
Zooming in on eV-MeV scale sterile neutrinos in light
of neutrinoless double beta decay

Tapoja Jha,1,2,3,* Sarif Khan ,4,† Manimala Mitra,1,2,‡ and Ayon Patra 5,§

1Institute of Physics, Sachivalaya Marg, Bhubaneswar, Odisha 751005, India
2Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400085, India

3School of Physical Sciences, Indian Association for the Cultivation of Science,
2A and 2B Raja S.C. Mullick Road, Kolkata 700 032, India

4Institüt für Theoretische Physik, Georg-August-Universität Göttingen,
Friedrich-Hund-Platz 1, 37077 Göttingen, Germany

5Division of Physics, School of Advanced Sciences, VIT University, Chennai Campus,
Chennai 600127, India

(Received 19 July 2021; accepted 15 January 2022; published 1 February 2022)

The existence of light sterile neutrinos, as predicted in several models, can help to explain a number of
observations starting from dark mater to recent anomalies in short baseline experiments. In this paper, we
consider two models—left-right symmetric Zee model and extended seesaw model—that can naturally
accommodate the presence of light sterile neutrinos in the eV to MeV mass scale. We perform a detailed
study on the neutrinoless double beta decay process which receives major contributions from diagrams
involving these light sterile neutrinos. Considering a number of theoretical and experimental constraints,
including light neutrino masses and mixings, unitarity of the mixing matrix, etc., we compare our predicted
values of the half-life of neutrinoless double beta decay with the experimental limits. This can put
significant constraints on the neutrino mass, active-sterile neutrino mixing, and several other important
parameters in these models.
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I. INTRODUCTION

The Standard Model (SM) of particle physics, despite its
major successes, is unable to explain the observed light
neutrino mass splittings and their mixings, which provides
a strong motivation to invoke beyond the Standard Model
(BSM) physics. The two observed neutrino mass splittings
are Δm2

12 ∼ 10−5 eV2, jΔm2
13j ∼ 10−3 eV2 while the best-fit

values of the neutrino mixing angles are θ12 ∼ 34°,
θ23 ∼ 48°, and θ13 ∼ 8° [1]. Although neutrinos are mass-
less in SM, a number of BSM theories have been proposed
that successfully explain neutrino masses and mixings. One
of the most appealing frameworks to generate Majorana
masses of light neutrinos is via seesaw, where the dimen-
sion-5 lepton number violating operator generates the
mass term after electroweak symmetry breaking [2–8].

The type-I seesaw serves as the most economical frame-
work, as the model in addition to the SM particles are
minimally extended by gauge singlet right-handed neutri-
nos. Another popular class of mechanism is the radiative
mass generation [9–13], where neutrino mass is generated
via a loop effect. In this work, we have considered a
variation of the type-I seesaw model referred as the
extended seesaw model [14,15] and a left-right symmetric
extension of radiative neutrino mass model [16–19].
The type-I seesaw model is the most economical, as the

SM particle content is expanded with at least two heavy
gauge singlet right-handed neutrinos which participate in
light neutrino mass generation via the seesaw mechanism.
However, the drawback of this simplest model is that the
mixing of these right-handed neutrinos with SM neutrinos
is tightly constrained by an eV light neutrino mass
constraint, making the detection prospect of these right-
handed neutrinos at experiments challenging. In extended
seesaw, as the name suggests, more singlet neutrinos with
large mixings are introduced with the possibility that some
of them remain light and can be detected in experiments.
The other popular mechanism for neutrino mass generation
is through loop-induced processes. One of the simplest
examples of this process is realized in the Zee model where
the introduction of a doublet scalar and a charged singlet
scalar can generate neutrino masses at the one-loop level.
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Although the simplest form of the Zee model [20] cannot
satisfy neutrino oscillation data [21–23], its left-right
symmetric extension however is consistent with experi-
mental observations [18,24]. Here, the Majorana masses of
the left-handed and right-handed neutrinos are generated at
the one-loop level, while the Dirac mass term arises at the
tree level from the Yukawa interactions. Finally, the light
neutrino masses are obtained by a type-1 seesaw mecha-
nism but with the exception that the right-handed neutrinos
can be light and hence offer better detection prospects.
Both of the above mentioned models can accommodate

light right-handed neutrinos with masses ranging in the
eV to MeV scale. An eV scale sterile neutrino is well
motivated, as this can explain the Liquid Scintillator
Neutrino Detector (LSND) anomaly [25–28]. Recently,
this anomaly has also been favored by the MiniBooNE
Collaboration [29], but at the same time the data have been
disfavored by the KARMEN [30] and MINOS [31]
observations. These issues may be finally tackled by the
upcoming DUNE experiment [32,33]. Further hints regard-
ing the presence of an eV scale sterile neutrino comes from
the reactor antineutrino anomaly [34,35] and the Gallium
anomaly [36,37]. A keV scale sterile neutrino can be an
excellent candidate for warm dark matter. Several disagree-
ments between the cosmological observations and the N-
body simulations of structure formations can be solved by
introducing a keV scale warm dark matter candidate [38].
The presence of an MeV sterile neutrino, on the other hand,
can produce several observable astrophysical signals, such
as its effect on the cosmic microwave background spectrum
[39] and by producing X-ray photons which may be
observable in satellite based X-ray experiments.
If the right-handed neutrinos are Majorana particles, they

can give rise to additional contributions to the neutrinoless
double beta decay (0νββ) process. The 0νββ process is
the transition ðA; ZÞ → ðA; Z þ 2Þ þ 2e− with no neutrino
being emitted [40–42]. The process is lepton number
violating [43,44]. Depending on the mixing of the right-
handed neutrinos with active neutrinos in type-I/extended
seesaw, or the interaction of these right-handed neutrinos
with the right-handed gauge boson in the left-right sym-
metric extension, these right-handed neutrino states may
give significant contributions in the 0νββ process compared
to the three SM neutrino contributions and thus opening up
the scope of detection of these Majorana neutrinos via a
0νββ process. A number of experiments have searched for
this process, and the nonobservation of the signal has given
bounds on the half-life T0ν

1=2 of 0νββ [45–48]. The limit

obtained on T0ν
1=2 for 76Ge is T0ν

1=2 > 8.0 × 1025 year from
GERDA-II [45], whereas at 90% C.L., the KamLAND-Zen
experiment has set a more stringent lower limit on the half-
life of the 136Xe isotope as T0ν

1=2 > 1.07 × 1026 year [46].
In the present work, we consider the left-right symmetric

Zee model (LRS Zee) and extended seesaw model that
naturally accommodate light scale sterile neutrinos with

masses ∼eV to MeV. Our main goal is to study the 0νββ
phenomenology for these two models. The left-right
symmetric extension of the Zee model [18,24] presents a
unique scenario where the model can be tested at the
collider experiments as well as the neutrino experiments.
It may have observable signals at the hadron [18,24] and
lepton colliders [19] and most notably can be accessed at
the very early stage run of the upcoming eþe− colliders. In
addition to satisfying all the neutrino mass and mixing
constraints, this model can also give rise to several new
0νββ processes which can significantly enhance the decay
rate. This results in a marked decrease in the half-life of the
0νββ decay process in this model. We study the variation of
T0ν
1=2 with respect to different model parameters and identify

three of them which are most significant. These three
parameters are the lightest neutrino mass, the Dirac CP
phase, and the mixing angle between the left and right
gauge bosons. By varying these parameters, we identify the
regions which can be ruled out from the experimental limits
on the half-life of the 0νββ process. In the case of extended
seesaw mechanism, we first give an approximate analysis
considering only a one-generation right-handed neutrino
and one-generation active neutrino. Subsequently, we
present a realistic analysis of the half-life with three-
generation active neutrinos and six-generation right-handed
neutrinos. We have considered all the constraints arising
both from theory and experiments. For the active neutrinos,
we have considered bounds on the mass-square differences,
three mixing angles in agreement with neutrino oscillation
data [1], and the limit on the sum of the masses of active
neutrinos which comes from the Planck satellite experiment
[49]. We have ensured a mass hierarchy among these active
and right-handed neutrinos to validate the seesaw approxi-
mation for this model, as well as have considered con-
straints from nonunitarity [50,51]. We have calculated the
0νββ decay contribution considering all the required model
parameters which pass all the aforementioned constraints
and have checked if the predicted contribution satisfies the
corresponding experimental limits [46,52].
The paper is organized in the following way. In Sec. II,

we present a detailed study of the 0νββ process in the LRS
Zee model. This is followed by Sec. III, where we give a
detailed description of the extended seesaw scenario and
the analysis of the model with respect to many theoretical
and experimental aspects, e.g., neutrinuo oscillation data,
0νββ decay, unitarity, and others. Finally, we present our
conclusions in Sec. IV.

