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Abstract

We study a model of neutrino and dark matter within the framework of a minimal extended seesaw 
(MES). This model is based on A4 flavour symmetry along with the discrete Z3 ×Z4 symmetry to stabilize 
the dark matter and construct desired mass matrices for neutrino mass. Five-zero textures are imposed in 
the final 4 ×4 active-sterile mass matrix, which significantly reduces the free parameter in the model. Three 
right-handed neutrinos were considered, two of them have degenerate masses which help us to achieve 
baryogenesis via resonant leptogenesis. A singlet fermion (sterile neutrino) with mass ∼ O(eV) is also 
considered, and we are able to put bounds on active-sterile mixing parameters via neutrino oscillation data. 
Resonant enhancement of lepton asymmetry is studied at the TeV scale, where we discuss a few aspects of 
baryogenesis considering the flavour effects. The possibility of improvement in effective mass from 0νββ

in the presence of a single generation of sterile neutrino flavour is also studied within the fermion sector. 
In the scalar sector, the imaginary component of the complex singlet scalar (χ ) is behaving as a potential 
dark matter candidate and simultaneously the real part of the complex scalar is associated with the fermion 
sector for sterile mass generation.
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1. Introduction

In the journey of theoretical and experimental signs of progress, currently, we are at a golden 
period in particle physics. The discovery of Higgs boson [1,2], neutrino mass [3–5], the exis-
tence of dark matter [6,7] have glorified the field in the last two decades. Several experimental 
signs of progress on neutrino are running which are expected to bring significant contributions 
in the field of new physics, and recent light neutrino results are shown in Table 1. Along with the 
three generations of active neutrinos, eV scale sterile neutrinos catch serious attention over time. 
LSND reported for the first time about the anomalies that they observed during the appearance 
of ν̄μ → ν̄e channel [8,9]. Later MiniBooNE has also reported the presence of sterile neutrinos 
at 6.0σ CL [10]. At the same time, the Gallium experiments GALLEX and SAGE [11,12] and 
several observations of reactor antineutrino fluxes at short baseline experiment [13–15] also de-
tected such kind of anomalies with eV scaled mass splitting. However, at the current time exact 
generations or mass scales of sterile neutrinos are still unclear and lots of studies were done so 
far with different sterile neutrino masses under various assumptions [16–20]. Sterile neutrinos 
with the broad mass spectrum are highlighted in many BSM frameworks naturally, as long as 
there is minimal mixing with the active neutrinos [20–22]. The cosmological effect of sterile 
neutrinos can be observed if there were a sufficient amount of sterile neutrinos produced via the 
mixing with the active neutrinos in the early Universe. Currently, not only oscillation experi-
ments are looking for eV scale sterile neutrinos, but the tritium decay experiment KATRIN has 
also upgraded itself to be sensitive towards the different generations of neutrinos [23]. More-
over, observational cosmology also puts reasonable limits on the number and mass of relativistic 
neutrino states in the early Universe [24,25]. Hence, both the cosmological and laboratory-based 
studies find tremendous success in the behavioural study of sterile neutrinos [26,27].

Problems with neutrino mass generation, baryon asymmetry of the Universe, absolute neu-
trino mass along with dark matter studies need an obvious extension beyond the standard model 
(BSM) frameworks. The first two puzzles are perhaps resolved by introducing right-handed (RH) 
neutrinos in the scenario. There are various seesaw mechanisms to address active-sterile mass 
generation simultaneously [28,29], however, the minimally extended version of the type-I see-
saw has gained attention over time. This framework is popularly known as minimal extended 
seesaw (MES) [30–34]. This framework is very convenient to address the mass generation for 
active as well as sterile neutrinos, and it covers a wide spectrum of sterile mass (eV to keV) 
[35,36]. We exactly follow this framework in the present paper and study active-sterile mixing 
parameters using texture zero methods.

The analysis of neutrino phenomenology under the seesaw mechanism involves many more 
parameters than can be measured from the neutrino masses and mixing; hence, the situation 
becomes challenging to study. Texture zero in the final neutrino mass matrix implies some of 
the elements are much smaller than the other elements or zero, eventually, the number of free 
parameters is significantly reduced [37–39]. Flavour symmetries are widely used in neutrino 
phenomenology and play a crucial role in texture realization by reducing free parameters in the 
neutrino mass matrix [37,39–42]. Flavon fields introduced under flavour symmetries to describe 
neutrino mixing phenomenology are customarily SM singlets. Under specific flavour symmetry 
groups, the transformation behaviours of the flavons may vary. We have considered discrete 
A4 flavour symmetry, under which flavons acquire specific vacuum alignments after symmetry 
breaking along a particular direction. In the (3+1) situation, there are ten elements in the 4 × 4
symmetric mass matrix, and 16 parameters (4 masses, six mixing angles and 6 phases). Typically, 
texture zero studies connect these parameters through zeros, and there we get definite bounds on 
2
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Table 1
Recent NuFIT 5.0 (2020) results for active neutrino oscil-
lation parameters with best-fit and the latest global fit 3σ

range for normal ordering mode [78].

Parameters bfp±1σ Normal ordering

�m2
21[10−5 eV2] 7.42+0.21

−0.20 6.82-8.04

�m2
31[10−3 eV2] 2.517+0.026

−0.028 2.435-2.598

sin2θ12/10−1 3.04+0.12
−0.12 2.69-3.43

sin2θ13/10−2 2.219+0.062
−0.063 2.032-2.41

sin2θ23/10−1 5.73+0.16
−0.20 4.15-6.16

δ13/◦ 197+27
−24 120-369

them. Recent studies [38,39,43,44] on this 4 × 4 mass have predicted a various number of zeros 
with better accuracy on different aspects. At present, we proposed to explore the possibility with 
a maximum of five zeros in the final mass matrix and study active-sterile mixing phenomenology.

The baryon asymmetry of the current Universe is well addressed in the literature under a 
different mechanism. Thermal leptogenesis in trivial type-I seesaw is quite popular, due to the 
presence of heavy right-handed (RH) neutrinos [45–48]. The lightest RH neutrino decays out 
of equilibrium, satisfying Sakharov conditions [49] and simultaneously giving mass to the light 
neutrinos. However, thermal leptogenesis restricts the lower bound on the decaying RH neutrino 
(MN1 ≥ 109 GeV). Such higher masses are not discoverable for recent/ongoing experiments, thus 
studies of low-scaled leptogenesis are preferable in the current situation. Resonant leptogenesis 
(RL) is popular in low scale [50–55], which allow a nearly degenerate mass spectrum of RH 
neutrinos at TeV scale. In RL, the leptonic asymmetry gets resonantly enhanced up to the order 
of unity by the Majorana neutrino self-energy effect [56], when the mass splitting between the 
RH neutrinos is of the order of the decay rates (�M ∼ 	). As a result, in the thermal RL, the 
extra Majorana neutrino mass scale can be considered as low as the electroweak scale [50] while 
satisfying agreement with the neutrino oscillation data.

Baryon asymmetry is generated when the RH neutrino decays out of equilibrium, and the 
abundance of RH neutrino along with the lepton generations are determined by the Boltz-
mann equation. There is the quantum approach of the Boltzmann equation, which is based on 
the Schwinger-Keldysh Closed Time Path (CTP) formulation [57]. Within this formulation, 
one needs to derive quantum field-theoretic analogues of the Boltzmann equations, known as 
Kadanoff-Baym (KB) equations [58–61] describing the non-equilibrium time-evolution of the 
two-point correlation functions. These time integrals of KB equations ensure non-Markovian 
which allows studying the history of the system as a memory effect. These equations are con-
sistent for all flavour and thermal effects. In part works, a non-equilibrium perturbative thermal 
field theory [62] was developed, which defines physically meaningful particle number densities 
from the Noether charge. We followed the semi-classical approaches by [50,63–65] to work out 
the flavor effect in the RL scenario.

From the neutrinoless double beta decay (0νββ) study, if the Majorana nature of the neutrino 
can be substantiated, one can give a conclusive remark on absolute neutrino mass. Lepton number 
is extensively violated in the 0νββ processes by creating a pair of electrons. Established results 
of the lepton number violation (LNV) process supported by the existing theoretical scenario and 
the 0νββ study allow leptons to take part in the process of matter-antimatter asymmetry of our 
Universe. Hence, the observation of this process is essential for demonstrating the baryogenesis 
3
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idea [66] via lepton number violation. A rich literature with SM neutrinos on (0νββ) are reported 
in [67–71]. It is now clear that the addition of sterile neutrino with the SM particles can lead us to 
a broad range of new physics phenomenology [30,35,72]. Thus, motivated by these studies, we 
focus on adding an eV scaled sterile neutrino in the LNV process and study their consequences 
in this (3 + 1) 5-zero texture work.

The origin of dark matter and neutrino mass in the current situation is a puzzle, and there are 
various BSM frameworks at the tree level and loop level to address them under a single roof 
[73–77]. We consider a minimal model with a complex scalar singlet χ = (χR + iχI ), which 
takes part in fermion as well as scalar sector. A Z4 symmetry is chosen in such a fashion that 
the complex scalar singlet remains odd, which restricts its mixing with other SM particles. In 
the fermion sector, it couples to the additional singlet neutral fermion; sterile neutrino and RH 
neutrino, which help to generate masses of the sterile and active neutrinos and other experimen-
tal neutrino variables. On the other hand, in the scalar sector, the lightest component of χ (the 
imaginary part, χI ) serves as a viable WIMP (weakly interacting massive particle) dark matter 
candidate. Other scalar singlets and triplets in the model are decoupled from the dark matter anal-
ysis due to the large mass; nonetheless, they take active participation in neutrino mass generation 
and the baryogenesis process. Our main aim is to keep all these particles in the chosen model to 
explain neutrino parameters using the texture zero methods, dark matter as well as baryogenesis 
and neutrinoless double beta decay altogether. It was not done previously in the literature, which 
motivates us to carry out this detailed study.

We organized this paper as follows: In section 2, we discussed the complete theoretical frame-
work and the model description in subsequent subsections. In the sub-sections of section 3, we 
discuss various constraints and numerical approaches for minimal extended seesaw and vari-
ous parametrization, baryogenesis, neutrinoless double beta decay and dark matter respectively. 
In section 4, we discuss the numerical results of our work separately in each sub-sections, and 
finally, we concluded our work in section 5.

