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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—Ileft-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 Am?, ~ 107> eV2, |Am3,| ~ 1073 eV? while the best-fit
values of the neutrino mixing angles are 6, ~ 34°,
0,3 ~48° and 653 ~ 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].
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The type-1 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 (Ovpf) process. The Ovff process is
the transition (A, Z) — (A, Z + 2) + 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 Oy process compared
to the three SM neutrino contributions and thus opening up
the scope of detection of these Majorana neutrinos via a
Ovpp process. A number of experiments have searched for
this process, and the nonobservation of the signal has given
bounds on the half-life T?’;z of Ouvpp [45-48]. The limit
obtained on 77, for *Ge is T/, > 8.0 x 10* 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 **Xe isotope as 77/, > 1.07 x 10° 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 Ovff
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 e™e™ colliders. In
addition to satisfying all the neutrino mass and mixing
constraints, this model can also give rise to several new
Ovpp processes which can significantly enhance the decay
rate. This results in a marked decrease in the half-life of the
Ovpp decay process in this model. We study the variation of
T(1)72 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 Ouf3f 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
Ovpp 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 Ovff 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,
Ovpp 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 ¢ 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~!, 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 SU(3)- x SU(2);, x SU(2)g x U(1)p_,. 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]

1A 27 & 7
Ly = Yiqj QL,'(DQR]' + Y?j QLi(DQRj + ngl'lLiq)le

+ Yfﬁu‘i)le + 4z, I7ityl ;8% + Ar, [hiitylg; 6"
+ H.C., (1)

where ® and ¢ are the bidoublet and charged singlet scalars
with ¥ and A 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

Hy Hj
Hp(1,1,2,1) = . H(1,2.1,1) = ,

Hy H}
¢ b

@(1,2,2,0) = <¢_ r
1 2

>, 5(1,1,1,2) =5+, (2)

The doublet Hy is responsible for the right-handed sym-
metry breaking, while H; is required for parity con-
servation. The bidoublet @ helps break the electroweak
symmetry and generates the SM particle masses. The
charged scalar field o, 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

<H%> = UR, <H(2> =Vr, <¢(1)> =7, <¢(2)> =1, (3)

with the effective electroweak (EW) VEV given as vgy =

v} + 134+ v7. The SU22)gx x U(1)y_, symmetry is
broken down to U(1), as the neutral component of the
right-handed doublet H% acquires a VEV vp. The bidoublet
VEVs v; and v, 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 v; 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

Vp > V| > U, VL. (4)

Thus, v; 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

or* HY
b3 Hy
Hy | =V| Hy |, (5)
Hj Gl
st G

where V is the 5 x 5 charged Higgs mixing matrix which
can be written as
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There are three physical charged scalars H{,Hy H;
which will contribute to the neutrino masses and two
Goldstone states G|, G5 which are eaten up by the Wpg
and W bosons as their longitudinal degrees of freedom. In
this model, largely the Hj} and the ¢7* 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 Vs
and V3, elements are almost unity, while the others are
small (<107%). 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 mixture' of the charged singlet
(67) and left-handed charged Higgs (H;), while the
heaviest state is coming primarily from the second bidoub-
let (¢3). Constraints from the flavor violating process
require the mass of the second bidoublet scalar ¢3 to be
heavier than 15 TeV [54-59]. This further implies that the
V53 element in the second row of the V matrix is close to
one, while others are quite small. Finally, since the charged
singlet 5t can have considerable mixing with the left-
handed charged Higgs boson H}, the V4, V4, Vs, and
Vs, 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

v19) + 0,09 n — 0,0 — v,

along with a redefinition of the Yukawa couplings as

hY = (7)

1 - 1
Yq:v—/l(YqIUI—FYqZUZ)v Yq:U_/l(Yq102+Yq201),

| 1
Y’:y_/(Y“vl—FY’sz), Yl:v_/(Yllvz‘f'Yn”l)v (8)
1 |

gives the fermion masses in this model to be

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

Y ,
HO N O
L S , R
A K4
A 4
A 4
A Y ,
A Y ,
. ¢
M o
.- <
Phe S @+
,l \\ J
ot , N
, A Y
4 A}
, A}
’ AY
1 1
1 1
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VL/R e e YL/R
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@;

