional to non-zero |Mee|. The textures listed here are allowed(✓) or disallowed(✗)
based on whether they reproduce correct low energy phenomenology or not.

where

cij ≡ cos θij ,

sij ≡ sin θij ,

A =
1

2
(1 + e−2iδ),

B =
1

2
(1− e−2iδ),

C = −1

2
cos 2θ23(e

−iδ cot 2θ13 − eiδs13c
−1
13 ),

D = e−iδ cot 2θ23 −
1

2
eiδs13c

−1
13 ,

E = c23(cot 2θ12 sec θ13 − e−iδ csc 2θ23s13c
−1
13 ),

F = s23(cot 2θ12 sec θ13 − e−iδ csc 2θ23s13c
−1
13 ),

(i, j = 1, 2, 3; i < j) and neutrino mass eigenvalue as

m1,2,3 = f(Mee,Meµ,Meτ , θ12, θ23, θ13, δ, α2, α3). (22)

The rearrangement done in Eqn.(21) is general, however, in order to explain the
possible connection between dark matter and 0νββ decay amplitude in the current
setup, we consider a constrained class of models wherein hybrid textures are assumed
in the neutrino mass matrix in such a way that element Mαβ , ((α, β) = e, µ, τ),
is proportional to non-zero |Mee|. Hybrid texture imply one zero and one equality

amongst the elements of neutrino mass matrix [33–37]. Using Eqn.(21), it can be
seen that there are nine possibilities to realize hybrid textures in Mν(with |Mee| 6= 0)
tabulated in Table 1. Out of nine only six (T1....6 ≡ T1, T2, T3, T4, T5 and T6) are
consistent with experimental data on neutrino mass and mixing [34] viz.

T1 :





Mee ∆ ∆
− 0 Mµτ

− − Mττ



, T2 :





Mee ∆ ∆
− Mµµ Mµτ

− − 0



,
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T3 :





Mee 0 Meτ

− ∆ ∆
− − Mττ



, T4 :





Mee 0 Meτ

− Mµµ ∆
− − ∆



,

T5 :





Mee Meµ 0
− ∆ ∆
− − Mττ



, T6 :





Mee Meµ 0
− Mµµ ∆
− − ∆



,

where ∆ represents the equal elements. For these six hybrid textures, the six elements
of neutrino mass matrix can be written as

Mαβ = fX
αβ(θ12, θ23, θ13, δ)Mee, (23)

where (α, β = e, µ, τ) and X = T1....6. It is interesting to note that the overall scale
of neutrino mass is governed by non-zero Mee i.e.

T1 :





1 fT1
eµ fT1

eµ

− 0 fT1
µτ

− − fT1
ττ



Mee, T2 :





1 fT2
eµ fT2

eµ

− fT2
µµ fT2

µτ

− − 0



Mee,

T3 :





1 0 fT3
eτ

− fT3
µτ fT3

µτ

− − fT3
ττ



Mee, T4 :





1 0 fT4
eτ

− fT4
µµ fT4

µτ

− − fT4
µτ



Mee,

T5 :





1 fT5
eµ 0

− fT5
µµ fT5

µµ

− − fT5
ττ



Mee, T6 :





1 fT6
eµ 0

− fT6
µµ fT6

µτ

− − fT6
µτ



Mee.

Eqn.(23) provide an important link between dark matter and 0νββ decay amplitude
|Mee|. Using Eqn.(4), we calculate Mαβ, in Eqn.(23), in terms of loop functions Λk

and Yukawa couplings. All the six elements of neutrino mass matrix are calculated
and given in Table 2 for each allowed hybrid texture T1....6.
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Texture Constraining Equations