2. Theoretical framework

2.1. Choice of 5-zero texture

Recent studies [39,43] show a maximum of five zeros in the 4 × 4 active-sterile mass matrix 
were possible and beyond five zeros (i.e., six zeros in the 4 × 4 mass matrix), it fails to hold the 
latest bounds on the mixing parameters. In this work also, we focus on the maximum possible 
zero in the final 4 × 4 active-sterile mass matrix and study phenomenological consequences. In 
the five zeros texture, there are 10C5 = 252 possibilities of zeros and 246 among them are ruled 
out due to the condition (Mν)i4 �= 0 (with i = e, μ, τ, 4).1 Hence, we are left with six choices of 
mass matrices with zeros in the active sector. They are as follows,

T1 =

⎛
⎜⎜⎝

X 0 0 X

0 0 0 X

0 0 0 X

X X X X

⎞
⎟⎟⎠ ; T2 =

⎛
⎜⎜⎝

0 0 0 X

0 X 0 X

0 0 0 X

X X X X

⎞
⎟⎟⎠ ; T3 =

⎛
⎜⎜⎝

0 X 0 X

X 0 0 X

0 0 0 X

X X X X

⎞
⎟⎟⎠ ;

1 Earlier texture zero studies in the 3 + 1 neutrino framework [79], have shown that, the zeros in the active and extended 
sterile sector at the same time is phenomenologically disallowed.
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T4 =

⎛
⎜⎜⎝

0 0 X X

0 0 0 X

X 0 0 X

X X X X

⎞
⎟⎟⎠ ; T5 =

⎛
⎜⎜⎝

0 0 0 X

0 0 X X

0 X 0 X

X X X X

⎞
⎟⎟⎠ ; T6 =

⎛
⎜⎜⎝

0 0 0 X

0 0 0 X

0 0 X X

X X X X

⎞
⎟⎟⎠ .

(2.1)

In this 4 × 4 active sterile mixing matrix, there are six mixing angles, six mass squared dif-
ferences and four mass eigenvalues. For simplicity, we have fixed Dirac and Majorana phases. 
We use the latest 3σ global fit results for active neutrino parameters and equate zeros with the 
corresponding matrix obtained from the diagonalizing leptonic mixing matrix U4×4

PMNS matrix. 
mν = Umdiag(m1, m2, m3, m4)U

T . All the six structures were analyzed and it was found that 
only T5 was able to satisfy the current bounds on active-sterile mixing parameters [5,25]. This 
result on five zero textures agrees with past work [43], hence we skip the part of analyzing 
oscillation parameters in the active neutrino sector here and focused to dig on some other phe-
nomenological aspects.

2.2. Model description

Discrete flavor symmetries like A4, S4 [41,80–82] along with Zn (n≥ 2 is always an integer) 
are intrinsic part of model building in particle physics. In this set-up we basically rely on A4
flavor and unwanted interactions were restricted using extra Z3 × Z4 symmetry. A4 being the 
discrete symmetry group of rotation with a tetrahedron invariant, it consists of 12 elements and 
4 irreducible representations denoted by 1, 1′, 1′′ and 3. The particle contents of this model are 
given in Table 2. We have added three right-handed (RH) heavy fermions (N1, N2, N3) and a 
light fermion (S). Along with the additional Higgs scalar doublet (φ2), we have added another 
four scalars (ψ1,2, η and χ ). To be more precise, we would like to explain the purpose of each 
field as follows.

• Three heavy fermions (N1, N2 and N3) and associated scalar fields (ψ1, ψ2 and η) were 
considered to explain neutrino mass and resonant leptogenesis. Within the MES framework 
two out of three active neutrinos and a sterile neutrino are massive. Hence to address three 
massive neutrinos, we need three RH neutrinos (N1, N2 and N3).

• The additional Higgs doublet (φ2) was considered to achieve a maximum of five-zeros in 
the final 4 × 4 neutrino mass matrix. This Higgs doublet gets tiny VEV (∼ 0.1 eV)via soft 
breaking mass term [83].

• Finally, along with three active neutrinos, we are interested in a single generation of sterile 
neutrino, therefore the scalar field χ and the fermionic field S come into the picture. Inter-
estingly, the scalar field χ is a complex scalar, whose real component is associated with the 
fermion sector and the complex component is behaving as a potential dark matter candidate 
in our study. This scalar field is behaving as the bridge between these two sectors (neutrino 
and dark matter).

In the following sub-sections, we carefully discuss the scalar and fermion sectors of this model 
separately in a detailed manner.

2.2.1. The scalars
We denote the SM Higgs doublet as φ1 which transform as a singlet under A4 symmetry and 

it is expressed as, φ1 = 1√ (
φ+, φh + vh + iφ0

)T
, where vh is the vacuum expectation value 
2 h h

5
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Table 2
Particle content and their charge assignments under SU(2), A4 and Z3 × Z4 groups.

Charges Fields

Fermions Scalars

L = (νl l)T lR N1 N2 N3 S φ1 φ2 ψ1 ψ2 η χ

SU(2) 2 1 1 1 1 1 2 2 1 1 1 1
A4 3 (1,1′,1′′) 1 1 1 1′ 1 1 3 3 1 1′′
Z3 ω2 ω ω ω ω ω2 ω ω ω2 ω2 ω 1
Z4 1 i −i i −i −i −i i 1 1 i −1

(VEV) of the real part of the scalar doublet. Along with the SM Higgs boson, we have introduced 
a similar doublet φ2 = 1√

2

(
φ+

2h, φ2h + v2h + iφ0
2h

)T
, which gets a tiny VEV (v2h ∼ 0.1 eV) via 

soft breaking mass term [83]. We have four more SU(2) scalar singlet ψ1, ψ2, η and χ . Here, 
χ is a SU(2) complex singlet and it is expressed as χ = (χR + vχ + iχI )/

√
2. The A4 triplet 

scalar flavons (ψ1 and ψ2) get VEV2 along 〈ψ1〉 = (v, 0, 0) and 〈ψ2〉 = (0, v, 0). The singlets 
(η, χ ) achieve VEV along 〈η〉 = u and 〈χ〉 = vχ . The VEV of these scalar fields breaks the 
A4 including the Z3 and Z4 symmetries. This will help to understand the fermions (quarks, 
charged leptons and neutrino) mass matrix [41,80,81]. We consider the value of the VEVs and 
the other parameters in such a way that the scalar potential related to φ2, ψ1, ψ2 and η fields are 
completely decoupled from all the other scalar fields; however, these scalars play a crucial role 
to get the fermion mass spectrum. A detailed discussion on the scalar potential has been carried 
out in the appendix section B. The VEVs are considered as v ∼ 1012 GeV, u ∼ 1010 GeV and 
vχ ∼ 1000 GeV. The scalar potential for the complex singlet (χ ) and Higgs doublet (φ1) can now 
be written as,

V = −μ2
φ1

φ
†
1φ1 + λ1(φ

†
1φ1)

2 + λ2(φ
†
1φ1)(χ

†χ)

−1

2
μ2

χRχ†χ − 1

2
μ2

χI (χ
2 + h.c.) + λ3

4! (χ
†χ)2. (2.2)

The minimization condition can be written as,

μ2
φ1

= λ1v
2
h + 1

2
λ2v

2
χ , and μ2

χR = −2μ2
χI + λ2v

2
h + 1

12
λ3v

2
χ . (2.3)

The complex part of the singlet scalar χ does not mix with φ0
h due to the charge assignment 

(Z3 × Z4 symmetry remains intact), hence neutral Goldstone boson takes the form G0 ≈ φ0
h

while the charged Goldstone bosons can be written as G± ≈ φ±. These components are eaten by 
corresponding gauge bosons. Only the cp-even, i.e., the real component of this scalar gets mixed 
and the mass matrix could be written as,

(
φh χR

)(
Mφhφh

Mφhχ

Mχφh
Mχχ

)(
φh

χR

)
(2.4)

The mass terms are expressed as,

M2
φhφh

= 2λ1v
2
h, (2.5)

M2
φhχ = M2

χφh
= λ2vhvχ , (2.6)

2 We follow the similar approach for evaluating triplet flavon VEVs by potential minimization [33].
6
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M2
χχ = 1

12
λ3v

2
χ . (2.7)

The mass eigenstates are obtained by diagonalizing the mass matrix (2.4) with a rotation of 
φh − χR basis,(

h

H

)
=

(
cosα sinα

− sinα cosα

)(
φh

χR

)
. (2.8)

Here, the mixing angle α is defined as,

tan 2α = 2Mχφh

Mχχ − Mφhφh

. (2.9)

The mass expression of the complex scalar is given by

M2
χI = 2μ2

χI (2.10)

One can notice that the mass of the complex scalar directly depends on μχI , which is also 
related to the mixing angle α. Hence, we have to be very careful about the parameter space; else 
it will directly affect the Higgs signal strength data [84]. In this model, the CP-even scalar breaks 
the Z3, Z4 including A4 symmetry. However, these symmetries for the singlet type pseudo scalar 
remain intact. Hence, this scalar remains stable and can serve as a viable dark matter candidate. 
One can see from equation (2.5)-(2.10) that the mass of the dark matter and the Higgs portal 
χIχIh(H) coupling strengths (the main annihilation channels) depend on the parameters μχI

and other quartic couplings especially λ3 and VEVs, on the other hand, masses of the scalar 
fields (h, H, χI ) and mixing angle α, VEVs. We will discuss it in detail in the dark matter 
section. These parameters also affect the generation of fermionic mass and mixing angles.

2.2.2. The fermions
Three generations of heavy right-handed (RH) neutrinos are also introduced, which gives re-

spective masses to the active and sterile neutrinos.3 We have considered a nearly degenerate mass 
scale for two RH neutrinos (N1, N3),4 in such a way that they can exhibit resonantly entrenched 
leptogenesis in this work.

The invariant Lagrangian can be written as,

L ⊃ LMD +LMR +LMS , (2.11)

where,

LMD =Y1

�
(Lφ̃2ψ1)1N1 + Y2

�
(Lφ̃2ψ2)1N1 + Y3

�
(Lφ̃1ψ1)1N2

+ Y4

�
(Lφ̃1ψ2)1N2 + Y5

�
(Lφ̃2ψ2)1N3 + Y6

�
(Lφ̃2ψ1)1N3,

LMR =κ1ηNc
1N3 + κ2ηNc

2N2 + κ3ηNc
3N1,

LMS =q1χSN1 + q2χSN3.