II. LEFT-RIGHT SYMMETRIC ZEE MODEL
AND ANALYSIS

The Zee model [20] is one of the simplest extensions of
the Standard Model (SM) which can explain the origin of
neutrino mass. By extending the SM framework with an
extra doublet and a charged singlet scalar, neutrino
masses can be successfully generated at the one-loop level.
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This simplest form of the Zee model, though, is found to
be incompatible with the neutrino experimental data
[21–23,53], and one needs to extend it further in order
to get a viable scenario to explain all the neutrino
oscillation constraints. The left-right symmetric extension
of the Zee model [18,24] provides an alternate model
framework which can easily explain the neutrino oscillation
data as well as provide interesting flavor violating signals
and unique collider signatures.
The pair production and decay of the singly charged

Higgs boson can produce final states with two charged
leptons (with either same or different flavors) and missing
transverse energy. This process has been studied in the
context of the Large Hadron Collider (LHC) in Ref. [18,24]
and for the International Linear Collider (ILC) and the
Compact Linear Collider (CLIC) in Ref. [19]. The charged
singlet scalar pair-production cross section at hadron
colliders is quite small and is dominated by the photon
mediated process, while it can become significantly larger
in the electron-positron collider due to the right-handed
neutrino mediated t channel diagram. Thus, the ILC and
CLIC experiments may be able to observe such a particle
with very low integrated luminosity of only 1–3 fb−1, see
[19] for details. Below, we present a brief discussion on
the model.

A. Model

We consider an extended Zee Model with the gauge
group SUð3ÞC × SUð2ÞL × SUð2ÞR ×Uð1ÞB−L. The fer-
mion sector in this model contains both left-handed and
right-handed fermion doublets. This naturally includes the
presence of three right-handed neutrinos in addition to the
SM fermions. The Yukawa Lagrangian in this model is
given as [18,19,24]

LY ¼ Yq1
ij Q̄LiΦQRj þ Yq2

ij Q̄LiΦ̃QRj þ Yl1
ij l̄LiΦlRj

þ Yl2
ij l̄LiΦ̃lRj þ λLij

lTLiiτ2lLjδ
þ þ λRij

lTRiiτ2lRjδ
þ

þ H:c:; ð1Þ

whereΦ and δ are the bidoublet and charged singlet scalars
with Y and λ being their respective Yukawa coupling
matrices. The Majorana masses of all the neutrinos are
generated at the one-loop level, and as a result, they remain
quite light. In order to understand the neutrino sector, we
also need to understand the scalar sector of the model.

1. Charged scalar spectrum

The minimal Higgs sector in this model consists of a
bidoublet, two doublets, and a charged singlet field given as

HRð1; 1; 2; 1Þ ¼
�
Hþ

R

H0
R

�
; HLð1; 2; 1; 1Þ ¼

�
Hþ

L

H0
L

�
;

Φð1; 2; 2; 0Þ ¼
�
ϕ0
1 ϕþ

2

ϕ−
1 ϕ0

2

�
; δð1; 1; 1; 2Þ ¼ δþ: ð2Þ

The doublet HR is responsible for the right-handed sym-
metry breaking, while HL is required for parity con-
servation. The bidoublet Φ helps break the electroweak
symmetry and generates the SM particle masses. The
charged scalar field δ, similar to the Zee model, helps
generate the neutrino Majorana masses at the one-loop
level. The nonzero vacuum expectation values (VEVs) of
the neutral scalar fields are given as

hH0
Ri ¼ vR; hH0

Li ¼ vL; hϕ0
1i ¼ v1; hϕ0

2i ¼ v2; ð3Þ

with the effective electroweak (EW) VEV given as vEW ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22 þ v2L

p
. The SUð2ÞR ×Uð1ÞB−L symmetry is

broken down to Uð1ÞY as the neutral component of the
right-handed doubletH0

R acquires a VEV vR. The bidoublet
VEVs v1 and v2 are required to generate the quark and
charged lepton masses and Cabibbo-Kobayashi-Maskawa
(CKM) mixing angles. We can easily choose one of the
bidoublet VEVs to be much smaller than the other without
loss of generality. Also, since vL does not contribute to the
fermion masses, we choose it to be small as well. Thus, the
hierarchy of the VEVs can be given as

vR ≫ v1 > v2; vL: ð4Þ

Thus, v1 gives the largest contribution to the EW VEV. The
charged Higgs bosons play important roles in the gener-
ation of the one-loop neutrino masses as their masses
and mixings become important parameters in the expres-
sion for the radiative neutrino Majorana masses. So, before
we study the neutrino mass generation mechanism, it is
important to define the mass basis for the charged Higgs
bosons. There are in total five charged Higgs states which
mix to give five mass eigenstates through the rotation

0
BBBBB@

ϕ−
1
�

ϕþ
2

Hþ
R

Hþ
L

δþ

1
CCCCCA ¼ V

0
BBBBBB@

Hþ
1

Hþ
2

Hþ
3

Gþ
1

Gþ
2

1
CCCCCCA
; ð5Þ

where V is the 5 × 5 charged Higgs mixing matrix which
can be written as
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V ¼

0
BBBBB@

V11 V12 V13 V14 V15

V21 V22 V23 V24 V25

V31 V32 V33 V34 V35

V41 V42 V43 V44 V45

V51 V52 V53 V54 V55

1
CCCCCA: ð6Þ

There are three physical charged scalars Hþ
1 ; H

þ
2 ; H

þ
3

which will contribute to the neutrino masses and two
Goldstone states Gþ

1 ; G
þ
2 which are eaten up by the WR

and W bosons as their longitudinal degrees of freedom. In
this model, largely the Hþ

R and the ϕ−
1
� become the

Goldstone bosons, while the other three charged states
mix to form the physical Higgs bosons. This implies that in
the first and third rows of the mixing matrix only the V15

and V34 elements are almost unity, while the others are
small (≲10−3). We have considered a benchmark point
where three charged Higgs have masses as 473 GeV,
1.84 TeV, and 15.2 TeV, respectively. Here, the two lighter
states are composed of a mixture1 of the charged singlet
(δþ) and left-handed charged Higgs (Hþ

L ), while the
heaviest state is coming primarily from the second bidoub-
let (ϕþ

2 ). Constraints from the flavor violating process
require the mass of the second bidoublet scalar ϕþ

2 to be
heavier than 15 TeV [54–59]. This further implies that the
V23 element in the second row of the V matrix is close to
one, while others are quite small. Finally, since the charged
singlet δþ can have considerable mixing with the left-
handed charged Higgs boson Hþ

L , the V41, V42, V51, and
V52 elements can become significant. This gives us a good
idea of which elements in matrix V can play important roles
in the neutrino mass generation.

2. Fermion mass and mixings

Applying a simple rotation of the bidoublet scalar
fields to

h01 ¼
v1ϕ0

1 þ v2ϕ0
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v21 þ v22
p ; h02 ¼

v2ϕ0
1 − v1ϕ0

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p ; ð7Þ

along with a redefinition of the Yukawa couplings as

Yq ¼ 1

v01
ðYq1v1 þ Yq2v2Þ; Ỹq ¼ 1

v01
ðYq1v2 þ Yq2v1Þ;

Yl ¼ 1

v01
ðYl1v1 þ Yl2v2Þ; Ỹl ¼ 1

v01
ðYl1v2 þ Yl2v1Þ; ð8Þ

gives the fermion masses in this model to be

Mu ¼ Yqv01; Md ¼ Ỹqv01;

Ml ¼ Ỹlv01; MD
ν ¼ Ylv01: ð9Þ

Here, Mu, Md, and Ml are the up-type quark, down-type
quark, and charged lepton mass matrices, while MD

ν is the
neutrino Dirac mass matrix.
The neutrino sector consists of three left-handed and

three right-handed neutrinos. The absence of triplet scalars
in the model prevents us from writing a Majorana mass
term for the neutrinos. All the neutrino Majorana masses
here are generated at the one-loop level and hence are quite
small. The lightest right-handed neutrino mass ranges from
a few eV to a few hundred eV, and the other right-handed
neutrinos also remain lighter than an MeV. The Dirac
masses are thus required to be quite small as well, so as to
satisfy the experimentally observed neutrino masses and
mixings.2 The one-loop Feynman diagram for the gener-
ation of neutrino Majorana masses is given in Fig. 1. The
corresponding expressions for the neutrino Majorana
masses in this case are given as [24]

ðML
ν Þαγ ¼

1

4π2
λ0L

αβmeβ

X3
i¼1

Log

�
M2

hi

m2
eβ

�

× V5i½ðY†
l ÞβγV�

2i − ðỸ†
l ÞβγV�

1i� þ α ↔ γ;

ðMR
ν Þαγ ¼

1

4π2
λ0R

αβmeβ

X3
i¼1

Log

�
M2

hi

m2
eβ

�

× V5i½ðYlÞβγV�
1i − ðỸlÞβγV�

2i� þ α ↔ γ: ð10Þ

In the above, λ0L=R
αβ ¼ λαβL=R − λβαL=R, meβ and Mhi are the

charged lepton and Higgs boson masses, respectively, and
Vij are the charged Higgs boson mixings given in Eq. (5).
For our calculations, we consider the case with λ0L ¼ 0 as

FIG. 1. Neutrino Majorana mass generation at one-loop in the
LRS Zee model.