T1

y2e1Λ1 + y2e2Λ2 + y2e3Λ3 = Mee

ye1yµ1Λ1 + ye2yµ2Λ2 + ye3yµ3Λ3 = fT1
eµMee

ye1yτ1Λ1 + ye2yτ2Λ2 + ye3yτ3Λ3 = fT1
eµMee

y2µ1Λ1 + y2µ2Λ2 + y2µ3Λ3 = 0
yµ1yτ1Λ1 + yµ2yτ2Λ2 + yµ3yτ3Λ3 = fT1

µτMee

y2τ1Λ1 + y2τ2Λ2 + y2τ3Λ3 = fT1
ττMee

T2

y2e1Λ1 + y2e2Λ2 + y2e3Λ3 = Mee

ye1yµ1Λ1 + ye2yµ2Λ2 + ye3yµ3Λ3 = fT2
eµMee

ye1yτ1Λ1 + ye2yτ2Λ2 + ye3yτ3Λ3 = fT2
eµMee

y2µ1Λ1 + y2µ2Λ2 + y2µ3Λ3 = fT2
µµMee

yµ1yτ1Λ1 + yµ2yτ2Λ2 + yµ3yτ3Λ3 = fT2
µτMee

y2τ1Λ1 + y2τ2Λ2 + y2τ3Λ3 = 0

T3

y2e1Λ1 + y2e2Λ2 + y2e3Λ3 = Mee

ye1yµ1Λ1 + ye2yµ2Λ2 + ye3yµ3Λ3 = 0
ye1yτ1Λ1 + ye2yτ2Λ2 + ye3yτ3Λ3 = fT3

eτ Mee

y2µ1Λ1 + y2µ2Λ2 + y2µ3Λ3 = fT3
µτMee

yµ1yτ1Λ1 + yµ2yτ2Λ2 + yµ3yτ3Λ3 = fT3
µτMee

y2τ1Λ1 + y2τ2Λ2 + y2τ3Λ3 = fT3
ττMee

T4

y2e1Λ1 + y2e2Λ2 + y2e3Λ3 = Mee

ye1yµ1Λ1 + ye2yµ2Λ2 + ye3yµ3Λ3 = 0
ye1yτ1Λ1 + ye2yτ2Λ2 + ye3yτ3Λ3 = fT4

eτ Mee

y2µ1Λ1 + y2µ2Λ2 + y2µ3Λ3 = fT4
µµMee

yµ1yτ1Λ1 + yµ2yτ2Λ2 + yµ3yτ3Λ3 = fT4
µτMee

y2τ1Λ1 + y2τ2Λ2 + y2τ3Λ3 = fT4
µτMee

T5

y2e1Λ1 + y2e2Λ2 + y2e3Λ3 = Mee

ye1yµ1Λ1 + ye2yµ2Λ2 + ye3yµ3Λ3 = fT5
eµMee

ye1yτ1Λ1 + ye2yτ2Λ2 + ye3yτ3Λ3 = 0
y2µ1Λ1 + y2µ2Λ2 + y2µ3Λ3 = fT5

µµMee

yµ1yτ1Λ1 + yµ2yτ2Λ2 + yµ3yτ3Λ3 = fT5
µµMee

y2τ1Λ1 + y2τ2Λ2 + y2τ3Λ3 = fT5
ττMee

T6

y2e1Λ1 + y2e2Λ2 + y2e3Λ3 = Mee

ye1yµ1Λ1 + ye2yµ2Λ2 + ye3yµ3Λ3 = fT6
eµMee

ye1yτ1Λ1 + ye2yτ2Λ2 + ye3yτ3Λ3 = 0
y2µ1Λ1 + y2µ2Λ2 + y2µ3Λ3 = fT6

µµMee

yµ1yτ1Λ1 + yµ2yτ2Λ2 + yµ3yτ3Λ3 = fT6
µτMee

y2τ1Λ1 + y2τ2Λ2 + y2τ3Λ3 = fT4
µτMee

Table 2: Constraining equations relating loop factors and Yukawa couplings to the
effective Majorana neutrino mass |Mee| for all hybrid textures T1....6.