(2.12)

3 Within MES one active neutrino mass is always zero [30,31,33], in the NH mass ordering, m1 will be zero. Hence 
two RH neutrinos will give mass to two active neutrinos, and one will give mass to a sterile mass.

4 Choice of the RH neutrino is arbitrary. We choose N3 with N1 instead of N2 for the resonant production of CP 
asymmetry is due to the choice of a sterile basis within the model.
7
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For convenience, we have considered diagonal charged lepton mass basis throughout the analysis. 
We have used non-renormalizable terms in the charged lepton and Dirac mass terms which are 
suppressed by the mass dimensional parameter 1

�
. The renormalizable and non-renormalizable 

terms in the Lagrangian are classified based on the analysis of ultraviolet(UV)-divergences 
in the quantum field theories. For the renormalizable terms, UV-divergence eliminating lo-
cal counter-terms repeat the structure of the original Lagrangian. Hence, it can be absorbed 
into the renormalization of the corresponding terms in the Lagrangian at any level. On the 
other hand, in the non-renormalizable case, in each order of perturbation, new structures ap-
pear that do not repeat the original ones. Hence, there is an infinite number of terms, it will 
not cancel the divergences. Normally, the non-renormalizable situation is usually considered an 
unacceptable theory. However, it was suggested in Ref. [85,86] that the divergence terms elim-
ination methods should be equally applicable to both renormalization and non-renormalizable 
theories. The new divergences in each level of perturbation could still be eliminated by the in-
troduction of local counter-terms using the Bogolyubov-Parasyuk-Hepp-Zimmermann (BPHZ) 
R-operation [87,88]. It is noted that the counter-terms are proportional to the powers of momenta 
of the fields. Here we do not delve into details of the calculations. This mass-scale � is close 
to the GUT scale. Typically, in a model building study, 0.004 < 〈ψ〉

�
< 1 [81] and the Yukawa 

couplings of O(10−2 − 1) [89] must obey, so that it can satisfy the neutrino mass bounds ob-
tained from recent experiments [90]. One can also bring the mass scale up to the TeV scale, 
but this required the Yukawa couplings of the order less than O(10−10). Anyway, those non-
renormalizable interactions in the sterile neutrino sector are avoided. One may add terms like 
1
�

ψψSS in the Lagrangian, however, those terms may deface the current MES structure. After 
the symmetry breaking, those non-renormalizable terms lead to a larger mass term for the singlet 
fermion S, which is unacceptable for the MES scenario. Therefore, we have restricted those non-
renormalizable interactions by the discrete charges in our model. The mass matrices generated 
will be of the form as follows,

• Dirac mass matrix: MD =
⎛
⎝a 0 x

b 0 0
z y c

⎞
⎠, with a = Y1〈φ2〉v

�
, b = Y3〈φ1〉v

�
, c = Y5〈φ2〉v

�
, x =

Y2〈φ2〉v
�

, y = Y4〈φ1〉v
�

, z = Y6〈φ2〉v
�

.

• Majorana mass matrix: MR =
⎛
⎝ 0 0 d

0 e 0
f 0 0

⎞
⎠, with d ∼ e ∼ f = κiu (i = 1, 2, 3 for re-

spective positions).
• Sterile mass matrix: MS = (

g 0 h
)

with g = q1vχ and h = q2vχ . To get the sterile 
mass within eV scale for vχ � 1 TeV, the Yukawa couplings q1, q2 take value around 10−3.

• The final active-sterile mass matrix takes the form,

Mν =
(

MDM−1
R MT

D MDM−1
R MT

S

MSM−1
R

T
MD MSM−1

R MT
S

)
4×4

=

⎛
⎜⎜⎜⎜⎝

ax(d+f )
df

ax
d

ac+xz
d

ah
f

+ gx
d

ax
f

0 bc
f

bh
f

ac+xz
f

bc
d

cz(d+f )
df

cg
d

+ hy
f

ah + gx bh cg + hy (d+f )gh

⎞
⎟⎟⎟⎟⎠ (2.13)
f d f d f df 4×4

8
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Due to the choice of small VEV to the additional Higgs doublet φ2 (∼ eV), the (11), (12), 
(21), (13), (31) and (33) position in the Mν mass matrix are much smaller compared to the 
other elements (as a, c, x, z � b) and they lead to 5 −Zero texture in the active-sterile mass 
matrix as,

Mν �

⎛
⎜⎜⎜⎝

0 0 0 ah
f

+ gx
d

0 0 bc
f

bh
f

0 bc
d

0 cg
d

+ hy
f

ah
f

+ gx
d

bh
f

cg
d

+ hy
f

(d+f )gh
df

⎞
⎟⎟⎟⎠

4×4

(2.14)

It is to be noted that the dark matter χI could not decay into S and N1 through the χSN1
operators in equation (2.12), as MN1 > MχI . However, it could decay into two active neutrinos 
through mixing. We checked that the effective coupling strength for the term χIνiνj (i, j =
1, 2, 3) are very very less than 10−22, which implies that the dark matter decay lifetime is much 
greater than the lifetime of the Universe (tuniverse ∼ 1017 sec). Hence, in this model dark matter 
is stable, even we found the DM lifetime, tDM > 1028 sec [91].

3. Constraints on this model

There are various kinds of theoretical constraints in the model by which the parameter space 
of this model is constrained. In the following subsections, we will be discussing a few of them 
that we used in this model.

3.1. Stability constraints

The stability constraints demand that the potential should be bounded from below, i.e., it 
should not go negative infinity along any direction of the field space at large field values. For 
large fields the quadratic terms of the scalar potential in Eqn. (2.2) are very small compared to 
the quartic terms, hence, the scalar potential can be written as,

V (H,χR) = −1

4
λ1H

4 + λ2

4
H 2(χR)2 + 1

24
λ3(χ

R)4. (3.1)

With further simplification, it will take the form,

V (H,χR) = 1

4

[√
λ1H

2 +
√

λ3√
6

(χR)2
]2 + 1

4

[
λ2 +

√
2λ1λ3

3

]
H 2(χR)2. (3.2)

This scalar potential will be bounded from below if the following conditions are satisfied [92],

λ1(�) > 0; λ3(�) > 0; and λ2(�) +
√

2λ1(�)λ3(�)

3
> 0.

Here, the coupling constants are evaluated at a scale � using RG equations.

3.2. Perturbativity constraints

This model, to remain perturbative at any given energy scale, one must impose upper bound 
on the coupling constants of the potential of (2.2) and they are as follows [93],

|λ1(�), λ2(�), λ3(�)| ≤ 4π. (3.3)
9
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3.3. Unitarity constraints

The scalar potential parameters of this model are severely constrained by the unitarity of the 
scattering matrix (S-matrix), which consists of the quartic couplings of the scalar potential. For 
large field values, the scattering matrix is obtained by using various scalar-scalar, gauge boson-
gauge boson, and scalar-gauge boson scatterings [93]. Following the unitarity condition, the 
S-matrix elements demand that the eigenvalues of the scattering matrix should be less than 8π

[76]. The unitary bounds in this model are,

λ1 ≤ 8π and |12λ1 + λ3 ±
√

16λ2
2 + (λ3 − 12λ1)2| ≤ 32π. (3.4)

3.4. Bounds from Higgs signal strength data

At the tree-level, the couplings of Higgs-like scalar h to the fermions and gauge bosons in 
the presence of extra Higgs doublet (φ2) and singlet scalar (χ ) are modified due to the mixing. 
Loop induced decays will also have slight modification for the same reason; hence, new con-
tributions will be added to the signal strength [84]. As a particular case, we consider the Higgs 
boson production cross-section via the gluon fusion mechanism and we use the narrow width 
approximation 	h/Mh → 0,

μX = σ(gg → h → X)BSM

σ(gg → h → X)SM

≈ σ(gg → h)BSM

σ(gg → h)SM

Br(h → X)BSM

Br(h → X)SM

, (3.5)

where, X = bb̄, τ+τ−, μ+μ−, WW ∗, ZZ∗, γ γ is the standard model particle pairs. In presence 
of an extra Higgs doublet φ2, the signal strength does not change as it completely decoupled from 
the scalar sector, however, due to the mixing of φ1 and χ , h to flavon-flavon (or boson-boson) 
coupling become proportional to cosα. So, we may rewrite μX as,

μX = cos2 α
	(h → X)BSM

	(h → X)SM

	total
h,SM

	total
h,BSM

. (3.6)

Apart from the SM Higgs h, if the masses for the extra physical Higgses are greater than Mh/2, 
	total

h,SM

	total
h,BSM

≈ (
cos2 α

)−1. Hence, the modified signal strength will be written as,

μX = 	(h → X)BSM

	(h → X)SM

. (3.7)

In this study, we notice that μZ is the most stringent, bounding 0.945 � cosα � 1 depending on 
singlet scalar VEVs, although with little sensitivity. μW is less sensitive, yet bounding 0.92 �
cosα � 1. In this work, we keep fixed cosα = 0.95 throughout the calculations.