1We consider two extreme cases—maximal and minimal
mixings.

2Detailed analysis of the neutrino sector of the LRS Zee model
is presented in Ref. [19].
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was discussed in [19]. This thus gives us a 6 × 6 neutrino
mass matrix given as

Mν ¼
�

0 MD
ν

MDT

ν MR
ν

�
: ð11Þ

We thus have a scenario that is very similar to the type-I
seesaw mechanism, i.e., the light and heavy neutrino mass
matrix after pursuing a block-diagonalization becomes

Mν ¼ −MD
ν MR

ν
−1MD

ν
T; Mn ¼ MR

ν : ð12Þ

The neutrino rotation matrix, taking it from flavor to mass
eigenstates, will be a 6 × 6 matrix which we can write as

V ¼
�
U S

T V

�
; ð13Þ

such that

VTMνV ¼
�
M̂ν 0

0 M̂N

�
: ð14Þ

Here, M̂ν ¼ diagðm1;m2;m3Þ and M̂N ¼ diagðM1;M2;M3Þ
are diagonal matrices consisting of the light and heavy
neutrino masses, respectively.
Figure 2 shows a plot of the Majorana masses of the

right-handed neutrinos as generated at the one-loop level in
this model. The plot shows the variation of the eigenvalues
of the right-handed neutrino Majorana mass matrix [ele-
ments of the matrix given in Eq. (10)] as a function of its

coupling with the charged singlet scalar. Here, the lightest
charged Higgs boson has a mass of 473 GeVand primarily
consists of charged singlet δ. As λ0R is varied from 0.1 to 3,
the lightest right-handed neutrino mass MN1

varies from
3 to 80 eV, whileMN2;3

remain almost degenerate and in the
sub-MeV scale.
In order to understand the values of the masses, we need

to take a closer look at the one-loop Majorana mass
expression given in Eq. (10). The expression shows that
the Majorana masses are proportional to the charged lepton
masses, the Yukawa couplings Yl and eYl, and the charged
Higgs boson mixings V5i; V2i; V1i, and logarithmically
dependent on the charged Higgs boson masses. Let us
denote the charged lepton masses as me, mμ, and mτ for
electron, muon, and tau lepton, respectively. The elements
of the Yukawa coupling matrix Yl generating the neutrino
Dirac mass term are extremely small and can be safely
neglected. The eYl matrix gives rise to the charged lepton
masses and is chosen to be diagonal with Ỹl11 ∼ 10−6,
Ỹl22 ∼ 10−4, and Ỹl33 ∼ 10−2. From our previous discussion,
we know that only the elements V51, V52, V15, and V23 can
be large (∼1), while the other couplings are quite small
(≲10−3). This shows that for any of the Majorana mass
terms, only the product of a large coupling along with a
small coupling will appear. This introduces a suppression
of at least 10−3 into the mass terms. Let us now look at each
of the Majorana mass terms ðMR

ν Þαγ . These terms are
symmetric in αγ, and hence, the diagonal terms (α ¼ γ)
vanish as λ0R is an antisymmetric matrix. Considering the
off-diagonal terms, for ðMR

ν Þ12, only the combinations
Ỹl11me and Ỹl22mμ will contribute. This gives a value of
ðMR

ν Þ12 ∼ 10−8 for a heavy charged Higgs boson mass of
15 TeV and λ0R ∼ 1. For ðMR

ν Þ13, the contributions come
from the combinations Ỹl11me and Ỹl33mτ, while for ðMR

ν Þ23
the contributions come from the combinations Ỹl22mμ and
Ỹl33mτ. For both these terms, the leading contribution
comes from the τ lepton contribution, and hence, they
are almost degenerate with ðMR

ν Þ13 ≈ ðMR
ν Þ23 ∼ 10−5 for a

heavy charged Higgs boson mass of 15 TeV and λ0R ∼ 1.
Below, we discuss the contribution of the right-handed

neutrinos in 0νββ decay.

B. Diagrams and amplitudes of 0νββ transition

Contrary to most seesaw models which contain the right-
handed neutrinos of TeV scale mass, the LRS Zee model
naturally accommodates eV-MeV scale right-handed neu-
trinos, as has already been discussed in the previous
section. Diagrams involving the right-handed neutrinos
can thus significantly contribute to the 0νββ processes,
and this model gives us an excellent framework to study
these effects.
The Feynman diagrams of all the possible contributions

are presented in Fig. 3. For each diagram, we write its

FIG. 2. Right-handed neutrino Majorana masses in the LRS
Zee model [19].
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amplitude and identify the dimensionless parameter ηi that
will be used in the computation of the half life (T0ν

1=2) of the
0νββ process. In the subsequent discussion, we refer to the
mass eigenstates of SM neutrinos as “light” and the right-
handed neutrinos as “heavy”, as the right-handed neutrino
states are heavier than the SM neutrinos.

(i) Light neutrino diagram: Fig. 3(a) corresponds to the
light neutrino contribution. Its amplitude is given as

A1 ≃G2
F

X
i

U2
ei
mi

p2
; ð15Þ

where GF is the Fermi constant, p the momentum
transfer at the leptonic vertex, and i ¼ 1, 2, 3
corresponds to the light neutrino mass eigenstates.
The corresponding η obtained in this case is given as

η1 ¼
1

me

X
i

U2
eimi: ð16Þ

(ii) Heavy neutrino diagrams: Fig. 3(b) corresponds to
the heavy neutrino contribution. The heavy neutri-
nos in this model are composed of the right-handed
neutrinos, but unlike other left-right models, they are
quite light in this case with masses in the eV to MeV
range. The Feynman amplitude and the correspond-
ing η from this diagram is given as

A2 ≃G2
F

�
MWL

MWR

�
4X

i

V2
ei
Mi

p2
;

η2 ¼
1

me

�
MWL

MWR

�
4X

i

V2
eiMi; ð17Þ

where the summation is over the heavy neutrino
eigenstates in this case.

(iii) Light-heavy neutrino mixing diagram: Figs. 3(c) and
3(d) correspond to the contributions due to the
mixing between the light and heavy neutrinos.
The Feynman amplitudes are given as

(a) (b) (c) (d)

(e) (f ) (g) (h)

FIG. 3. Feynman diagrams of all possible 0νββ processes in the LRS Zee model.
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A3 ≃G2
F

X
i

S2
ei
Mi

p2
; A4 ≃G2

F

�
MWL

MWR

�
4X

i

T2
ei
mi

p2
;

ð18Þ

while the η factors are

η3 ¼
1

me

X
i

S2
eiMi; η4 ¼

1

me

�
MWL

MWR

�
4X

i

T2
eimi:

ð19Þ

(iv) λ diagrams: Figs. 3(e) and 3(f) represent the
processes mediated by the WL −WR exchange.
The Feynman amplitudes from each diagram can
be easily combined to give us a final expression
which is

Aλ ≃G2
F

�
MWL

MWR

�
2X

i

UeiT �
ei þ VeiS�

ei

p
; ð20Þ

and the expression for the η parameter is

ηλ ¼
�
MWL

MWR

�
2X

i

UeiT �
ei þ VeiS�

ei: ð21Þ

(v) η diagrams: Figs. 3(g) and 3(h) are due to the
WL −WR mixing in this model and depend on the
WL −WR mixing angle θLR. The Feynman ampli-
tude combining the two diagrams can be written as

Aη ¼ G2
F tan θLR

X
i

UeiT�
ei þ VeiS�

ei

p
; ð22Þ

and the corresponding η parameter is

ηη ¼ tan θLR
X
i

UeiT �
ei þ VeiS�

ei: ð23Þ

The half-life for the 0νββ process after combining the
contributions from all these diagrams is then given
as [60–63]

T0ν
1=2 ¼ ½G0νðjM0ν

ν η1 þM0ν
ν η3j2 þ jM0ν

ν η2 þM0ν
ν η4j2

þ jM0ν
λ ηλ þM0ν

η ηηj2Þ�−1; ð24Þ

where G0ν is the phase space factor;M0ν
ν ,M0ν

λ , andM0ν
η are

the nuclear matrix elements.
Now that we have the expression for the half-life for the

0νββ processes, let us discuss some of the features of this
framework which will help us understand the relative
contribution arising from each of these diagrams. The
right-handed neutrino masses being at the eV to MeV
scale contribute significantly to these processes here, and
hence, the diagrams involving NR become quite important.

The relative contributions from the diagrams are also highly
dependent on the light-heavy neutrino mixings (S, T )
with the λ and η diagrams becoming significant as this
mixing increases. The gauge boson (WL −WR) mixing is
another important factor in these diagrams, and its value
can determine which diagram gives a significant con-
tribution to the 0νββ decay process. Finally, since the
WR boson mass is required to be quite large from
experimental constraints [55–58,64–72], we have chosen
it to be 5.5 TeV here, and this results in a large suppres-
sion for all the diagrams with amplitudes involving the
ðMWL

=MWR
Þ4 term.