The corresponding expressions of fX
αβ can be read from Eqns.(24-30). Also fee coeffi-

cients for all textures are unity. The coefficients, fX
αβ for all textures are as follows
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fT1
eµ =

sin 2θ12 sin 2θ13(e2iδc223+s223)

−4e2iδB5(c23−s23)c223A3+
eiδ

csc 2θ12
(2e2iδc223A3+s23(A1− 2C3

sin 2θ12
))
,

fT1
µτ =

√
2 cos(π

4
+θ23)(

−4eiδB5
sec 2θ23

+
2 sin 2θ12
csc 2θ23

(s213+e2iδ(
cos2 θ13
sin 2θ23

+1)))

−4e3iδB5(c23−s23)c223A3+
eiδ

csc 2θ12
(2e2iδc223A3+s23(A1− 2C3

sin 2θ12
))
,

fT1
ττ =

sin 2θ12(
2(c23−s23)

csc2 θ13 csc2 θ23
+ e2iδ

sec θ23
(

C3
sin 2θ12

+sin 2θ23)−eiδB5(B1−A5))

−4e3iδB5(c23−s23)c223A3+
eiδ

csc 2θ12
(2e2iδc223A3+s23(A1− 2C3

sin 2θ12
))
,































(24)

fT2
eµ =

sin 2θ12 sin 2θ13(c223+e2iδs223)

−4e2iδB5(c23−s23)s223+2e3iδA3B4−eiδc23 sin 2θ12(A2−4s213)
,

fT2
µτ =

2B4(s23−c23)c223+e2iδ
s23

csc 2θ12
(A4+sin 2θ23)+eiδB5(A5−B1)

−4e3iδB5(c23−s23)s223+2e4iδA3B4−e2iδc23 sin 2θ12(A2−4s213)
,

fT2
µµ =

sin 2θ12(
2(c23−s23)

csc2 θ13 csc2 θ23
+ e2iδ

sec θ23
(

C3
sin 2θ12

+sin 2θ23)−eiδB5(B1−A5))

−4e3iδB5(c23−s23)s223+2e4iδA3B4−e2iδc23 sin 2θ12(A2−4s213)
,



















(25)

fT3
eτ = sin 2θ12 sin 2θ13(A1+e2iδA2)

2eiδ sin 2θ12(2e2iδc223A3+s23(A4−sin 2θ23))+2e2iδB5(A5+B1)
,

fT3
µτ = 4s23(eiδc23s12+c12s13s23)(eiδc12c23−s12s13s23)

2eiδ sin 2θ12(2e2iδc223A3+s23(A4−sin 2θ23))+e3iδB5(A5+B1)
,

fT3
ττ =

(A6−2A5)

csc 2θ12 csc213
+ e2iδ

csc 2θ12
(2(cos 3θ23+

A3 cos 2θ13
s213

+eiδB5(A5+2A6))−A6)

2eiδ sin 2θ12(2e2iδc223A3+s23(A4−sin 2θ23))+2e3iδB5(A5+B1)
,



















(26)

fT4
eτ = sin 2θ12s13((A1+2 cos 2θ23)+e2iδ(A2−2 cos 2θ23))

8e2iδB5s223A3−eiδ sin 2θ12(B3−2A4s23)+e3iδ sin 2θ12s213(A5+A6)
,

fT4
µτ = 2s23(e2iδA4 sin 2θ12+2 cos2 θ23B4+2eiδ sin 2θ23B5)

8e3iδB5s223A3−e2iδ sin 2θ12(B3−2A4s23)+e4iδ sin 2θ12s213(A5+A6)
,

fT4
µµ =

2
csc 2θ12

(
2(2c23−s23)

csc θ13
2 − e2iδ

sec θ23
(A4−A1− 2

csc 2θ23
)+eiδ

s13
tan 2θ12

(A5−2A6))

8e3iδB5s223A3−e2iδ sin 2θ12(B3−2A4s23)+e4iδ sin 2θ12s213(A5+A6)
,



















(27)

fT5
eµ = sin 2θ12 sin 2θ13(A1+e2iδA2)

−8e2iδc213
s
132

A3B5+
2eiδ

csc 2θ12
(C1 cos 2θ13+C2c23)+e3iδB4(A5+B1)

,

fT5
µτ = 2c23(e2iδC3+2C4−2eiδB5 sin 2θ23)

−8e3iδc2
13

s
132

A3B5+
2e2iδ

csc 2θ12
(C1 cos 2θ13+C2c23)+e4iδB4(A5+B1)