3.5. MES and Yukawa parametrization

Minimal extended seesaw (MES) is used in this work to study active and sterile masses. The 
advantage of working under the MES framework is that it let us study sterile neutrino with a 
broader range of the mass spectrum (eV to keV). In this MES framework, three right-handed 
neutrinos, and one additional gauge singlet chiral field, S are introduced. The Lagrangian for 
MES of the neutrino mass terms is given by [30],
10
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−LM = νLMDνR + 1

2
νc
RMRνR + ScMSνR + h.c. (3.8)

Here, MD and MR are 3 × 3 Dirac and Majorana mass matrices respectively whereas MS is a 
1 × 3 matrix. We use the 4 × 4 unitary PMNS matrix to diagonalize the neutrino mass matrix. 
This contains six mixing angles (θ12, θ13, θ23, θ14, θ24, θ34), three Dirac CP phases (δ13, δ14, δ24) 
and three Majorana phases (α, β, γ ).5 The parametrization of the PMNS matrix can be expressed 
as [94],

UPMNS = R43R̃24R̃14R23R̃13R12P, (3.9)

where Rij, ˜Rij are the rotational matrices with rotation in respective planes and P is the diagonal 
Majorana phase matrix, which are given by,

R34 =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 c34 s34
0 0 −s34 c34

⎞
⎟⎟⎠ , R̃24 =

⎛
⎜⎜⎝

1 0 0 0
0 c24 0 s24e

iδ24

0 0 1 0
0 −s24e

iδ24 0 c24

⎞
⎟⎟⎠ ,

P =

⎛
⎜⎜⎝

1 0 0 0
0 eiα/2 0 0
0 0 ei(β/2−δ13) 0
0 0 0 e−i(γ /2−δ14)

⎞
⎟⎟⎠ . (3.10)

The abbreviations used are as cij = cos θij and sij = sin θij . Now, the 4 × 4 low scale neutrino 
mass matrix is expressed as,

mν = UPMNSmD
ν UT

PMNS. (3.11)

The most important elements in this active-sterile unitary matrix are the elements in the fourth 
column. They are expressed as follows [95],

|Ue4|2 = sin2 θ14, (3.12)

|Uμ4|2 = cos2 θ14 sin2 θ24, (3.13)

|Uτ4|2 = cos2 θ14 cos2 θ24 sin2 θ34, (3.14)

|Us4|2 = cos2 θ14 cos2 θ24 cos2 θ34. (3.15)

The active-sterile mixing angles θi4 are essentially small, such that they do not influence the 
three neutrino mixing, which is allowed by current global fit limits. In principle, |Us4|2 be of the 
order of unity and other elements are expected to be very small. Hence, we can refer to the fourth 
neutrino mass eigenstate as the sterile neutrino itself i.e., m4 ∼ mS .

The diagonalization of the Majorana mass matrix, MR, is given by

MD
R = VDMRV T

D . (3.16)

Without loss of generality, we exclude the presence of sterile neutrino for baryogenesis study and 
use the conventional 3 × 3 matrix structures to parametrize the Yukawa matrix analogous to the 
CI parametrization [96] as,

Y = 1

v
U3×3

PMNS

√
mD

ν RT

√
M−1

R , (3.17)

5 For simplicity, we keep only one phase (δ13 = δ) and others are set to zero.
11
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where R is the rotational matrix with complex angle zi = xi + iyi (x, y being real and free 
parameter with xi, yi ∈ [0, 2π] [97]), and it can be parametrized as,

R =
⎛
⎝1 0 0

0 cos z1 sin z1
0 − sin z1 cos z1

⎞
⎠

⎛
⎝ cos z2 0 sin z2

0 1 0
− sin z2 0 cos z2

⎞
⎠

⎛
⎝ cos z3 sin z3 0

− sin z3 cos z3 0
0 0 1

⎞
⎠ (3.18)

For our convenience, we have considered some random value (say z1 = 0◦ − i90◦) for the com-
plex angles zi satisfying current value for the observed quantities.

3.6. Baryogenesis via resonant leptogenesis

In the resonant leptogenesis study, we numerically solved the Boltzmann equations (BE) in 
the out-of-equilibrium scenario. With our choice of nearly degenerate mass spectrum of TeV 
scaled RH neutrinos, the decay rates can produce sufficient asymmetry and at a temperature 
above the electroweak phase transition (EWPT), i.e., for T ≥ Tc ∼ 147 [63] GeV, (B + L)-
violating interactions mediated by sphalerons are in thermal equilibrium, hence, the asymmetries 
in baryon number are generated. For T < Tc, the produced baryon asymmetry gets diluted by 
photon interactions until the recombination epoch at temperature T0. If there is no significant 
entropy release mechanism while the Universe is cooling down from Tc to T0, the baryon number 
in a co-moving volume, ηB/s, is constant during this epoch.

Before directly involving the BEs, let us first draw attention to a few quantities that are in-
volved in the equations. The washout parameter, K , can be defined as the ratio of decay width 

to the Hubble parameter. Mathematically, K = 	Ni
/H(T = MNi

), with 	Ni
= (Y †Y)ii

8π
MNi

and 

H(T ) = 1.66g∗ T 2

MPlanck
. Here MPlanck = 1.12 × 1019 GeV is the Planck mass, and g∗ is the rela-

tivistic degree of freedom with its value lying around 106. A small K value corresponds to weak 
washout, and a large K value corresponds to strong washout effects. In the case when flavours 
are taken under consideration [50],

Ki = 	(N1 → liH)

H(T = MN1)
� 	(N3 → liH)

H(T = MN3)
and K =

∑
j=e,μ,τ

Kj . (3.19)

The relations among the number densities to the entropy density (Yx = Nx

s
) are expressed as 

follows [50],

YB(T > Tc) = 28

79
YB−L(T > Tc) = −28

51
YL(T > Tc). (3.20)

The CP asymmetry due to the heavy neutrino mixing in the flavoured case is given by, [55,63],

εil = εmix
il + εosc

il . (3.21)

=
3∑

i �=j

Im
[
YilY

∗
j l(YY †)ij

] + Mi

Mj
Im

[
YilY

∗
j l(YY †)ji

]
(YY †)ii (YY †)jj

(
f mix

ij + f osc
ij

)
. (3.22)

The terms with superscripts inside the braces represent mixing and oscillation contributions re-
spectively and they are expresses as,

f mix
ij = (M2

i − M2
j )Mi	j

(M2 − M2)2 + M2	2 , (3.23)

i j i j

12
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f osc
ij = (M2

i − M2
j )Mi	j

(M2
i − M2

j )2 + (Mi	i + Mj	j )2 |Re(YY †)|
(YY †)ii (YY †)jj

(3.24)

where, 	i = Mi

8π
(YY †)ii is the decay width at tree level. The typical time scale for the CP asym-

metry variation is defined as,

t = 1

2H
= z2

2H(M1)
= Kz2

2	N1

∼ 1

�M
. (3.25)

The CP asymmetry raises for t ≤ 1
�M

and exhibits its oscillation pattern only for t ≥ 1
�M

. They 
originate from the CP-violating decays of the two mixed states N1 and N3. The time dependence 
if the CP asymmetry is also neglected as in the strong washout regime, their contribution is very 
small.

The baryon to photon number density, (ηB = NB

nγ
) in the RL scenario is also defined as,

ηB ∼ −
1,2,3∑

i

εi

200K(z)
. (3.26)

One thing to note here, to achieve ηB ∼ 6.1 × 10−10 [45], the term εi

K(z)
should be around 10−8. 

Hence, the resonant production of leptonic asymmetry O(1) is possible, only when a strong 
wash-out region is there (K � 1). This leads to a thermally dense plasma state, so the conditions 
required for kinetic equilibrium and decoherence of the heavy Majorana neutrinos in the BEs are 
comfortably satisfied.

We have considered only 1 ↔ 2 decays of the RH neutrinos and the 2 ↔ 2 scatterings that de-
scribe �L = 0, 2 transition processes [50]. Moreover, the decay rates of the two RH neutrinos are 
almost equal due to the nearly degenerate mass scheme (	N1 ∼ 	N3 ∼ 	) hence, the CP asym-
metries generated from both the decay processes get resonantly enhanced. In the case of different 
decay rates, it would be wise to pick the only CP asymmetry contribution, which is resonantly 
enhanced. We also have included the flavour effect in our RL study, where the contribution from 
specific lepton flavours is accounted for. As leptogenesis is a dynamic process, the lepton asym-
metry generated via the decay and inverse decay of RH neutrinos is distributed among all three 
flavours. In some cases, the flavour dependent processes do wash out the lepton asymmetry via 
inverse decay processes. Finally, the total lepton and the baryon asymmetry values are given by 
the sum of all three contributions. Hence, the Boltzmann equation for three flavor case can be 
written as [50],

dηNj

dz
= z

H(z = 1)

[(
1 − ηNj

η
eq
Nj

) 1

nγ

γ
Nj

Lφ

]
, (3.27)

dηLi

dz
= z

H(z = 1)ηγ

[ 3∑
i=1

εi

(
1 − ηNj

η
eq
Nj

)
εiγ

Nj

Lφ − 2

3
ηLi

∑
k=e,μ,τ

(
γ

Liφ

Lc
kφ

† + γ
Liφ
Lkφ

)

−2

3

∑
k=e,μ,τ

ηLk

(
γ

Lkφ

Lc
kφ

† − γ
Lkφ
Liφ

)
]
, (3.28)

where i = e, μ, τ , represents three flavour case and j = 1, 2, 3 represents RH neutrino gener-

ations. ηeq
NJ

is the equilibrium number density and γ
Nj

Lφ is the 1 ↔ 2 collision term. They are 
defined as follows.
13
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η
eq
Ni

= ga

(
MNi

T /2π
)3/2

ezi ; (zi = MNi

T
),

ηγ = (2M3
Ni

/π2z3).

The collision and scattering terms used in these equations are discussed in the appendix sec-
tion A. In the numerical section, we present the evolution of RH neutrinos and the lepton number 
density with flavour effects.

3.7. Neutrino-less double beta decay (0νββ)

For the observed 0νββ process at tree-level we have considered the situation where contribu-
tion of an additional sterile neutrino is presumed. The effective electron neutrino Majorana mass 
for the active neutrinos in the 0νββ process read as,

m
3ν

eff = m1|Ue1|2 + m2|Ue2|2 + m3|Ue3|2. (3.29)

As only electrons were involved in the double decay process the phase “effective electron neu-
trino” is used in our text. With additional nS extra sterile fermions states in the extended SM 
sector, those extra states will enhance the decay amplitude which corrects the effective mass as 
[98],

meff =
3+nS∑
i=1

U2
ei p2 mi

p2 − m2
i

, (3.30)

where, Uei is the (3 +nS × 3 +nS) matrix with extra active-sterile mixing elements. As we have 
considered only one sterile state, hence, the effective electron neutrinos mass is modified as [30],

m3+1
eff = m

3ν

eff + m4|Ue4|2, (3.31)

where, m3ν

eff is the SM contribution only from (3.29), |Ue4| the active-sterile mixing element and 
m4 is the sterile mass.

Many experimental and theoretical progress was made to date and still counting in to vali-
date the decay process with better accuracy. Nevertheless, no concrete shreds of evidence from 
experiments confirmed to date to prove the neutrinoless double beta decay process. However, 
improved next-generation experiments are now trying in pursue of more accurate limit [99–103]
on the effective mass which might solve the absolute mass problem. Recent results from var-
ious experiments put strong bounds on the effective mass meff , some of them are shown in 
Table 3. Kam-LAND ZEN Collaboration [104] and GERDA [69] which uses Xenon-136 and 
Germanium-76 nuclei respectively gives the most constrained upper bound up to 90% CL with

meff < 0.06 − 0.165 eV.