The neutrino parameters in this model depend signifi-
cantly on the masses and mixings of the charged scalars as
can be seen quite clearly from Eq. (10). A close inspection
of this equation also shows that the factor V5i which is the
mixing between the charged singlet and other charged
Higgs states is quite important for the neutrino masses. As
discussed earlier, the charged singlet Higgs δþ can only
have significant mixing with the left-handed charged scalar
Hþ

L . We can thus approximately write

Hþ
1 ¼ δþ cos θ þHþ

L sin θ;

Hþ
2 ¼ −δþ sin θ þHþ

L cos θ; ð25Þ

where Hþ
1 and Hþ

2 are the lightest and next-to-lightest
charged Higgs bosons, respectively, with θ being the
mixing angle. Clearly two extreme cases appear here

(i) maximal mixing with θ ¼ π=4, denoted as Hmax,
(ii) minimal mixing with θ ¼ 0, denoted as Hmin.

C. Results

To analyse the half-life of the 0νββ process for germa-
nium (76Ge) and xenon (136Xe) nuclei, we consider two
cases of maximal and minimal mixing as described in the
previous section. We consider a normal mass ordering
among the SM neutrinos and use the Casas-Ibarra [73]
parametrization to fit the latest neutrino oscillation data [1].
As the right-handed neutrino masses are quite small here,
the mixing between them and the left-handed neutrinos,
represented by the S and T matrices in Eq. (13), can
become quite significant.3 For a fixed choice of the right-
handed neutrino masses, the light-heavy neutrino
(νL − NR) mixing depends largely on the light neutrino
masses. As the SM neutrino masses increase, the mass
difference between the light and heavy neutrino states
become smaller resulting in a larger mixing angle. Thus,
the lightest neutrino massmν1 is an important parameter for
our analysis.
The other parameters which play significant roles in

determining the value of T0ν
1=2 are the WL −WR mixing

3These terms still remain orders of magnitude smaller than the
U and V matrices.
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angle (θLR) and the Dirac CP phase (δCP) of the neutrino
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. The
contribution from the η diagram, directly proportional to
tan θLR, can become substantial depending on this mixing
angle. The value of δCP, although directly not appear in any
of the expressions, determines the neutrino parameters
obtained from the Cassas-Ibarra parametrization. This
has a significant consequence on the calculated value of
T0ν
1=2. The nuclear matrix elements (NMEs) for 76Ge and

136Xe, which we adopt from [45,74–82], are equally
important for the evaluation of T0ν

1=2. We consider two
cases, one with the maximum and another with the
minimum values of the NMEs, and evaluate the half-life.
For each nucleus (76Ge or 136Xe), we thus get four separate
cases which are as follows:
(a) Hmin − ð76Ge=136XeÞmin: Corresponds to the case

where the Higgs boson mixing is minimum, and the
minimum value for the 76Ge=136Xe NME has
been used.

(b) Hmax − ð76Ge=136XeÞmin: Corresponds to the case
where the Higgs boson mixing is maximum, and
the minimum value for the 76Ge=136Xe NME has been
used.

(iii) Hmin − ð76Ge=136XeÞmax: Corresponds to the case
where the Higgs boson mixing is minimum, and the
maximum value for the 76Ge=136Xe NME has
been used.

(iv) Hmax − ð76Ge=136XeÞmax: Corresponds to the case
where the Higgs boson mixing is maximum, and
the maximum value for the 76Ge=136Xe NME has
been used.

For each of these cases, we varymν1, θLR, and δCP to obtain
the predicted value of the half-life of the 0νββ decay

process. Figure 4 shows the variation of T0ν
1=2 for the

76Ge
nucleus as a function of the lightest neutrino mass mν1 for
fixed values of θLR and δCP. The values of all other PMNS
matrix elements were fixed to their central values, and the
λ0R matrix was chosen such that the right-handed neutrino
masses were 7.92 eV, 3.54 keV, and 3.55 keV, respectively.
As can be seen here, the half-life decreases quite drastically
as the lightest neutrino mass increases. This is because the
light-heavy neutrino mixing increases as discussed earlier,
and as a result, the η3; ηλ, and ηη contributions become
dominant. As for this figure, we consider a large value of
θLR; therefore, ηη always dominate. We find that the
canonical light neutrino contribution η1 is rather subdomi-
nant in this figure.
Figure 5 shows the variation of T0ν

1=2 with the left-right
charged gauge boson mixing θLR. As θLR increases, the
decay half-life falls drastically for a value θLR ≳ 10−6. This
is the point at which the ηη term, which is proportional to
tan θLR, starts dominating over the other terms resulting in a
steep decrease of the half-life as expected. For smaller
values of θLR, the dominant contribution arises from
η1; η3; ηλ, which are independent of θLR, and hence, the
curves remain almost horizontal in this region. Since the
CP violating phase δCP is another crucial parameter in our
analysis, we show the variation of half-life with respect to
δCP. Figure 6 gives the change of T0ν

1=2 for
76Ge nucleus as a

function of δCP. A close inspection of the numbers we
obtained shows that the variation of half-life mirrors the
variation in sin δCP which directly determines the values of
the neutrino parameters obtained in our calculations. This is
to note that, in all these figures, the scenario Hmin − Gemax
gives the strongest constraint. This can be understood from
the expression of T0ν

1=2 as given in Eq. (24). As can be seen,

FIG. 4. Half-life of the 0νββ process for 76Ge and 136Xe nuclei as a function of the lightest neutrino mass. The shaded region
corresponds to T0ν

1=2 < 8.0 × 1025 years for the left panel and 1.07 × 1026 years for the right panel and disallowed by GERDA [45] and
KamLAND-Zen [46], respectively.
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the calculated half-life is smaller (leading to a more
constrained scenario) for larger values of the amplitudes
and NMEs. Therefore, naturally, the maximum values of
76Ge NMEs lead to more constrained scenarios.
The charged Higgs mixing on the other hand plays an

indirect but significant role in determining the values
obtained for the Feynman diagram amplitudes. As was
discussed earlier, the Feynman amplitudes correspond-
ing to η2, and η4 are negligible due to the ðMWL

=MWR
Þ4

suppression. So the dominant contribution always
arises from any one of the η1, ηλ, or ηη terms, while
we find that the η3 contribution is slightly smaller than
these above-mentioned contributions. A smaller charged
Higgs mixing will invariably lead to a lighter Majorana
mass for the right-handed (RH) neutrinos, which has
a two-fold effect on the neutrino sector. First, lighter
RH neutrinos will result in relatively heavier active

neutrinos since the active neutrino mass is obtained by
the seesaw mechanism in our case. This will boost
the η1 amplitude resulting in a smaller value of T1=2.
Second, a heavier active neutrino will result in a larger
light-heavy mixing as discussed earlier. This again helps
boost the ηλ and ηη amplitudes further lowering the
calculated half-life of the 0νββ process, leading to a
tight constraint on the parameter.
The plots obtained for the 136Xe nucleus are very similar

in nature to the ones for 76Ge, and the most constrained
scenario is again the Hmin − Xemax case. This warrants for
a more detailed study of this particular case for a better
understanding, which we discuss below. We present the
results for both 76Ge and 136Xe nuclei in the ensuing
discussion of the most constrained scenario for each,
i.e., largest values for the NMEs and minimal mixing of
the Higgs sector Hmin − Gemax and Hmin − Xemax.

FIG. 5. Half-life of 0νββ process for 76Ge (left) and 136Xe nucleus (right) as a function of left-right charged gauge boson mixing.

FIG. 6. Half-life of the 0νββ process for 76Ge and 136Xe nuclei as a function of the CP violating phase in the PMNS matrix.
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Figure 7 shows the variation of T0ν
1=2 for 76Ge as a

function of the lightest neutrino mass for several fixed
values of θLR and δCP. It is quite clear that the value of
T0ν
1=2 decreases as the lightest neutrino mass and/or value of

θLR increases. The variation with mν1 is quite evident from
our earlier discussion. For the set of plots with θLR ¼ 10−8,
the initial variation with mν1 is quite modest until
mν1 ≲ 10−7 eV. The major contribution here comes from
the η1 term with the half-life slowly decreasing with an
increase in the lightest neutrino mass. At larger values of
mν1 , the light-heavy neutrino mixing increases signifi-
cantly, and the dominant contribution comes from the ηλ

term. The effect of increasing θLR can be understood as an
artifact of an increase in the ηη term which starts contrib-
uting quite significantly at θLR ≳ 10−6. Similar character-
istics and dependence can be observed in Fig. 8 where we
have plotted the variation of T0ν

1=2 as a function of θLR for
fixed values of mν1 and δCP. As can be seen here, the value
of T0ν

1=2 remains almost constant in the initial region of

θLR ≲ 10−6. In this region, the dominant contribution
comes from η1 and ηλ, and since the lightest neutrino mass
is constant for each line, there is no variation in their value.
In the region θLR ≳ 10−6, the ηη term starts dominating, and
we see a sharp decrease in the value of T0ν

1=2 in this region.