,

fT5
ττ =

2(sin 2θ12(−2c223s
2
13C1+e2iδD1−eidB5(2B2+B1)))

−8e3iδc2
13

s
132

A3B5+
2e2iδ

csc 2θ12
(C1 cos 2θ13+C2c23)+e4iδB4(A5+B1)

,































(28)

fT6
eµ = sin 2θ12s13((A1+2 cos 2θ23)+e2iδ(A1+2 sin 2θ23))

4e3iδC4A3
s2
13

−2eiδc23 sin 2θ12(A2−c213)−2e2iδB5(A5+B1)
,

fT6
µµ =

16eiδB5(B2− c23
csc 2θ23

)− 4e2iδ

csc 2θ12
(
e−2iδD2
csc θ13

2 −(B2− 2 cos 2θ13A3
s2
13

+ 2
csc 3θ23

))

16e4iδC4A3
s2
13

+8e2iδc23 sin 2θ12(A2−c213)−8e3iδB5(A5+B1)
,

fT6
µτ =

4c23(c23s12s13+eiδ
sin 2θ12

2
)(−c12c23s13+eiδs12s23)

2e4iδC4A3
s2
13

−e2iδc23 sin 2θ12(A2−c213)−3e3iδB5(A5+B1)
,



































(29)
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Mixing angles bfp ± 1σ 3σ range
θ12/

o 33.82+0.78
−0.76 31.61 → 36.27

θ23/
o 49.6+1.0

1.2 40.3 → 52.4
θ13/

o 8.61+0.13
−0.13 8.22 → 8.99

δ/o 215+40
−29 125 → 392

Table 3: Global fit data of neutrino mixing angles and CP phase δ [38].

where

A1 = 1− cos 2θ23 − sin 2θ23,
A2 = 1 + cos 2θ23 + sin 2θ23,
A3 = s213(c23 + s23),
A4 = cos 2θ13 + cos 2θ23,
A5 = c23 − cos 3θ23,
A6 = −s23 + sin 3θ23,
B1 = s23 + sin 3θ23,
B2 = c23 + cos 3θ23,
B3 = (−1 + 4 cos 2θ13) cos 2θ23 + cos 3θ23,
B4 = sin 2θ12s

2
13,

B5 = cos 2θ12s13,
C1 = c23 − 2s23,
C2 = − cos 2θ23 + sin 2θ23,
C3 = sin 2θ12(cos 2θ13 − cos 2θ23),
C4 = sin 2θ12s

2
13s

2
23,

D1 = s23(2(cos 2θ23 + s213) + sin 2θ23),
D2 = cos 3θ23 + c23(−1 + 4 sin 2θ23),























































































































(30)

We calculate the coefficients fX
αβ by randomly generating(with normal distribution)

the mixing angles and CP phase within their allowed range using the data given in
Table 3 [38].

5 Numerical analysis and discussion

In the last section, we derived analytical expressions required to find the relic density
of DM(Ωh2) and to relate it with neutrinoless double beta decay in a constrained
scenario of hybrid textures. Once we randomly generate quartic coupling λ, lightest
right-handed neutrino massM1 assuming hierarchyM1 ≤ M2 < M3 with in their spec-
ified ranges given in Table 4 and assuming m0 & M1, we calculate the loop functions
Λk using Eqn.(5), for each texture. Substituting (i) Λk’s and randomly varying the
diagonal Yukawa couplings (ye1, yµ2, yτ3) on the left-hand side (ii) randomly varying
|Mee| in the range (0− 0.2) eV on the right-hand side of constraining equations given
in Table 2, we calculate the off-diagonal Yukawa couplings (ye2, ye3, yµ1, yµ3, yτ1, yτ2)
restricting them in the range 0 to 1.2. In addition, the LFV bound for the process
µ → eγ i.e., Br(µ → eγ) ≤ 4.2 × 10−13 [40] is, also, employed in the numerical
analysis.
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Parameter Range
λ (3− 4)×10−9

ye1, yµ2, yτ3 0− 1.2
M1 100 GeV-8 TeV

Table 4: Ranges of parameters used in the numerical analysis.