3.8. Dark matter

Recent results from various WMAP satellites and cosmological measurements, the relic den-
sity of the current Universe measured as �DMh2 = 0.1198 ± 0.0012 [90]. In this model, the 
imaginary component of the complex singlet (χI of χ ) serves as a dark matter candidate. We 
have used Feynrule [108] to construct the model and carried out the numerical calculations 
using micrOmega 5.08 [109]. A detailed analysis has been carried out in the numerical anal-
ysis section.
14
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Table 3
Sensitivity on effective mass of a few past and future experiments with half-life in years.

Experiments (Isotope) |meff | eV Half-life (in years) Ref.

KamLAND-Zen(800 Kg)(Xe-136) 0.025 − 0.08 1.9 × 1025(90%CL) [104]
KamLAND2-Zen(1000 Kg)(Xe-136) < 0.02 1.07 × 1026(90%CL) [104]
GERDA Phase II (Ge-76) 0.09 − 0.29 4.0 × 1025(90%CL) [69]
CUORE (Te-130) 0.051 − 0.133 1.5 × 1025(90%CL) [100]
SNO+ (Te-130) 0.07 − 0.14 ∼ 1026−27 [101]
SuperNEMO (Se-84) 0.05 − 0.15 5.85 × 1024(90%CL) [103]
AMoRE-II (M0-100) 0.017 − 0.03 3 × 1026(90%CL) [105]
EXO-200(4 Year)(Xe-136) 0.075 − 0.2 1.8 × 1025(90%CL) [106]
nEXO(5Yr+5Yr w/Ba Tagging)(Xe-136) 0.005 − 0.011 ∼ 1028 [107]

Dark matter can be detected via direct as well as indirect detection experiments. As WIMP 
dark matter interacts with matters weakly, many experiments are focused on direct detection 
techniques. If WIMPs scatter from the atomic nucleus, then it deposits energy in the detector 
given by,

Edeposit = 1

2
MDMv2. (3.32)

The energy deposition can also be written as,

Edeposit = μ2v2

mN

(1 − cos θ). (3.33)

In the Earth frame, the mean velocity v of the WIMPs relative to the target nucleus is about 220 
km/s, μ is the reduced mass of the WIMP of mass MDM and the nucleus of mass mN , and θ is 
the scattering angle. As the dark matter is weakly interacting, it may rarely bump into the nucleus 
of a detector atom and deposit energy which may create a signature at the detector. The amount 
of energy of a WIMP with mass MDM = 100 GeV would deposit in the detector is Edeposit � 27
keV [110].

Presently non-observation of dark matter through direct detections sets a limit on WIMP-
nucleon scattering cross-section for a given dark matter mass from experiments XENON [110,
111], LUX [112]. Dark matter mass below 10 GeV is ruled out by recent experimental results 
from DAMA/LIBRA [113], CoGeNT [114], CDMS [115] etc. Hence, in our work, we will be 
focusing on dark matter parameter regions considering these bounds in mind.

Indirect detection of dark matter techniques are quite different. If the dark matter and its an-
tiparticle are the same, then they can annihilate to form known standard model particles such 
as photons (γ -ray), electrons (e−), positrons (e+) etc. Various detectors were placed in the 
Earth’s orbits, e.g., Fermi Gamma-ray Space Telescope (FGST) [116], Alpha Magnetic Spec-
trometer (AMS) [117], PAMELA [118] etc., observed the excess of gamma-ray and positron 
excess.

From the particle physics point of view, the processes like DM, DM → γ γ, e+e− etc. have 
been used to explain such excess. They are model-dependent processes. The WIMP dark matter 
with different mass and coupling can be considered to explain these high energetic gamma-rays 
excess from the galactic centre and positron excess in the cosmic ray.
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Fig. 1. Projection of sterile mass with respect to active-sterile mixing angles using available 3σ bound on active neutrino 
parameters [78]. (Left) θ14 and θ24 able to project mS value around (0.1-3) eV2 for 1.9◦ − 11.4◦ and 0.35◦ − 11.8◦
respectively. (Right) Similar results for θ14 and θ34 also satisfy for mS around (0.1-5) eV2 and θ34 around 0.78◦ − 9.79◦
and 0.4◦ − 6.6◦ respectively.

4. Numerical analysis

4.1. Neutrino mixing

In this work, we have skipped the analysis of active neutrinos as there is a vast literature 
available for this. Rather we focus on active-sterile mixing elements and sterile mass here. Our 
results show constancy with the previous results of [43], and the structure T5 being the only 5-
zero texture suitable to study the 3 + 1 scenario. We have used the latest global fit 3σ bounds 
on the active neutrino parameters and randomly solved for four unknowns. Four zeros of the 
structures from equation (2.1) are equated to the 4 × 4 light neutrino mass matrix generated from 
the diagonalizing matrix given by equation (2.13) and evaluate elements of the fourth column. 
We work out the numerical analysis with such choice of input parameters, which also satisfy the 
recent LFV data [119]. After solving for the active-sterile parameters, we have shown contour 
plots in Fig. 1. Interesting bounds on the mixing matrix and sterile mass are observed from 
the analysis. In the left figure, we have varied sinθ24 and sin θ14 along x-y plane and projected 
sterile mass m2

4 on the z-plane. Similarly, in the plot next to this is also a projection of sterile 
mass in sin θ34 − sin θ14 plane. In the left figure, θ14 and θ24 value lie around 1.7◦ − 13.29◦ and 
0.35◦ − 10.9◦ respectively and they able to project m2

4 value in-between (0.1 − 4) eV2. On the 
other hand, the next figure gives bound on θ14 as 1.68◦ − 13.4◦, however gives a wider range of 
m2

4 = (0.1 − 4) eV2 while satisfying θ34 value in-between 0.4◦ − 8.5◦.
Combining these results from our model study, we can consider sterile mass around 0.1 <

m2
4(eV2) < 4 and mixing angles within the limits as, 1.7◦ ≤ θ14 ≤ 13.29◦, 0.35◦ ≤ θ24 ≤ 10.9◦

and 0.4◦ ≤ θ34 ≤ 8.5◦. Current best fit value for m2
4 is at 1.7 eV2, and our results from the 5-

zero texture in the 3 + 1 scenario are in good agreement with it. Other mixing parameters results 
are shown in Table 4 for better understanding. These results are yet not verified completely, 
however in future experiments soon we may get solid bounds on these parameters. Along with 
the active-sterile mixing parameters, we keep Table 5 for active and active-sterile benchmark 
points for the model parameters as input parameters. Without loss of generality, we keep fixed 
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Table 4
A comparison in-between experimental results and results 
obtained from the model for the active-sterile mixing pa-
rameters.

Parameters Experimental result [43] Model result

m2
4 (eV2) 0.7 − 2.5 0.1-4

θ14 > 3◦ 1.7◦ − 13.29◦
θ24 > 3◦ 0.35◦ − 10.9◦
θ34 3.4◦ − 11◦ 0.4◦ − 8.5◦

Table 5
Three sets of benchmark points (BMPs) are shown here. With the chosen sets of model parameters, we 
display predictions of active and active-sterile neutrino mixing parameters. Here the δ13 values are showing 
in both radian and degree (in the parenthesis).

BMPs Model parameters Active neutrino parameters Active-sterile neutrino parameters

BMP-1 Y1 = 0.939, Y2 = 1.11,

Y3 = 0.38, Y4 = 0.078

Y5 = 0.551, Y6 = 0.874

〈φ1〉 = 246 GeV,

〈φ2〉 � 0.01 eV

κ1 ∼ κ2 ∼ κ3 � 0.1,

q1 ∼ q2 � 0.002.

�m2
21 = 7.10 × 10−5 eV2

�m2
31 = 2.49 × 10−3 eV2

sin2 θ12 = 0.315

sin2 θ13 = 0.0227,

sin2 θ23 = 0.611

δ13 = 3.3 (190◦)

m2
4 = 1.915 eV2

sin2 θ14 = 0.0230,

sin2 θ24 = 0.0238

sin2 θ34 = 0.0138

BMP-2 Y1 = 0.242, Y2 = 0.29,

Y3 = 0.099, Y4 = 0.116

Y5 = 0.42, Y6 = 0.0589

〈φ1〉 = 246 GeV,

〈φ2〉 � 0.01 eV

κ1 ∼ κ2 ∼ κ3 � 0.1,

q1 ∼ q2 � 0.002.

�m2
21 = 8.0 × 10−5 eV2

�m2
31 = 2.59 × 10−3 eV2

sin2 θ12 = 0.34

sin2 θ13 = 0.024,

sin2 θ23 = 0.421

δ13 = 2.3 (132◦)

m2
4 = 3.507 eV2

sin2 θ14 = 0.05,

sin2 θ24 = 0.0067

sin2 θ34 = 0.003

BMP-3 Y1 = 1.087, Y2 = 1.294,

Y3 = 0.043, Y4 = 0.09

Y5 = 0.48, Y6 = 0.974

〈φ1〉 = 246 GeV

〈φ2〉 � 0.01 eV

κ1 ∼ κ2 ∼ κ3 � 0.1,

q1 ∼ q2 � 0.002.

�m2
21 = 6.98 × 10−5 eV2

�m2
31 = 2.47 × 10−3 eV2

sin2 θ12 = 0.273

sin2 θ13 = 0.024,

sin2 θ23 = 0.460

δ13 = 5.01 (287◦)

m2
4 = 1.337 eV2

sin2 θ14 = 0.124,

sin2 θ24 = 0.097

sin2 θ34 = 0.0115

VEV for the scalar fields and fixed coupling value for κi and qi . Since Yukawa couplings (Yi) 
play a significant role in our model study, we varied them within the allowed bounds (0.01-1) 
and evaluated neutrino parameters. We keep three sets of BMPs, which satisfy the latest bounds 
on neutrino parameters only.