FIG. 7. Half-life of the 0νββ process for the 76Ge nucleus as a function of the lightest neutrino mass for several fixed values of θLR
and δCP.

FIG. 8. Half-life of the 0νββ process for the 76Ge nucleus as a function of left-right charged gauge boson mixing for several fixed
values of mν1 and δCP.
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Finally, the variation of T0ν
1=2 with δCP is given in Fig. 9.

This plot is quite interesting as it clearly shows the
contribution of different η terms in different regions of
parameter space. The line corresponding to θLR ¼ 10−8 and
mν1 ¼ 10−9 eV has a dominant contribution from the η1
term. As η1 ¼ 1

me

P
i U

2
eimi, its contribution in this case

only depends on the matrix elements Uei since me and mi
remain constant. The U13 element4 is directly proportional
to e−iδCP , and as a result, one can approximately write
T0ν
1=2 ∼

1
G0ν

01
jM0ν

ν η1j2. As δCP approaches 180° or 360°, the value

of η1 goes through a maxima, while it becomes a minima at

δCP ¼ 270°. The inverse of this behavior is reflected in the
T0ν
1=2 plot. For the other lines in this figure, they receive

dominant contributions from either ηλ or ηη. Here, as U13

decreases, the elements of S and T mixing matrices
increase, and hence, their nature is opposite to the previous
plot. The natures of the plots for the 136Xe nucleus are the
same as the 76Ge nucleus except for the fact that the
parameters are more tightly constrained owing to the more
stringent experimental limit of the 0νββ half-life for the
136Xe nucleus.
Figure 10 shows the upper limits on the mass of the

lightest neutrino in the this model as a function of θLR for
fixed values of δCP for both 76Ge and 136Xe nuclei. As we
have already discussed that the most stringent bound on the
parameter space is obtained for a δCP of around 264°; this

FIG. 9. Half-life of the 0νββ process for the 76Ge nucleus as a function of the CP violating phase of the PMNS matrix for several fixed
values of θLR and mν1 .

FIG. 10. Limits on the lightest neutrino mass and left-right W gauge boson mixing.

4The U13 element will be the same as the (1,3) element of the
PMNS matrix.
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fact is also reflected from this figure. As expected from the
previous discussion, the upper limit on the lightest neutrino
mass becomes much stronger for larger values of θLR and
vice versa. This occurs due to a dominant ηη contribution
for a large θLR, leading to a tighter constraint on the lightest
neutrino mass mν1 . Another observation is that the limits
obtained for the 136Xe nucleus are much stronger than for
the 76Ge nucleus.

III. EXTENDED SEESAW MODEL AND ANALYSIS

This is another extension of SM, where the model
contains light and heavy sterile neutrinos,5 which can give
large contributions in the 0νββ process. Several studies
[43,44,60,62,82–96] have focused on sterile neutrinos with
masses >100 MeV and large contributions in the lepton
number violating process. Here, instead, we consider some
of the sterile neutrino states in the <100 MeV mass range.
We investigate the allowed model parameters, which satisfy
a number of theoretical and experimental constraints. In
doing so, we first consider a simplistic one-generation
scenario with one active neutrino, one light sterile neutrino
SL, and another heavy sterile neutrino NL. Subsequently,
we extend our analysis with a realistic three-generation case
where the neutrino sector comprises three active neutrinos
along with an additional six sterile neutrinos (three SL and
three NL) which are neutral under the SM gauge group.
Below, we first review the model and then discuss the
contribution in the 0νββ process.

A. Model

The neutral lepton sector of the model contains three
generations of SM neutrinos νL along with additional
sterile neutrino states SL and NL. The mass terms of the
neutrinos have the following form:

L ¼ −
1

2
ð νL SL NL Þ

0
B@

0 0 MT
D

0 μ MT
S

MD MS MR

1
CA
0
B@

νL

SL
NL

1
CA

þ H:c:: ð26Þ

We denote the neutral lepton mass matrix as Mn, and
hence,

Mn ¼

0
B@

0 0 MT
D

0 μ MT
S

MD MS MR

1
CA: ð27Þ

We choose to work in a basis where the Majorana mass
matrix MR of NL sterile is real. The term containing μ
denotes the Majorana mass of the heavy neutrino state SL
with μ being a complex symmetric matrix. The Dirac mass
matrix MD represents the mixing between the SM neutrino
states νL and the heavy sterile neutrino states NL, whereas
MS represents the mixing between the two sterile states SL
and NL. Throughout our analysis, we consider that the
matricesMR andMS are invertible. We also assume that the
different submatrices follow the hierarchy MR >MS>
MD ≫ μ. For the seesaw approximation to be valid,
the mixing matrices should satisfy μ <MT

SM
−1
R MS, i.e.,

μ<OðM2
S

MR
Þ, see [15] for details.

Contrary to the inverse seesaw [97–108], the extended
seesaw model contains both the heavy and small lepton
number violation scales MR and μ, respectively. The SM
neutrino masses strongly depend on the small lepton
number violating scale μ, and hence, in the μ → 0 limit,
the νL states become massless. The heavy Majorana
neutrino contribution in 0νββ decay can be sizeable, even
in the μ → 0 limit. Hence, the contributions of the SM
neutrinos and the heavy Majorana neutrinos in the 0νββ
process are completely decoupled from each other. The
contribution from heavy sterile neutrinos for this model has
been discussed in [15].
The neutrino mass matrix Mn can be diagonalized by a

unitary transformation,

UTMnU ¼ Md
n; ð28Þ

where U as an expansion with order parameterMD=MS has
the following form [15]:

0
BBB@

ð1 − 1
2
M†

DðM−1
S Þ†M−1

S MDÞWμ M†
DðM−1

S Þ†WS M†
DM

−1
R WN

−M−1
S MDWμ ð1 − 1

2
M−1

S MDM
†
DðM−1

S Þ† − 1
2
M†

SM
−2
R MSÞWS M†

SM
−1
R WN

MT
S
−1μM−1

S MDWμ −M−1
R MSWS ð1 − 1

2
M−1

R MSM
†
SM

−1
R ÞWN

1
CCA: ð29Þ

5We denote the gauge singlet neutrinos as sterile neutrinos, as they are not charged under the SM gauge group.
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In the above, Wμ, WS, and WN are the three unitary
matrices that diagonalize the block diagonal matrices

mν ∼MT
DðM−1

S ÞTμðMSÞ−1MD; ms ∼ −MT
SðMRÞ−1MS;

mn ∼MR: ð30Þ

The matrix mν represents the light neutrino mass matrix,
and ms and mn represent the heavy neutrino mass matrices.
The hierarchy among the submatrices ensures that mn and
its eigenvalues give the heaviest sterile neutrinos in this
model. The other sterile neutrinos that originate from the
diagonalization of ms can be relatively lighter, but they
certainly should be heavier than the three active neutrinos
mν <ms < mn. In the subsequent sections, we explore the
possibility of that the sterile states from ms are in the eV to
MeV range, while the remaining sterile neutrino states mn
are more than GeV. Before presenting a detailed analysis on
0νββ, we first consider additional constraints coming from
light neutrino mass measurement, nonunitarity. and others.

B. Constraints

Before delving into the analysis, we present short
descriptions of all constraints that have been applied in
this model.
(a) Theoretical Constraints:
Hierarchy: The different submatrices of Eq. (26) should
satisfy the hierarchy

(i) MR >MS >MD ≫ μ, and
(ii) MT

SM
−1
R MS > μ; i.e., ms > μ [from Eq. (30)].

For one generation, this will be M2
S=MR > μ.

This limit also defines the region where the
seesaw approximation is valid [15].

Unitarity: With the mass matrix being symmetric, the
diagonalization matrix given in Eq. (28) should be
orthogonal or unitary. That is, we should have the
relation U†U ¼ UU† ¼ I. But working with the see-
saw approximation up to a certain order and also
having low-scale sterile, the elements of U ¼ UU†

will not be an identity matrix, rather those elements
will be I� δ, where δ is the tolerance of every single
elements of U to get a viable parameter space for
lightest sterile neutrino6 in this model. So, to zero in
on the allowed parameter space of eV to MeV sterile
in this model, we have to constrain the parameter
space, setting some cutoff values on the both diagonal
and nondiagonal elements of U. In short, we allow
some error bars on the diagonal elements on U around
unity, and for nondiagonal elements, the required error
bar will be around zero. Depending on the choice of
parameter space, the error bar may differ for diagonal
and nondiagonal elements. We have generally taken

the maximum constraints on the deviation which
provide us the desired allowed parameter space.