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

_ /
M, =Y,
Ml: YI’UII,

Md = Yq'l]l],
MP = Yhy. 9)

Here, M,, M;, and M, are the up-type quark, down-type
quark, and charged lepton mass matrices, while MP 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]

3 2
(ML)ay :L)/ By ZLOg Mhi
g R — m?2

ep

< Vs[(Y]D) Vs = (V) Vil +a <y,

1 3 m?
R _ = qap i
(VT = g e 2 L"g(mzﬁ)

< Vs[(Y)"Vi = (¥ Vil +a<sy.  (10)

In the above, 4} % = AZ/jR - /1?0/‘1?, m,, and M, are the
charged lepton and Higgs boson masses, respectively, and
V;; are the charged Higgs boson mixings given in Eq. (5).

For our calculations, we consider the case with 1, = 0 as

Detailed analysis of the neutrino sector of the LRS Zee model
is presented in Ref. [19].
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FIG. 2. Right-handed neutrino Majorana masses in the LRS
Zee model [19].

was discussed in [19]. This thus gives us a 6 x 6 neutrino
mass matrix given as

0 MP
Mo={ o ) (11)

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

M, = —-MP MBI MDPT M, =ME  (12)

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

b- (V9 .

A~

M, 0
VTMDV:< v > (14)
0 My

such that

Here, M, = diag(m,, m,,m3) and My = diag(M,,M,, M)
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 GeV and primarily
consists of charged singlet 8. As A is varied from 0.1 to 3,
the lightest right-handed neutrino mass My, varies from
3 to 80 eV, while M Nas 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 Y, and Y,, and the charged
Higgs boson mixings Vs;, V,;, Vy;, and logarithmically
dependent on the charged Higgs boson masses. Let us
denote the charged lepton masses as m,, m,, and m, for
electron, muon, and tau lepton, respectively. The elements
of the Yukawa coupling matrix Y; generating the neutrino
Dirac mass term are extremely small and can be safely
neglected. The 17, matrix gives rise to the charged lepton
masses and is chosen to be diagonal with ¥ 5, ~ 1070,
Y, ~107*,and ¥, , ~ 1072 From our previous discussion,
we know that only the elements V5;, Vs,, V5, and V3 can
be large (~1), while the other couplings are quite small
(<1073). 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 102 into the mass terms. Let us now look at each
of the Majorana mass terms (MZX)®. These terms are
symmetric in ay, and hence, the diagonal terms (a =y)
vanish as Ay is an antisymmetric matrix. Considering the
off-diagonal terms, for (MR)'2, only the combinations
Y 1, M. and Y 1,/ Will contribute. This gives a value of
(MB)!2 ~107® for a heavy charged Higgs boson mass of
15 TeV and Ay ~ 1. For (MR)!3, the contributions come
from the combinations ¥, m, and ¥, m,, while for (M~)?
the contributions come from the combinations f/,zz m,, and
Y 1,,m.. For both these terms, the leading contribution
comes from the 7z lepton contribution, and hence, they
are almost degenerate with (MR)!3 ~ (MR)?3 ~ 1073 for a
heavy charged Higgs boson mass of 15 TeV and 1 ~ 1.

Below, we discuss the contribution of the right-handed
neutrinos in Ouff decay.

B. Diagrams and amplitudes of Ovff 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 Ovpf 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
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FIG. 3.

amplitude and identify the dimensionless parameter #; that
will be used in the computation of the half life (7' 72) of the

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

A~ G,%Z[Uz i (15)

where Gy is the Fermi constant, p the momentum
transfer at the leptonic vertex, and i =1, 2, 3
corresponds to the light neutrino mass eigenstates.
The corresponding 7 obtained in this case is given as

- miezi:[ugimz

(iii)

(16)
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Feynman diagrams of all possible Ouvff processes in the LRS Zee model.