4.2. Baryogenesis via resonant leptogenesis

In our numerical analysis, we will consider scenarios with two nearly degenerate heavy Majo-
rana neutrinos N1,3 with masses at the TeV range. The mass of the third heavy Majorana neutrino 
17
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Fig. 2. (Left) Evolution of total lepton number density, RH neutrino density and its equilibrium number density with z =
MN1/T . (Right) Evolution of lepton flavor asymmetries generated for three flavours and the current baryon asymmetry 
of the Universe. For RL, we have considered nearly degenerate mass spectrum for the heavy RH neutrinos MN1 ∼ 1 TeV 
and a mass splitting equivalent to the decay width �M ∼ 	.

N2 is taken to be of order 107 GeV, so naturally, N2 decouple from the low-energy sector of the 
theory. One flavor RL is not studied here, as it requires decaying RH mass O(1012) GeV [64]. 
We analyze the Boltzmann equations by numerically solving the values of the lepton asymmetry 
NL and the heavy-neutrino number densities NNi

as functions of the parameter z = MN1/T . We 

set mass for MN1 � MN3 � 1 TeV with 
MN3
MN1

−1 = 10−11 for our calculation. The choice of mass 
splitting order is quite trivial in the case of the resonant leptogenesis scenario. For a pair of heavy 
Majorana neutrinos, the necessary and sufficient condition for which the leptonic asymmetries 
of order unity can take place have to satisfy the following conditions:

MNi
− MNj

∼ 	Ni,j
/2 and

| Im(Y †Y)2
ij |

(Y †Y)ii(Y †Y)jj
∼ 1, (4.1)

where, 	Ni
indicates the decay width of Ni species. After solving for the RH and lepton number 

densities, we have shown evolution pattern in Fig. 2. We also used the leptogenesis equation 
solving tool ULYSSES6[120] to carry out our calculations and later we have crosschecked the 
results in MATHEMATICA.

Results show an obvious pattern for our model with the particle number densities. In the left 
panel of Fig. 2, evolution of RH neutrino density (N1,3) and lepton density along with the equi-
librium number density of N1 are projected against z. In the right panel, variations of lepton 
number density for three flavours and ηB with z are shown. The initial abundance for the lep-
tonic and baryon number densities was assumed to be zero, and over time by the decay of RH 
neutrinos, their concentration keeps increasing, at the same time the N1 number density keeps 
decreasing. As soon as the out-of-equilibrium is achieved, the decay process slows down, and 
the inverse decay excels, which never comes into thermal equilibrium. Thus the green curve 
deviates from the blue curve, and the lepton asymmetry is generated with increasing number 
density.

6 ULYSSES is a leptogenesis equation solver that we have used to carry out our analysis and parameter scan for the 
whole leptogenesis calculation.
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Fig. 3. In the left figure, variation for Dirac CP phase (δ) with the observed BAU value is shown. δ around 180◦ and 330◦
does satisfy the current BAU value. On the right figure, we have varied lightest neutrino mass with ηB value. Lightest 
neutrino mass satisfies the best fit ηB value with 6.1 × 10−10 at 0.063 eV.

For MN1 ∼ TeV, we find that contribution from each lepton flavour is equally shared to give 
rise to the final lepton asymmetry. We have not shown the contributions from the off-diagonal 
terms (Nij with i, j = e, μ, τ but i �= j ), as diagonal terms would dominate the whole situation 
here, due to the choice of our parameter space. Moreover, among the diagonal contributions, Nee

curve kink hits the lowest value near z ∼ 1 is just a consequence of the values of the input param-
eters. However, there is a saturation region beyond z = 1 for all flavour contributions and they 
are coherent due to the mass of the RH neutrino (N1,3). This result slightly contradicts the RLτ

case, the significant contribution was coming from the τ lepton flavour, and other charge lepton 
contributions had less influence due to the larger washout rates [63]. Moreover, from previous 
studies, it is clear that within a strong washout regime, the final lepton or baryon asymmetry is 
independent of the initial concentration [50,63,121]. Even if we start with very large initial lepton 
asymmetry, the final asymmetry is achieved for z ∼ 1 within RL formalism by rapidly washing 
out the primordial asymmetry.

We also varied other oscillation parameters associated with our model to the baryogenesis 
result. These model parameters are dictating the baryogenesis result through the CI parametriza-
tion used in equation (3.17) via the UPMNS matrix. In Fig. 3, a variation of the Dirac CP-phase 
with the observed BAU value is shown in the left panel. Delta (δ) value around 180◦ and 330◦
are consistent with the current observed value, which is ηB = (6.1 ± 0.18) × 10−10. In the right 
panel, we checked the next lightest neutrino mass7 bound with the baryogenesis result. For an 
increase in m2, there is a gradual decrease in the ηB value. With our choice of parameter space, 
the next lightest neutrino mass is coming out as 0.063 eV with the baryogenesis bound.

4.3. Neutrinoless double beta decay (0νββ)

In this section, we study the numerical consequences of 0νββ using the bounds obtained from 
the previous section’s results. We use global fit light neutrino parameters for active neutrinos 
from Table 1, sterile parameters from texture zero bounds and CP phase from baryogenesis result. 

7 Within MES the lightest neutrino mass is zero naturally, so the second lightest neutrino eigenvalue (m2) is considered 
as lightest with a definite value.
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Fig. 4. Results of effective mass vs. the lightest neutrino mass. Green shaded region represents the effective mass contri-
bution from active+sterile case and the purple region gives only active neutrino contribution.

We have assumed zero Majorana phases (α = β = γ = 0) throughout our analysis. Variation of 
effective mass with the lightest neutrino mass for active neutrinos and active+sterile neutrino 
contributions are shown in Fig. 4. The red region above the horizontal yellow line represents the 
upper bound on effective mass given by KAMLAND-ZEN, and the dashed grey line gives the 
future sensitivity of the upper bound. The Blue region on the right side of the horizontal blue 
line gives the upper bound on the sum of all three active neutrinos (= 0.12 eV). A much wider 
region (green) satisfying the effective mass is achieved in the case of active+sterile neutrino 
contribution, whereas a thin region (purple) is observed for active neutrino contribution only. 
Hence, a strong and impressive contribution from the sterile sector is observed in our 5-zero 
texture structure. Even though there is a wider range covered in the presence of sterile neutrino, 
it goes beyond the current upper bound by KAMLAND-ZEN. From previous studies [35,72], it 
was clear that a small mixing angle between active and sterile flavour can resolve the issue of 
violating the KAMLAND-ZEN upper bound on effective mass.

4.4. Dark matter

In this section, we will discuss various regions of DM parameter space, satisfying the current 
relic density. The relic density in this model mainly comes through the annihilation channels 
(χIχI → SM particle), the intact Z3,4 symmetry on χI and the mass gap (MχI −MH , MχI −
MN1 ) do not allow the co-annihilation diagrams. Also, the decay of the χI is greater than the 
lifetime of the Universe (tχI � tUniverse). The annihilation diagrams are shown in Fig. 5.

The coupling strength for the interaction χIχIhh(HH) is λ2 cosα sinα and the Higgs portal 

couplings are gχI χI h = sinα(M2
DM+M2

h)

vχ
and gχI χI H = − cosα(M2

DM+M2
H )

vχ
. It is clear that the dark 

matter relic density and direct detection cross-section mainly depend on MDM , VEVs (v, vχ ), 
mixing angle α and other quartic couplings λ. Hence, these are depending on the masses of the 
scalar particles too. In this analysis we will keep the mixing angle fixed at cosα = 0.95 and 
vary other parameters, mainly, vχ, MH and mDM . The cosα = 0.95 ensures the Higgs signal 
strength within the experimental limits [84,122]. In the Fig. 6, we have varied the DM mass, 
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Fig. 5. Annihilation processes of (a) χI χI → h/H , h/H → SM particles and Higgs mediated χI χI →
SM particles. Here f represents SM fermions.

Fig. 6. Dark matter density against dark matter mass for two different heavy Higgs masses (MH = 400 GeV and 800 
GeV). We took three different VEV of the singlet scalar and the corresponding variation is shown as green (1000 GeV), 
red (1200 GeV) and black (1400 GeV). The blue band stands for 3 4σ variation of experimental relic density data.

MDM along x-axis and plotted the corresponding relic density in the y-axis. We keep fixed MH

at 400 GeV and 800 GeV in the respective figures. For three different values of singlet scalar 
VEVs vχ = 1000, 1200, 1400 GeV, we have carried out the whole DM analysis. The blue band 
indicates the relic density band at current 3σ , �DMh2 = 0.1198 ± 0.0026 [90]. One can see 
from these figures that the relic density in this model can be obtained near MDM ∼ Mh/2 region. 
This is the Higgs (h) resonance region, we need vary small Higgs portal coupling to get the relic 
density. The other coupling produces a very large 〈σv〉, hence, a depletion region is occurred 
near MDM ∼ Mh/2. In this region χIχI → hbb̄ is the dominating annihilation process. Near 
|MDM − Mh| < 3 GeV region, the cross section 〈σv〉 remains small due to the small h-portal 
coupling, hence we get very large relic density (�DMh2 ∝ 1

〈σv〉 ). It is to be noted that the Higgs 
(H ) portal coupling, i.e., H -mediated diagram has a tiny effect in this region. After MDM � 70
GeV, χIχI → h → V V ∗ (V = W, Z) starts dominates over other annihilation channels (V ∗
stands for virtual gauge boson). χIχI → h → WW become effective at MDM > MW , whereas 
χIχI → h → ZZ become effective at MDM > MZ .

The effective annihilation cross-section becomes large at MDM > 70 GeV; hence the relic 
density becomes small. One can understand these effects from Fig. 6. The relic density �DMh2

falls again near MDM ∼ MH /2 where σ(χIχI → H → XX(X = W, Z, h)) cross-section be-
come large in this H -resonance region. The relic density is again starting to increase after MH/2
with the mass of DM as �DMh2 ∝ MDM too. In the left figure of 6, we consider small H -scalar 
mass MH = 400 GeV, hence the Higgs portal coupling remains small as compared to MH = 800
GeV. Also the larger vχ = 1200 and 1400 GeV gives suppression to provide exact relic density 
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Table 6
Benchmark points for various processes at different dark matter mass and S fermion mass with 
relic density for vχ = 1000 GeV.

BMP MDM (GeV) MH (GeV) vχ (GeV) cosα �DMh2 Processes

I 65.4 400 1000 0.95 0.119 χI χI → bb̄(67%) 
χI χI → W+W−(22%)

II 200 208 1000 0.95 0.118 χI χI → W+W−(40%) 
χI χI → HH (32%)

χI χI → ZZ (19%)

III 800 200 1000 0.95 0.121 χI χI → SS(79%)

χI χI → HS(16%)

Table 7
Benchmark points for various processes at different dark matter mass and S fermion mass with 
relic density for vχ = 1200 GeV.