(b) Experimental Constraint:
Mass of active neutrino: We consider the constraint on
the sum of active neutrino masses from Planck
cosmological data [49], i.e., at 95% C.L., the sum
of the masses of active neutrinos will be less thanP

mν < 0.194 eV. In the analysis of one generation,
this bound simply manifests as the upper bound on the
mass of single active neutrino. We implement the
constraints on mixing angles and on the mass-square
differences among three active neutrinos from neu-
trino oscillation data in the three-generation case
[1,109] in the case of normal hierarchy.

Constraints from 0νββ limit: The limit on T0ν
1=2 from the

KamLAND-Zen [46] severely constrains the param-
eter space for eV=MeV sterile neutrino of this model,
see Sec. III C.

Daya Bay experiment: The Daya Bay reactor antineu-
trino experiment shows a large exclusion region
between 2 × 10−4 < Δm2

s1 < 0.3 eV2 as a function
of sin2 2θ1s [110] at 95% C.L., where Δm2

s1 is the
mass-square difference between extra sterile and
electron neutrinos (νe), and θ1s is the angle of
active-sterile mixing. This result will further constrain
the allowed parameter space for eV sterile neutrinos.

C. 0νββ decay: Sterile neutrino contributions

In this section, we outline the contributions of sterile
neutrinos having Majorana masses in 0νββ decay.
The half-life of 0νββ is written as [82,111–113]

1

T0ν
1=2

¼ K0ν

����Θ2
ej

μj
hp2i − μ2j

����2; ð31Þ

where j represents the number of light neutrino states and
the additional heavy neutrino states. The parameters μj and
Θej represent the masses of the neutrino states and the
mixing with SM neutrinos, respectively. In the above,
K0ν ¼ G0νðMNmpÞ2, and hp2i≡ −memp

MN
Mν

. The refer-
ence mass scales are considered as electron (me) and proton
(mp) masses, and Mν and MN are the NMEs for exchange
of light and heavy neutrinos, respectively. The values of
NME and the phase space factor G0ν have been taken from
Ref. [114]. Below, we classify the sterile neutrino con-
tributions according to their mass scale.
Other than the contributions of the SM neutrinos, the

sterile neutrino states Sk and Nk (k ¼ 1, 2, 3; in our case)
can also contribute in the 0νββ process. Evidently, we have
two extra contributions apart from the SM one.
(a) The heaviest states Nk have a mass range mnk >

100–200 MeV and give a contribution in 0νββ as6See Sec. III D (Analysis section).
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AN ∼
V2
eNk

mnk

; ð32Þ

where AN represents the amplitude of this process, and
VeNk

is the mixing of the Nk states with the active
neutrinos. Using VeN ¼ M†

DM
−1
R WN , this can be

simplified from the matrix form of AN as

AN ∼ VeNk
M−1

R VT
eNk

∼MT
DM

−1
R WNM−1

R WT
NðM−1

R ÞTMD: ð33Þ

Since, MR is chosen to be diagonal and WN being the
corresponding diagonalization matrix, AN can be
simplified as

AN ∼ ðMT
DM

−3
R MDÞee; ð34Þ

as WN is the unit matrix in our scenario.
(b) The other sterile neutrino states Sk give contributions

proportional to

AS ∼
V2
eSk

msk

; ð35Þ

for the mass range msk > 100–200 MeV, whereas

AS ∼
V2
eSk

msk

hp2i ; ð36Þ

when sterile mass is light. We use the compact
expression for the amplitude that also takes into
account hp2i ≃m2

sk ≃ 100 MeV2,

AS ∼
V2
eSk

msk

hp2i −m2
sk

: ð37Þ

The value of mnk in our analysis is 105 GeV for the one-
generation case giving rise to active-sterile mixing as
MD=MR ∼ 10−10–10−7, whereasmnks are to be of the order
from 50 to 500 GeV in the three-generation one having
V2
eNk

as ∼10−8 to 10−7. So, the sterile neutrinos Nk being
heavy contribute negligibly, and hence, we do not consider
its contribution. The half-life of 0νββ is thus,

1

T0ν
1=2

¼ K0ν

���� U2
ejmνj

hp2i −m2
νj

þ V2
eSk

msk

hp2i −m2
sk

����2; ð38Þ

where j represents the number index of three light neutrino
states, whereas k denotes the number index of compara-
tively light sterile states SL. This is to note that the lighter
SL states (eV-MeV) can have substantial active-sterile
mixing VeS ¼ M†

DðM−1
S Þ†WS.

To get the essence of all theoretical and experimental
constraints properly, first we consider only one generation
for all states, so the mixing matrix given in Eq. (29) will
be of the order of 3 × 3 having MD;MR;MS; μ as simply
numbers.

D. Analysis

1. One generation

In this section, we provide a detailed analysis and
results of the allowed range of MeV=eV sterile neutrinos.
In Fig. 11, the plot in the left panel [Fig. 11(a)] shows
the allowed region for the MeV sterile neutrino and
its contribution to 0νββ in MD −MS plane for the
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FIG. 11. Allowed parameter space of a light sterile neutrino in (a) MeVand in (b) eV ranges as a function of the model parametersMD
andMS in the extended seesaw scheme. The regions have been obtained from theoretical constraints, light neutrino measurements, and
0νββ results. The parameter μ has been set to 10−2 and 10−10 GeV for MeVand eV ranges, respectively. In both cases,MR ¼ 105 GeV.
The orange-shaded region of (b) will be constrained further from the Daya Bay reactor antineutrino experiment [110] that is elaborated
in Fig. 12.
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one-generation scenario. The matrix Mn in Eq. (27) is
3 × 3 instead of being 9 × 9 in this case. The square boxes
in the index box of this figure [Fig. 11(a)] shows the color
of allowed regions in agreement with different constraints,
and the respective texts are written in the same color as
the border of that region. The cyan-colored region enclosed
by the red-dashed curve in Fig. 11(a) shows the region
allowed by the off-diagonal element U13, where U13 is the
(1,3) element of U†U with U being the diagonalization
matrix [Eq. (28)]. Here, we consider the constraint as
jU13j < 10−8; i.e.,U13 is almost vanishing. The lower green
region enclosed by the blue solid line presents the region
allowed by the diagonal element U33. The constraints due
to other matrix elements of U coming from the condition of
diagonalization matrix U being unitary are less stringent
and are simply allowed by the final overlapped zone. In that
final allowed region, the numerical values of the off-
diagonal element U13 is ∼10−9 and that of the diagonal
elementU33 are∼ð1þ 10−16Þ. The region covered by pink-
colored straight lines shows the mass of the light neutrino
range 0<mν < 0.194 eV. The brown rectangle region
enclosed from below by the black dashed line (near
MS ¼ 32 GeV) represents the constraint ms¼M2

S=MR>μ
marking the area where the seesaw approximation is valid.
The extreme left almost vertical orange-colored region
enclosed by the solid orange bow-type curve shows
the region in agreement with the contribution of 0νββ,
where T0ν

1=2 > 1.07 × 1026 yr [46]. In obtaining this allowed
parameter space, we have considered both the light
neutrino and sterile neutrino contributions, see Eq. (38).
The values of the NMEs that we have considered in this
analysis are Mν ¼ 2.29 and MN ¼ 163.5 [114].
The overlapped region in Fig. 11(a) enclosed by a dashed

black straight line from below and solid blue line from
above with 32 GeV<MS < 49 GeV and red-dashed line
from the right is the final allowed range for the MeV sterile
neutrino in the extended seesaw model, with the value of
MD ≤ 0.00011 GeV for MS ∼ 32 GeV and with the MD
value up to ∼0.002356 GeV for MS ¼ 49 GeV. The
allowed mass range of ms is 10 MeV<ms < 24 MeV.
The mass of the active neutrino in that region is
mν ≤ 10−2 eV.
The plot in the right panel [Fig. 11(b)] of Fig. 11 shows

the allowed region for the eV sterile neutrino in the
extended seesaw model and its contribution to 0νββ decay
in the MD −MS plane. The inclusion of sterile neutrinos
whether being heavy or light has its effect on the unitarity
of the PMNS matrix [50]. The PMNS matrix encoding the
nonunitarity effect due to the mixings of active-sterile
neutrinos is given by [50]

N ¼ ðI − αÞU 0; ð39Þ

where, U 0 is equivalent to a standard PMNS matrix which
is also a unitary matrix having a small deviation

proportional α. Clearly, from Eq. (29), we can see that α
being theoretically the same for all elements is given by
1=2ðM2

D=M
2
SÞ in the extended seesaw model, whereas U 0 is

equivalent to Wμ of the same equation (29). The general
form of mixing terms is usually given by the ratio between
the mass scales of light neutrinos and the sterile neutrinos.
Therefore, in the case of light sterile neutrinos (∼eV), with
the active neutrino and the light sterile mass scales being
very close, the effect of mixing cannot be ignored. So the
light sterile neutrino has a strong impact on the deviation of
the PMNS matrix from being unitary. In Ref. [50], the
constraint on α is given for different mass values of sterile
neutrinos. For the mass-square difference of sterile and
active neutrinos in the eV2 regime, at 95% C.L., the bound
is given by α < 10−2. So, in the case of N †N and for one
generation, this bound is manifested as of the order of
∼10−4 as the deviation from unity (for the element U11).
Therefore, in Fig. 11(b), the constraint onU11 is taken as

jU11 − 1j< 10−4. Since, the matrix U22 in Eq. (29) also
contains a term like ½1 − 1=2ðM2