Texture M1 (TeV) |Mee| (eV)
T1 ≤ 2.27 ≥ 0.018
T2 disallowed by the observed value of relic density of DM(Ωh2)
T3 ≤ 5.31 ≥ 0.030
T4 ≤ 3.93 ≥ 0.015
T5 ≤ 2.77 [0-0.200]
T6 ≤ 4.10 ≥ 0.024

Table 5: Bounds on DM mass M1 and |Mee| for allowed hybrid textures.

Using Eqns.(10) and (14) along with calculated Yukawa couplings we evaluate aeff
and beff which are further used to obtain thermal average cross section using Eqn.(15).
Finally, we calculate the relic density of DM using Eqn.(18).

The correlation plots of relic density of DM(Ωh2) with DM mass M1 and |Mee| are
shown in Fig.(1) and (2), respectively. The horizontal line is the observed value of
relic density of DM Ωh2 = 0.1199 ± 0.0022 [41] which is used to constrain the DM
mass M1 (in Fig.(1)) and |Mee| (in Fig.(2)). The plots in Fig.(1) show that there
is a specific range of DM mass M1 which is consistent with observed value of relic
density of DM. It gives upper bound on the DM mass M1 for each possible hybrid
texture(Table 5). Also, it is interesting to note that out of all these six hybrid tex-
tures, texture T2 is not consistent with the observed value of relic density of DM.
Therefore, we have only five possible textures which gives constrains on the DM mass
M1. The plots in Fig.(2) shows the variation of relic density of DM with |Mee|. It is
evident from Fig.(2) that there exist a lower bound on |Mee| for textures T1, T3, T4

and T6 while for texture T5, there is no sharp lower bound and it can approach to
zero.
The predicted upper bounds on DM mass M1 and lower bound on |Mee|, for each
hybrid texture, are given in Table 5. The parameter space of |Mee| consistent with
observed relic density of DM(Ωh2), have imperative implications for 0νββ decay ex-
periments. The observation and non-observations of |Mee| in the current and future
0νββ decay experiments [42–46] can further refute or validate the textures. For ex-
ample, the non-observation of 0νββ decay down to the sensitivity O(0.03eV ) will
refute T3 hybrid texture.

6 Conclusions

In this work, we have studied the implications of scotogenic model to the effec-
tive Majorana mass |Mee| and dark matter within the framework of hybrid tex-
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Figure 1: Correlation between Relic density of DM(Ωh2) and DM mass M1. The
horizontal line is the observed value of relic density of DM Ωh2 = 0.1199±0.0022 [41].

tures of neutrino mass matrix. Within the formalism, we construct nine possibil-
ities of hybrid textures having non-zero |Mee|. Out of these nine hybrid textures,
only six(T1, T2, T3, T4, T5 and T6) are compatible with the low energy neutrino phe-
nomenology. We derive analytic expressions to show the possible connection between
non-zero elements of hybrid textures of neutrino mass matrix and |Mee| and employed
scotogenic model to incorporate DM in our study. Using the neutrino oscillation data
we calculate relic density of DM, DM mass M1 and the effective Majorana mass
|Mee| for allowed hybrid textures. The predicted parameter space for these quantities
are shown in Fig.(1) and Fig.(2). Further, the texture T2 is disallowed due to the
constrain from observed relic density of DM(Ωh2). The model has important implica-
tions for DM mass and Mee. Interestingly, the DM mass M1 consistent with observed
relic density of DM is found to be O(1TeV ) and is accessible at collider experiments.
Specifically, for all five hybrid textures, the range of upper bound on DM mass M1

is found to be (2.27-5.31)TeV. Fig.(2) shows the correlation between the relic density
of DM(Ωh2) and |Mee| for each hybrid texture. It is evident from Fig.(2) that except
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Figure 2: Correlation between Relic density of DM with effective Majorana mass
|Mee|. The horizontal line is the observed value of relic density of DM Ωh2 = 0.1199±
0.0022 [41].

for texture T5, there exist a robust lower bound on the Mee(Table 5) which is well
within the sensitivity reach of current and future 0νββ decay experiments.
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