BMP MDM (GeV) MH (GeV) vχ (GeV) cosα �DMh2 Processes

I 53.06 400 1200 0.95 0.121 χI χI → bb̄(77%) 
χI χI → W+W−(12%)

II 200 218 1200 0.95 0.121 χI χI → W+W−(41%) 
χI χI → HH (30%)

χI χI → ZZ (19%)

III 800 397 1200 0.95 0.118 χI χI → SS(30%)

χI χI → W+W−(29%)

χI χI → HH(21%)

χI χI → ZZ(14%)

Table 8
Benchmark points for various processes at different dark matter mass and S fermion mass with 
relic density for vχ = 1400 GeV.

BMP MDM (GeV) MH (GeV) vχ (GeV) cosα �DMh2 Processes

I 53.2 380 1400 0.95 0.122 χI χI → bb̄(77%) 
χI χI → W+W−(12%)

II 200 228 1400 0.95 0.118 χI χI → W+W−(41%) 
χI χI → HH (29%)

χI χI → ZZ (19%)

III 800 450 1400 0.95 0.118 χI χI → W+W−(39%)

χI χI → HH(24%)

χI χI → ZZ(19%)

χI χI → SS(14%)

for MH = 400 GeV. However, we were unable to achieve relic for MH = 800 GeV in the high 
mass region. It is to be noted that we can get the exact relic density for MH = 800 GeV for very 
large vχ > 3000 GeV. We have presented various benchmark points allowing the current relic 
density value and present direct detection data with corresponding contributions in Tables 6-9
(DM annihilation processes with contributions below 10% are not shown in the chart).
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Table 9
Benchmark points for various processes at different dark matter mass and S fermion mass with 
relic density for vχ > 3000 GeV.

BMP MDM (GeV) MH (GeV) vχ (GeV) cosα �DMh2 Processes

I 54.7 800 3000 0.95 0.119 χI χI → bb̄(76%) 
χI χI → W+W−(13%)

II 134 800 3000 0.95 0.120 χI χI → W+W−(50%) 
χI χI → HH (29%)

χI χI → ZZ (21%)

III 940 800 4000 0.95 0.119 χI χI → W+W−(48%)

χI χI → ZZ(24%)

χI χI → HH(23%)

5. Conclusion

In this work, we explore the possibility of five zero textures in the active-sterile mixing ma-
trix under the framework of the minimal extended seesaw (MES). In the 4 × 4 mixing matrix, 
elements in the fourth column are restricted to be zero; hence, we impose zeros only in the active 
neutrino block. There are six possible structures with five zeros, and among them, only one is 
allowed (T5) by the current oscillation data in the normal hierarchy mass ordering. There is a 
broken μ − τ symmetry as Mν

μ4 �= Mν
τ4; hence, a non-zero reactor mixing angle (θ13) can also 

be achieved from this structure, which we skip in our study. We constructed the desirable mass 
matrices with the help of discrete flavour symmetries like A4, Z3 and Z4. In addition to the SM 
particle content three RH neutrinos, a single fermion and an additional low-scaled Higgs dou-
blet are considered. This additional Higgs gets VEV via soft breaking mass term. A A4 triplet 
flavons ψ is associated with the diagonal charged lepton and Dirac mass matrix generation. Sin-
glet flavons η1, η2 and χ were related to the Majorana and sterile mass generation, respectively. 
The flavon χ is considered to be a complex singlet, and the imaginary component of this (χI ) 
will behave as a dark matter candidate in this study.

The active neutrino part is skipped in this study, and we mainly focused on active-sterile 
bounds from the five zero textures. Notable bounds on the sterile mass and the active-sterile 
mixing angles are obtained in this study. In comparison with the global 3σ results, we get sterile 
mass between 0.1 < m2

4(eV2) < 4 and other mixing angles, as shown in Table 4, which agrees 
with current experimental results. We expected to see verification/falsification of these model 
bounds from texture-zeros in future experiments.

A nearly degenerate mass pattern for the RH neutrinos is considered in such a way that they 
can exhibit resonant leptogenesis at the TeV scale. For successful RL leptogenesis, the mass 
splitting of the RH neutrinos should be of the order of the decay width of the particle, and we 

choose 
MN3
MN1

− 1 ∼ 10−11 in our study. Semi-classical approach to the Boltzmann equation is 
used and solved to see the evolution of the particles in out-of-equilibrium conditions. We have 
included flavour effects in this study and with our choice of mass, we get an equal contribution 
from each charged lepton flavour in the final lepton asymmetry due to the choice of our input 
mass of the RH neutrinos (N1,3 ∼ 1 TeV). We also check bound from baryogenesis on the Dirac 
CP phase (δ) as well as the lightest neutrino mass and we get δ around 180◦ and 330◦ while 
mlightest on 0.069 eV with current best fit value ηB = 6.1 × 10−10.
23



P. Das, M.K. Das and N. Khan Nuclear Physics B 980 (2022) 115810
With the bounds obtained from texture zero, baryogenesis study and available data from global 
fit results for light neutrino parameters, we study the influence of sterile neutrino in the effective 
mass calculation. A large enhanced region from sterile contribution is obtained in comparison 
to the SM contribution. The sterile contribution goes beyond the current upper bound of the 
effective mass obtained from various experiments, which gives support in favour of minimal 
active-sterile mixing angle in future works.

We studied the allowed parameter space of the model, taking into account various theoretical 
bounds for dark matter mass 10 GeV to 1000 GeV. The imaginary part of the complex singlet χ
serves as a potential dark matter candidate in this study. Due to the choice of the mass spectrum 
of the particles, only the annihilation channels are contributing to the relic density through Higgs 
portal coupling (h/H ). The Higgs portal mixing angle α, MH and the VEV of χ (vχ ) and the 
quartic couplings play a significant role in dark matter analysis. We have chosen three sets of 
vχ ’s and two sets of MH s specifically to visualize various dark matter mass regions satisfying 
current relic abundance. In the lower dark matter mass region (∼ Mh/2), both the cases satisfy 
relic abundance due to the Higgs resonance. However, in the High mass regions, only in the 
MH = 400 GeV case, we do get a satisfying relic due to the small Higgs suppression. In the 
MH = 800 GeV case, a very large VEV of χ does satisfy the current relic abundance value.

In the final word, neutrino mass generation does not have a direct connection to the dark 
matter and matter asymmetry studies under the tree-level seesaw framework. However, with 
flavour symmetry, the complex singlet scalar χ and the RH neutrinos are the bridges to connect 
these sectors under the same roof. We can see how the VEV vχ controls the dark matter mass 
throughout various regimes as an immediate consequence of flavour symmetries.
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Appendix A. The Boltzmann equation

The BEs in (3.28) includes the collision processes like Nj → Liφ as well as Lkφ ↔ Liφ and 
Lkφ ↔ Lcφ† scattering processes, which are defined as [50]
i
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γ
Nj

Lφ ≡
∑

k=e,μ,τ

[
γ (Nj → Lkφ) + γ (Nj → Lc

kφ
†)

]
, (A.1)

γ
Lkφ
Liφ

≡ γ (Lkφ → Liφ) + γ (Lc
kφ

† → Lc
i φ

†), (A.2)

γ
Lkφ

Lc
i φ

† ≡ γ (Lkφ → Lc
i φ

†) + γ (Lc
kφ

† → Liφ). (A.3)

Including the contributions from narrow width approximation (NWA) as well as real intermediate 
states (RISs) from [50], these collision terms are explained as,

γ
Nj

Lφ = m3
N

π2z
K1(z)	Nj

, (A.4)

γ
Lkφ
Liφ

=
3∑

α,β

(γ
Nα

Lφ + γ
Nβ

Lφ )
2
( ¯Y ∗

iα
¯Y c∗
kα

¯Yiβ
¯Y c∗
kβ + ¯Y c∗

iα
¯Y ∗
kα

¯Yiβ
¯Y c
kβ

)
[
(Ȳ †Ȳ )αα + ( ¯Y c†Ȳ c)αα + (Ȳ †Ȳ )ββ + ( ¯Y c†Ȳ c)ββ

]2

×
(

1 − 2i
MNα − MNβ

	Nα + 	Nβ

)−1
, (A.5)

γ
Lkφ

Lc
i φ

† =
3∑

α,β=1

(γ
Nα

Lφ + γ
Nβ

Lφ )
2
( ¯Y ∗

iα
¯Y ∗
kα

¯Yiβ
¯Ykβ + ¯Y c∗

iα
¯Y ∗
kα

¯Y c
iβ

¯Y c
kβ

)
[
(Ȳ †Ȳ )αα + ( ¯Y c†Ȳ c)αα + (Ȳ †Ȳ )ββ + ( ¯Y c†Ȳ c)ββ

]2

×
(

1 − 2i
MNα − MNβ

	Nα + 	Nβ

)−1
. (A.6)

Finally the BEs of (3.28) are rewrite in the form,

dηLi

dz
= z

ηγ H(z = 1)

[ 3∑
j=1

(ηNj

η
eq
N

− 1
)
εiγ

Nj

Lφ

−2

3
ηLi

{ 3∑
j=1

γ
Nj

Lφ Bij +
∑

k=e,μ,τ

(
γ

′Liφ

Lc
i φ

† + γ
′Liφ
Lkφ

)}

−2

3

3∑
j=1

{
ηLk

εiiεikγ
Nj

Lφ Bij + (
γ

′Liφ

Lc
i φ

† − γ
′Liφ
Lkφ

)}]
. (A.7)

Here, γ ′X
Y = γ X

Y − (γ X
Y )RIS denote the RIS=subtraction collision terms which are motivated 

from past studies [50,65] and Bij are the branching rations,

Bij = |Ȳij |2 + |Ȳ c
ij |2

( ¯Y †Ȳ )ii + (Ȳ c†Ȳ c)ii

. (A.8)

Appendix B. The full scalar potential

Six scalar flavons are in our model. The complete structure of the potential would be,

V = −μ2
φ1

(φ
†
1φ1) − μ2

φ2
(φ

†
2φ2) + μ2

φ1φ2
(φ

†
1φ2 + h.c.) + λ1h(φ

†
1φ1)

2 + λ2h(φ
†
2φ2)

2

+λ3h(φ
†
φ1)(φ

†
φ2) + λ4h(φ

†
φ2)(φ

†
φ1) − μ2 (ψ

†
ψ1) − μ2 (ψ

†
ψ2) − μ2

η(η
†η)
1 2 1 2 ψ1 1 ψ2 2
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+λψ1

4! (ψ
†
1 ψ1)

2 + λη

4! (η†η)2 + λψ1φ1(φ
†
1φ1)(ψ

†
1 ψ1) + ληφ1(φ

†
1φ1)(η

†η)

+μ2
ψ1,2

(ψ
†
1 ψ2) + λψ1,2(ψ

†
1 ψ2)

2 + λψ1η(ψ
†
1 ψ1)(η

†η)

+λψ1φ2(φ
†
2φ2)(ψ

†
1 ψ1) + ληφ2(φ

†
2φ2)(η

†η) − 1

2
μ2

χRχ†χ − 1

2
μ2

χI (χ
2 + h.c.)