D=M
2
SÞ − 1=2ðM2

S=M
2
RÞ�

withMR being heavy, this term can be effectively written as
½1 − 1=2ðM2

D=M
2
SÞ�; so the constraint on U22 will be the

same as that of U11. The cyan-colored region surrounded
by the red-dashed curve shows the allowed region for an eV
sterile neutrino from the limit applied on U11. The pink-
colored region shows the allowed region for eV sterile
neutrinos as jU13j< 10−8. The brown-colored region
shows the corresponding allowed range in agreement with
the hierarchy of the model parameters MS >MD. The
black-colored region depicts the allowed region from
0νββ decay [46] where contributions of eV sterile and
active neutrinos have been considered. The green-colored
region of the oblique line shows the validity range of
the seesaw approximation. The final allowed region is
given by the orangeþ yellow-colored shaded region.
The allowed region is enclosed by a green line from below
(at MS ¼ 0.0032 GeV, MD ∼ 5 × 10−4 to 0.002 GeV),
by a tilted red-dashed line from the lower right
[ðMD;MSÞ ∼ 5 × 10−4, 0.0032 GeV up to ðMD;MSÞ∼
(0.002, 0.02) GeV], and finally by an almost vertical black
line from the right side. The region can be further extended
leftwards and upwards by lowering the value of MD and
increasing the value of MS, respectively. The other con-
straints such as unitarity constraints from other elements
of U and limits from neutrino masses are allowed by the
final overlapped region. The lowest allowed value of model
parameter MS is 0.0032 GeV at MD ¼ 10−5 GeV.
Evidently, the lowest values of sterile neutrinos from the
allowed region showed in this figure are about 0.1024 eV
and mν ≤ 10−3 eV. In this region, the U11 ∼U22 ∼ 1þ
10−7 approximately, and U13 ∼ 10−9. The values of NMEs
are the same as those in Fig. 11(a).
Since, in the extended seesaw, we have eV sterile

neutrinos starting from ∼0.1 eV, and the region can further
be constrained from reactor antineutrino experiments, such
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as Daya Bay. Evidently, the orange-shaded region of
Fig. 11(b) or a part of it, where we have sterile ∼OðeVÞ,
can be probed again from such results. We represent the
mentioned region of Fig. 11(b) of the MS −MD plane in
Δm2

s1ðeV2Þ − θ21s in Fig. 12. The filled in yellowbox covered
by themagenta color line corresponds to the aforementioned
region of eV sterile neutrinos of Fig. 11(b). The lower line
corresponds to the value MS ¼ 0.0032 GeV, where the
upper line corresponds to MS ¼ 0.01 GeV.
The region in Fig. 11(b) below the green line and right

side of the red-dashed line being completely ruled out from
our model parameters [Fig. 11(b)] represents the white
regions of Fig. 12. The dotted red and black solid lines
represent the Daya Bay experimental constraints on low-
scale sterile neutrinos in the Δm2

s1ðeV2Þ − θ21s plane [110].
The gray-colored region shows the zone that is not allowed
by this experimental data. The overlapped region of this
adjacent figure is ruled out from the experimental result.
We can see that Daya Bay results exclude some region from
the left side (giving constraint onMD) but still allow all the
values of sterile neutrino from 0.1 to 0.4 eV. The mass
of the active neutrino in the remaining allowed zone
is mν ≤ 10−4 eV.
In passing, we would like to comment on the active-

sterile mixing value which is getting constrained from Daya
Bay data. The θ21s is actually ðMD=MSÞ2. Also, from
unitarity [50], we have 1

2
ðMD=MSÞ2 < 10−2. Figure 12

shows for some MS, MD values θ21s < 10−3 giving slightly
more stringent bounds on the mixing compared to that of
coming from unitarity in our model setup.

2. Three generation

In Sec. III D 1, we have discussed different constraints
from neutrino mass, half-life of 0νββ decay, and unitarity
and the validation of the seesaw approximation for the
one-generation realization of the extended seesaw model.
In this section, we are extending the analysis for the three-
generation case which is more realistic than the previous
scenario. In addition to the bounds from 0νββ and other
experimental and theoretical constraints, we also satisfy
neutrino oscillation data. In particular, we consider the
following:

(i) upper bound on the sum of all three active neutrinos
is constrained from cosmology,

P
i mνi < 0.194 eV

at 2σ C.L. [49],
(ii) two mass-square differences 6.93< Δm2

21

10−5
eV2 < 7.97

and 2.37< Δm2
31

10−3
eV2 < 2.63 vary in the 3σ range [1],

(iii) 3σ range [1] of the three mixing angles
30°< θ12 < 36.51°, 37.99°< θ23 < 51.71°, and
7.82°< θ13 < 9.02°.

In the present setup, contribution to the 0νββ can come from
light active neutrinos (mνi ; i ¼ 1, 2, 3), additional eV toMeV
scale sterile neutrinos (msi; i ¼ 1, 2, 3), and heavy GeV scale
neutrinos (mni; i ¼ 1, 2, 3). As shown in Sec. III B, the
contributions of the heaviest sterile neutrinos to 0νββ are
evidently suppressed.Here, the neutrinomassmatrix is 9 × 9,
but we are working in the seesaw approximation regime
which gives three sets of 3 × 3matrices, namely,mν,ms, and
mn. After diagonalization of each 3 × 3 block of Eq. (30)
individually,we check the unitarity constraints as described in
Secs. III B and III D 1. The matrices which diagonalize each
blockedmatrix combine to forma9 × 9matrix [Eq. (29)], and
we impose constraints on the unit matrix (U, see Sec. III D 1)
with the absolute variation of each element by �10−2. This
�10−2 variation manifestly impose constraints on the ratio
MD=MS. We have checked that the error bar is consistent
with the experimental bound [50] that arises due to the
nonunitarity effect for eV-keV scale sterile neutrinos. A
detailed description of different conditions provided in
Sec. III B to constrain the parameter space have been
thoroughly followed in the present analysis.
As discussed earlier, after using the seesaw approxima-

tion, we get three different 3 × 3 matrices, which are mn,
ms, mν. Among them, one corresponds to the mass matrix
for the three active neutrinos (denoted by mν), and other
two correspond to the mass matrices for the three
relatively light sterile neutrinos (denoted by ms) and the
three heavy neutrinos which are in GeV scale (denoted by
mn). From Eq. (30), we can see that the expressions of mν,
ms, and mn depend on the matrices MD, MR, MS, and μ
whose elements are the free input parameters in the
extended seesaw scenario. We choose the model para-
meters in our framework in a way so that we can
accommodate eV to MeV scale sterile neutrinos. Before
proceeding, we consider a few assumptions which include

FIG. 12. Constraining the region of eV sterile neutrinos from
the Daya Bay reactor neutrino experiment. The gray-colored
region from the right side shows the exclusion region from Daya
Bay results, whereas the yellow-colored region shows the zone
allowed for eV sterile neutrinos.
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MD, MS, MR as the real diagonal matrices and μ as the
complex symmetric matrix, i.e., μT ¼ μ and μ� ≠ μ. In this
work, we have focused on the normal hierarchy of the
neutrino masses as an illustrative example. In order to
satisfy neutrino oscillation constraints and to obtain sterile
neutrinos in the eV to MeV scale, we have varied the model
parameters in the following range (in GeV):

10−5 ≤ MDii ≤ 10−1;

10−3 ≤ MSii ≤ 10−1;

50 ≤ MRii ≤ 500;