(i) 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 n from this diagram is given as

My \4 M.
A, ~ G2 <ﬂ) V2, =L,
MWR i p
My,
— L V2 M 17
" (MW) Suim (17)

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

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
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My \*4 ;

ZS l, A4—G2< ) Tgiﬂzl,
MWR i p

(18)

while the 5 factors are

13 :m_ezge’M” ue ——(

i

My,

o) 3 rim
(19)

(iv) A diagrams: Figs. 3(e) and 3(f) represent the
processes mediated by the W; — Wy exchange.
The Feynman amplitudes from each diagram can
be easily combined to give us a final expression
which is

My, \*x—~ U T + VoS
Ay Gy (M) ST el e ()
MWR i p

and the expression for the # parameter is

My
L u,T; +V,S;,. 21
= () Suami+ 21)

i

(v) n diagrams: Figs. 3(g) and 3(h) are due to the
W, — Wr mixing in this model and depend on the
W; — Wx mixing angle 0; . The Feynman ampli-
tude combining the two diagrams can be written as

Ui Ty + VoS
Ay = Grangy )y et SR (22)

and the corresponding 7 parameter is

tanHLRZ[Ue,T +V,; S5 (23)

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

1/2 = [Go,(IMny + M 03> 4 | MY iy + M ny|?
+ M, + My, )] (24)

where Gy, is the phase space factor; M, MY, and MY" are
the nuclear matrix elements.

Now that we have the expression for the half-life for the
Ovpp 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 Ny become quite important.

The relative contributions from the diagrams are also highly
dependent on the light-heavy neutrino mixings (S, T)
with the A and 5 diagrams becoming significant as this
mixing increases. The gauge boson (W; — Wy) mixing is
another important factor in these diagrams, and its value
can determine which diagram gives a significant con-
tribution to the Oypf decay process. Finally, since the
Wpx 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
(My, /My,)* 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 V5; 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 6" can only
have significant mixing with the left-handed charged scalar
H}. We can thus approximately write

H{ = 6" cos@+ Hj sind,
Hj = =56 sin@ + Hj cos 0, (25)

where H| and H, are the lightest and next-to-lightest
charged Higgs bosons, respectively, with 6 being the
mixing angle. Clearly two extreme cases appear here
(1) maximal mixing with 6 = z/4, denoted as H,,,,,
(i) minimal mixing with @ = 0, denoted as H,,.

C. Results

To analyse the half-life of the Ovff process for germa-
nium ("°Ge) and xenon ('3°Xe) 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
(v, — Ng) 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 mass m,, is an important parameter for
our analysis.

The other parameters which play significant roles in
determining the value of 70/, are the W, — Wy mixing

*These terms still remain orders of magnitude smaller than the
U and V matrices.
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FIG. 4. Half-life of the Oupp process for 7°Ge and '*°Xe nuclei as a function of the lightest neutrino mass. The shaded region
corresponds to 77", < 8.0 x 10> years for the left panel and 1.07 x 10° years for the right panel and disallowed by GERDA [45] and

KamLAND-Zen [46], respectively.

angle (0, ) and the Dirac CP phase (6cp) of the neutrino
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. The
contribution from the # diagram, directly proportional to
tan 0, p, can become substantial depending on this mixing
angle. The value of dp, 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
T(1)72- The nuclear matrix elements (NMEs) for 7Ge and

136Xe, which we adopt from [45,74-82], are equally
important for the evaluation of T(1)72' 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 ("°Ge or 3°Xe), we thus get four separate

cases which are as follows:

(@) Hpin — ("°Ge/13Xe),.,: Corresponds to the case
where the Higgs boson mixing is minimum, and the
minimum value for the 7%Ge/!*Xe NME has
been used.

(b) Hpax — (°Ge/'30Xe),.,;: Corresponds to the case
where the Higgs boson mixing is maximum, and
the minimum value for the "Ge/'3°Xe NME has been
used.

(i) Hpi, — ("°Ge/'**Xe) . Corresponds to the case
where the Higgs boson mixing is minimum, and the
maximum value for the 7%Ge/!’*Xe NME has
been used.

(iv) Hpay — ("°Ge/'**Xe), .. Corresponds to the case
where the Higgs boson mixing is maximum, and
the maximum value for the 7°Ge/!*(Xe NME has
been used.