+λχ

4! (χ†χ)2 + λψ2

4! (ψ
†
2 ψ2)

2 + λχφ1(φ
†
1φ1)(χ

†χ) + λχφ2(φ
†
2φ2)(χ

†χ) (B.1)

+λψ2φ1(φ
†
1φ1)(ψ

†
2 ψ2) + λψ2φ2(φ

†
2φ2)(ψ

†
2 ψ2) + λχψ1(χ

†χ)(ψ
†
1 ψ1)

+λψ1ψ2(ψ
†
2 ψ2)(ψ

†
1 ψ1) + λχη(χ

†χ)(η†η) + ληψ2(ψ
†
2 ψ2)(η

†η)

+λχψ2{(ψ†
2 ψ2)(χ

†χ)}
We already discuss about the transformation of these scalars under A4 symmetry. The A4

symmetry breaks when the fields get VEVs. We would like to mention that the softly Z4 break-
ing term μ2

φ1φ2
(φ

†
1φ2 + h.c.) term will help to get non-zero pseudoscalar masses. And the part 

χ2 + h.c. = (χR)2 − (χI )2 + 2χRvχ + v2
χ will help to get the no-zero mass for the singlet type 

pseudoscalar. After symmetry breaking, the scalar field φ1 gets VEV vh while φ2 gets a tiny 

VEV (v2h ∼ 0.1 eV) via soft-breaking term [83]. It satisfies
√

v2
h + v2

2h ≈ 246 GeV. These scalar 
fields after EWSB can be expressed as,

φ1 = 1√
2

(
φ+

h

φh + vh + iφ0
h

)
, φ2 = 1√

2

(
φ+

2h

φ2h + v2h + iφ0
2h

)
(B.2)

χ = (χR + vχ + iχI )/
√

2, η = (ηR + u)/
√

2, ψi = (ψR
i + v)/

√
2 (B.3)

In our study, the scalar potential related to these fields decouples from each other and can be 
understood as follows. Let us calculate the details of the scalar potential. The minimization con-
ditions are given by

μ2
φ1

= 1

2vh

{
2λhv

3
h + vh

(
(λ3h + λ4h)v

2
2h + ληφ1u

2 + λχφ1v
2
χ + λψ1φ1v

2 + λφ1ψ2v
2
)

+2v2h μ2
φ1φ2

}
,

μ2
φ2

= 1

2vh

{
2λ2hv

3
h +

(
(λ3h + λ4h)v

2
hv2h + ληφ2u

2 + λχφ1v
2
χ + λψ1φ2v

2 + λφ2ψ2v
2
)

+2v2h μ2
φ1φ2

}
,

μ2
χR = λχφ1v

2
h + λχφ1v

2
2h − 2μ2

χI + λχηu
2 + λχψ1v

2 + λχψ2v
2 + 1

12
λχv2

χ ,

μ2
η = ληφ1v

2
h + ληφ2v

2
2h + ληψ2v

2 + 1

12
ληu

2 + ληψ1v
2 + λχηv

2
χ + 4ληψ1ψ2v

2, (B.4)

μ2
ψ1

= λψ1φ1v
2
h + λψ2φ1v

2
2h + ληψ1u

2 + 1

12
λψ1v

2 + λψ1ψ2v
2 + λχψ1v

2
χ + 2μ2

ψ1ψ2

+2ληψ1ψ2u
2,

μ2
ψ2

= λψ2φ1v
2
h + λψ2φ2v

2
2h + ληψ2u

2 + 1

12
λψ2v

2 + λψ1ψ2v
2 + λχψ2v

2
χ + 2μ2

ψ1ψ2

+2ληψ ψ u2. (B.5)
1 2
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The CP-even scalar mass matrix (φh, φ2h, χR, ψ1, ψ2 and η) can be written as,

M2
CP−even =

⎛
⎜⎜⎜⎜⎜⎝

M11 M12 λχφ1vhvχ λφ1ψ1 vvh λφ1ψ2vvh ληφ1uvh

M12 M22 λχφ1v2hvχ λφ2ψ1 vv2h λφ2ψ2vv2h ληφ2uv2h

λχφ1 vhvχ λχφ1 v2hvχ
1
12 λχv2

χ λχψ1vvχ λχψ2 vvχ λχηuvχ

λφ1ψ1vvh λφ2ψ1vv2h λχψ1vvχ M44 M45 M46

λφ1ψ2vvh λφ2ψ2vv2h λχψ2vvχ M54 M55 M56

ληφ1uvh ληφ2uv2h λχηuvχ

(
ληψ1+2ληψ1ψ2

)
uv

(
ληψ2+2ληψ1ψ2

)
uv

ληu2

12

⎞
⎟⎟⎟⎟⎟⎠
(B.6)

Where, M11 = 2λhv
2
h − v2hμ2

φ1φ2
vh

, M12 = μ2
φ1φ2

+ (λ3h + λ4h) vhv2h, M22 = 2λ2hv
2
2h − vhμ2

φ1φ2
v2h

, 

M44 = −ληψ1ψ2u
2 − μ2

ψ1ψ2
+ 1

12λψ1v
2, M45 = ληψ1ψ2u

2 + μ2
ψ1ψ2

+ λψ1ψ2v
2, M46 =(

ληψ1 + 2ληψ1ψ2

)
uv, M54 = ληψ1ψ2u

2 + μ2
ψ1ψ2

+ λψ1ψ2v
2, M55 = −ληψ1ψ2u

2 − μ2
ψ1ψ2

+
1
12λψ2v

2, M56 = (
ληψ2 + 2ληψ1ψ2

)
uv.

The CP-odd particles (φ0
h, φ

0
2h and χI ) mass matrix is given by

M2
CP−odd =

⎛
⎜⎜⎜⎝

v2hμ2
φ1φ2

vh
−μ2

φ1φ2
0

−μ2
φ1φ2

vhμ2
φ1φ2

v2h
0

0 0 2μ2
χi

⎞
⎟⎟⎟⎠ (B.7)

Using the same minimization we can also get the charged scalar (φ±
h and φ±

2h) mass matrix as

M2
Charged = 1

4

⎛
⎝ v2h(λ4hv2h + 2μ2

φ1φ2
vh

) −(2μ2
φ1φ2

+ λ4hvhv2h)

−(2μ2
φ1φ2

+ λ4hvhv2h) vh(λ4hvh + 2μ2
φ1φ2

v2h
)

⎞
⎠ (B.8)

One of the eigenvalues of these mass matrices is zero corresponds to the neutral and charged 
Goldstone Bosons. We considered the VEV of φ2 is very small v2h ∼ 0.1 eV and the other 
singlet scalar VEVs are considered as v ∼ 1012 GeV, u ∼ 1010 GeV and vχ ∼ 1000 GeV. Hence 

we need a negative μ2
φ1φ2

with λ2h = O(0.1) to get positive 2λ2hv
2
2h − vhμ2

φ1φ2
v2h

. One can see that 
for the choice of these VEVs, the off-diagonal second-row and second column become too small 

as compared to the M2
CP−even(2, 2) component 2λ2hv

2
2h − vhμ2

φ1φ2
v2h

>> 100 TeV. The mixing 
between φ2h scalar field to the other sectors is too small. Hence, it remains decoupled from the 
other sectors. The CP-even scalar field of SM like doublet φh can have huge mixing with the 
other sector as large VEVs (v and u) are situated in the off-diagonal mass matrix. It is also 
true for the CP-even part of the complex scalar singlet χ . These two sectors can be completely 
decoupled from the other scalar sectors. We also check that for λζφ1, λχζ = O(0.1) the mixing 
remains too small ∼ vh

v
� 10−8. Hence the above CP-even mass matrix in eqn. (B.6), now can 

be decoupled in three sectors as

M2(φ2h) ≈ 2λ2hv
2
2h − vhμ

2
φ1φ2

v2h

, M2(φh,χ) =
(

2λhv
2
h λχφ1vhvχ

λχφ1vhvχ
1
12λχv2

χ

)
(B.9)

M2(η,ψ1,ψ2) =
⎛
⎜⎝

−ληψ1ψ2 u2−μ2
ψ1ψ2

+ 1
12 v2λψ1 ληψ1ψ2 u2+μ2

ψ1ψ2
+v2λψ1ψ2 uv

(
ληψ1+2ληψ1ψ2

)
ληψ1ψ2u2+μ2

ψ1ψ2
+v2λψ1ψ2 −ληψ1ψ2u2−μ2

ψ1ψ2
+ 1

12 v2λψ2 uv
(
ληψ2+2ληψ1ψ2

)
uv

(
λ +2λ

)
uv

(
λ +2λ

) u2λη

⎞
⎟⎠
ηψ1 ηψ1ψ2 ηψ2 ηψ1ψ2 12
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The CP-odd and charged particles also remain decoupled using the above conditions. Hence 
the at electroweak scale the decoupled scalar potential can be written as

V = −μ2
φ1

φ
†
1φ1 + λ1(φ

†
1φ1)

2 + λ2(φ
†
1φ1)(χ

†χ)

−1

2
μ2

χRχ†χ − 1

2
μ2

χI (χ
2 + h.c.) + λ3

4! (χ
†χ)2. (B.10)

For simplicity, we change the notation of quartic couplings as λh ≡ λ1, λχφ1 ≡ λ2 and λχ ≡ λ3
respectively.
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