10−11 ≤ μR;Iij ≤ 10−8; ð40Þ

where i, j can vary from 1 to 3. Moreover, we can choose
different ranges of MD, MS, MR, and μ as well which will
evade all the theoretical and experimental constraints, but
we have considered the heaviest right-handed neutrinos in
the three-generation scenario which can be probed in
collider experiments. Below, we show the allowed model
parameters as well as the correlations among different
observables for this model as scatter plots.
In the left panel of Fig. 13, we have shown the allowed

region in the
P

mνiðeVÞ −ms1 (GeV) plane after satisfying
all data,7 where ms1 is the physical mass of the lightest
sterile neutrino state. In the figure, green dots show the
range allowed by neutrino oscillation data (N.O.D), and
blue rhombus points represent the range allowed by 0νββ
and unitarity along with N.O.D. Finally, the red points
exhibit the range that is being further constrained by

msi > μdi . Here, msi are the physical masses of the sterile
state SL, and μdi are the eigenvalues of μ and i ¼ 1, 2, 3. In
the present work, the model parameters are less constrained
from the 0νββ decay bound than the unitarity and msi > μdi
bounds. The model parameters ranges considered in this
work give us eV to MeV scale sterile neutrinos as seen by
the range of the ms1 axis. One interesting thing to note here
is that ms1 ≥ 10−6 GeV is disallowed when we consider
both the constraints, unitarity and 0νββ. This is mainly due
to the unitarity bound since this bound mostly depends on
the ratio of MD=MS. Therefore, when ðMD=MSÞ2 < 10−2,
those points satisfy the unitarity constraints which are
�10−2 variations around the unit matrix (see Sec. III B).
The disallowed points correspond to a higher ratio, i.e.,
ðMD=MSÞ2 > 10−2, and those points represent lower values
of the elements of the μmatrix in order to satisfy the N.O.D
which is not covered in Eq. (40). This also implies that the
elements of MD and MS are of the same order for the
disallowed points and more likely to have higher MS
values. Finally, the red points are obtained when we impose
the constraint msi > μdi . After imposing this constraint,
lower values of ms1 are getting ruled out which are mostly
in the eV scale. In the right panel of this figure, we have
shown the variation of the solar mixing angle θ12 with the
lightest sterile neutrino mass. We can see that the whole
allowed range of θ12 from oscillation experiments is in
agreement with all the constraints.
In the left panel of Fig. 14, we have shown the scatter

plot in the Δm2
12ðeV2Þ −ms1 (GeV) plane after satisfying

the constraints as mentioned in the legend of the figure.
Here also, the whole allowed range of Δm2

12 ðeV2Þ from
oscillation experiments satisfy all constraints. On the other
hand, in the right panel, we have shown the scatter plot in
the MR11 −ms1 plane where MR11 is the eigenvalue of the

FIG. 13. Scatter plots in
P

mνiðeVÞ −ms1 (GeV) (left) and θ12 −ms1 (GeV) (right) planes after satisfying the constraints as mentioned
in the text. N.O.D represents the constraint from neutrino oscillation data.

7We get similar kinds of behaviors with the other two light
sterile neutrinos s2;3. Moreover, s2;3 also gets similar kinds of
masses and contributes to 0νββ in equal strength.
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mn matrix because we have considered here MR as a
diagonal matrix.
The left and right panels of Fig. 15 show the variations in

MR11 as a function of MS11 and MS11 as function of μR11,
respectively. Here, the superscript R implies real elements.
In both cases, MS11 > 0.02 GeV are not allowed by the
unitarity constraint as mentioned earlier. The conditions
coming from both unitarity and the seesaw approximation
can be respectively manifested as the upper and lower
bounds on the light sterile ms.
In the left and right panels of Fig. 16, we have shown the

scatter plots in plane MD22 −MS22 and μI23ðGeVÞ − MD11

MS11

plane, respectively. Here, the superscript I denotes the
imaginary part. In the left panel, we can see that most of the

points which satisfy oscillation data are below the yellow
line which corresponds to MD22

MS22
¼ 10−1. As we have dis-

cussed, the unitarity bound (variation of�10−2 around unit
matrix) mostly depends on the ratio MDii

MSii
(i ¼ 1, 2, 3), and

we can roughly say if MDii
MSii

< 10−1, then it can pass the
unitarity bounds. One interesting thing to note here is that
there exists a sharp correlation among the MD22 and
MS22 parameters (which is valid for other elements of
MD and MS matrices also). This is because appro-
ximately ðMD=MSÞ2μ ∼ 10−11 GeV, and we have taken
μ< 10−8 GeV. So MD22 and MS22 cannot take arbitrary
values which correspond to significant difference in their
magnitudes; otherwise, neutrino mass data will not be

FIG. 14. Scatter plots inΔm2
12ðeV2Þ −ms1 (GeV) (left) andMR11 −ms1 (both are in GeV) (right) planes after satisfying the constraints

as mentioned in the text.

FIG. 15. Scatter plots inMR11 −MS11 (both in GeV) (left) andMS11 − μR11 (both in GeV) (right) planes after satisfying the constraints
as mentioned in the text.
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satisfied. On the other hand, in the right panel of Fig. 16, we
can see that after imposing all the constraints, we get the
points which are more prone to having higher values of μI23.
This is because when we impose the unitarity constraint
which corresponds to MDii

MSii
< 10−1 (i ¼ 1, 2, 3) and from the

order of magnitude estimation of neutrino mass, we obtain
μ⪆ 10−9. This is clearly reflected in the right panel of the
figure because the points are more dense in that region
where μI23 ⪆ 10−9 compared to the rest of the region.

IV. CONCLUSION

In this work, we consider two theory frameworks
with sterile neutrinos, (a) left-right symmetric Zee and
(b) extended seesaw model, which successfully explain the
light neutrino masses and their mixings. Both of the models
can accommodate sterile neutrinos with their masses being
free parameters varying over a wide range. We particularly
focus on a relatively lighter mass range ∼eV to MeV and
explore the contribution to the 0νββ process. The left-right
symmetric Zee model represents a scenario where the
masses of the sterile neutrinos are generated at the one-
loop level. They are directly dependent on the right-handed
Yukawa coupling λR and the masses and mixings of the
charged Higgs bosons. For large values of λR (close to the
perturbative limit), the sterile neutrino masses always
remain well below the MeV scale. This presents a unique
scenario where the three light sterile neutrinos can have
significant contributions to the 0νββ process. We find that
the half-life of this process crucially depends on three
parameters: lightest neutrino mass mν1 , Dirac CP phase
δCP, and WL −WR mixing angle θLR. In our analysis, we
consider the cases with maximal and minimal mixings
among the charged Higgs bosons and also consider both the
upper and lower values of the NMEs for 76Ge and 136Xe

nuclei. The scenario with minimal mixing of the Higgs
bosons and maximum values of the NMEs produces the
most stringent bound on the model. The calculated half-life
for both 76Ge and 136Xe nuclei decreases drastically with an
increase in mν1 or θLR. This is due to the dominant
contributions coming from the λ and η diagrams as mν1
and/or θLR are increased. This allows us to put quite
stringent bounds on both these parameters. For the 76Ge
nucleus, the lightest neutrino mass should be less than
10−7 eV for θLR ∼ 10−4, while for a lightest neutrino mass
of around 10−3 eV the value is θLR ≲ 10−8, where we
consider a normal hierarchy among the active neutrino
states. The bounds on the 136Xe nucleus are even more
stringent withmν1≲10−8 eV for θLR∼10−4 and θLR ≲ 10−8

formν1 ∼ 10−4 eV. Thus, we can significantly constrain the
model parameters in this case from the 0νββ studies.
For the extended seesaw, we first consider a one-

generation scenario where in addition to one SM neutrino
two sterile neutrinos are also present. Among the two sterile
neutrinos, one of them is very heavy with a mass of
105 GeV leading to a negligible contribution in the 0νββ
process. The other sterile neutrino has a mass varying
between eV toMeV, and this contributes significantly to the
above-mentioned process. We analyze a number of con-
straints on the model parameters, arising from 0νββ, the
Daya Bay reactor antineutrino experiment, and nonunitarity
constraint on the mixing matrix, as well as theory con-
straints. We further extend this simplistic one-generation
analysis to a higher generation with three active neutrinos
and six sterile neutrinos for which we satisfy the neutrino
oscillation data. We present a number of correlations
between the mass of the lightest sterile neutrino, model
parameters, and several neutrino oscillation parameters. In
the three-generation case, the masses of the heavy sterile

FIG. 16. Scatter plots in MD22 −MS22 (both in GeV) (left) and μI23ðGeVÞ − MD11

MS11
(right) planes after satisfying the constraints as

mentioned in the text.

ZOOMING IN ON eV-MeV SCALE STERILE NEUTRINOS IN … PHYS. REV. D 105, 035001 (2022)

035001-19



states (Ns) have been varied from 50 to 500 GeV. These
states give negligible contributions to the 0νββ process,
while the other three relatively light sterile states (SLs) give
substantial contributions. With the considered parameter
range, we obtain the upper bound on the mass of the lightest
sterile neutrino S1 as 10−6 GeV after imposing constraints
from nonunitarity, 0νββ, and others. The nonunitarity of the
PMNS matrix has a direct impact on the mixing elements;
in extended seesaw, nonunitarity can be governed by the
ratio of the bilinear mass term between active neutrino light
sterile states (MD) to the corresponding bilinear mass terms
among the sterile states (MS). The upper bound on the ratio
MD=MS is ∼10−1. We choose the effective neutrino mass
scale (μM2

D=M
2
S) to be of the order of 10−3 eV, and we

conclude in this scenario the lower bound on the elements

of the complex symmetric matrix μ to be of the order of
10−9 GeV. Another important constraint in our scenario is
ms > μ below which the seesaw approximation ceases to be
valid. It evidently gives a lower bound on msi ; i.e., μii >
10−9 GeV impliesmsi > 1 eV. The masses of the other two
sterile neutrinos vary as ms2;3 ∼Oð1 − 10Þ eV.
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