For each of these cases, we vary m,, , 0 ¢, and 6¢p to obtain

the predicted value of the half-life of the Ovff decay

process. Figure 4 shows the variation of 77, for the "°Ge
nucleus as a function of the lightest neutrino mass m,, for
fixed values of 8, p and 6.p. The values of all other PMNS
matrix elements were fixed to their central values, and the
A 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 53,7,, and #, contributions become
dominant. As for this figure, we consider a large value of
Orr; therefore, n, always dominate. We find that the
canonical light neutrino contribution #; is rather subdomi-
nant in this figure.

Figure 5 shows the variation of T(1)72 with the left-right
charged gauge boson mixing 6; . As 0, increases, the
decay half-life falls drastically for a value 8, z = 107°. This
is the point at which the 7, term, which is proportional to
tan 6; g, starts dominating over the other terms resulting in a
steep decrease of the half-life as expected. For smaller
values of 6;p, the dominant contribution arises from
m, "3, M, which are independent of 0, p, and hence, the
curves remain almost horizontal in this region. Since the
CP violating phase 6.p is another crucial parameter in our
analysis, we show the variation of half-life with respect to
Scp- Figure 6 gives the change of 71", for °Ge nucleus as a

function of dc-p. A close inspection of the numbers we
obtained shows that the variation of half-life mirrors the
variation in sin d.p which directly determines the values of
the neutrino parameters obtained in our calculations. This is
to note that, in all these figures, the scenario H,;, — Geax
gives the strongest constraint. This can be understood from
the expression of T‘l)’;2 as given in Eq. (24). As can be seen,
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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
7%Ge NME:s 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 77, and 7, are negligible due to the (My, /My, )*
suppression. So the dominant contribution always
arises from any one of the 7y, n;, or 5, terms, while
we find that the 73 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
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Half-life of Oupp process for "°Ge (left) and '*°Xe nucleus (right) as a function of left-right charged gauge boson mixing.

neutrinos since the active neutrino mass is obtained by
the seesaw mechanism in our case. This will boost
the 7, amplitude resulting in a smaller value of T ,.
Second, a heavier active neutrino will result in a larger
light-heavy mixing as discussed earlier. This again helps
boost the n; and 7, amplitudes further lowering the
calculated half-life of the Ovpf process, leading to a
tight constraint on the parameter.

The plots obtained for the '3°Xe nucleus are very similar
in nature to the ones for °Ge, and the most constrained
scenario is again the H,;, — Xe,,, 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 7Ge and '*Xe 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 H,;;, — Geax and Hy;, — Xenax-
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FIG. 6. Half-life of the Oupf process for 7°Ge and '3Xe nuclei as a function of the CP violating phase in the PMNS matrix.
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Figure 7 shows the variation of 77, for "Ge as a
function of the lightest neutrino mass for several fixed
values of 6;p and Jcp. It is quite clear that the value of

?72 decreases as the lightest neutrino mass and/or value of
0 increases. The variation with m,, is quite evident from
our earlier discussion. For the set of plots with 8, z = 1078,
the initial variation with m, is quite modest until
my, < 10~7 eV. The major contribution here comes from
the #; term with the half-life slowly decreasing with an
increase in the lightest neutrino mass. At larger values of
m,,, the light-heavy neutrino mixing increases signifi-
cantly, and the dominant contribution comes from the 7,

Half-life of the O3 process for the 7°Ge nucleus as a function of the lightest neutrino mass for several fixed values of 6,

term. The effect of increasing 0, can be understood as an
artifact of an increase in the 7, term which starts contrib-
uting quite significantly at ; z > 107°. Similar character-
istics and dependence can be observed in Fig. 8§ where we
have plotted the variation of T(1)72 as a function of @; » for
fixed values of m, and 5cp. As can be seen here, the value
of T?72 remains almost constant in the initial region of
0,r <107°. In this region, the dominant contribution
comes from 7; and 7,, and since the lightest neutrino mass
is constant for each line, there is no variation in their value.
In the region @,z = 1079, the 11, term starts dominating, and
we see a sharp decrease in the value of T‘l)’/’2 in this region.
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Half-life of the Ouf3f process for the 7°Ge nucleus as a function of left-right charged gauge boson mixing for several fixed
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Finally, the variation of T(1)72 with cp is given in Fig. 9.
This plot is quite interesting as it clearly shows the
contribution of different # terms in different regions of
parameter space. The line corresponding to 8, = 1078 and
m, = 10~ eV has a dominant contribution from the 7,
term. As 7, = mizl UZ2,m;, its contribution in this case
only depends on the matrix elements U,; since m, and m;
remain constant. The U element” is directly proportional
to e~cr, and as a result, one can approximately write
T, ~ W As 5¢p approaches 180° or 360°, the value
of n; goes through a maxima, while it becomes a minima at

“The U5 element will be the same as the (1,3) element of the
PMNS matrix.

dcp = 270°. The inverse of this behavior is reflected in the
T(1)72 plot. For the other lines in this figure, they receive
dominant contributions from either 7, or #,. Here, as U3
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 *°Xe nucleus are the
same as the °Ge nucleus except for the fact that the
parameters are more tightly constrained owing to the more
stringent experimental limit of the Ovff 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 6; for
fixed values of 5.p for both 7°Ge and '3Xe nuclei. As we
have already discussed that the most stringent bound on the
parameter space is obtained for a §.p of around 264°; this
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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 6;  and
vice versa. This occurs due to a dominant 7, contribution
for a large 6, y, leading to a tighter constraint on the lightest
neutrino mass m, . Another observation is that the limits
obtained for the '**Xe nucleus are much stronger than for
the 7°Ge nucleus.

III. EXTENDED SEESAW MODEL AND ANALYSIS

This is another extension of SM, where the model
contains light and heavy sterile neutrinos,” which can give
large contributions in the Ovff 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
S;, and another heavy sterile neutrino N;. 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 S; and
three N;) which are neutral under the SM gauge group.
Below, we first review the model and then discuss the
contribution in the Ovff process.

A. Model

The neutral lepton sector of the model contains three
generations of SM neutrinos v; along with additional
sterile neutrino states S; and N;. The mass terms of the
neutrinos have the following form:

0 0 M} vr
Nl o u M| s

Mp Mg Mg) \N,
+Hec.. (26)

1
L::_E(UL SL

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

0o 0o ML
My=| 0 u M| (27)
Mp Mg My

We choose to work in a basis where the Majorana mass
matrix My of N, sterile is real. The term containing u
denotes the Majorana mass of the heavy neutrino state S;
with u being a complex symmetric matrix. The Dirac mass
matrix M, represents the mixing between the SM neutrino
states v; and the heavy sterile neutrino states N;, whereas
M represents the mixing between the two sterile states Sy,
and N;. Throughout our analysis, we consider that the
matrices My and M are invertible. We also assume that the
different submatrices follow the hierarchy Mz > M¢>
Mp > p. For the seesaw approximation to be valid,
the mixing matrices should satisfy p < MEIMz'Msy, ie.,
U< (’)(AA;I—E) 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 My and u, respectively. The SM
neutrino masses strongly depend on the small lepton
number violating scale y, and hence, in the ¢ — 0 limit,
the v, states become massless. The heavy Majorana
neutrino contribution in Ovff decay can be sizeable, even
in the ¢ — O limit. Hence, the contributions of the SM
neutrinos and the heavy Majorana neutrinos in the Ovff
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 M, can be diagonalized by a
unitary transformation,

UTM, U = MY, (28)

where U as an expansion with order parameter M /Mg has
the following form [15]:

(1 =3 Mp(M5") M5 Mp)W, M (M5') W MM Wy
—M3'MpW, (1 =M MMy (M) = A MMM )W MiMz' Wy . (29)
M5 uM MW, —Mz' MW (1 =i Mz MMiMZ YWy

*We 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, W,, W, and Wy are the three unitary
matrices that diagonalize the block diagonal matrices

ml/NM{)(MEl)TIu(MS)_lMDv mSN_Mg(MR)_lMS’
m, NMR. (30)

The matrix m, represents the light neutrino mass matrix,
and m, and m,, represent the heavy neutrino mass matrices.
The hierarchy among the submatrices ensures that m,, and
its eigenvalues give the heaviest sterile neutrinos in this
model. The other sterile neutrinos that originate from the
diagonalization of m, can be relatively lighter, but they
certainly should be heavier than the three active neutrinos
m, < m, < m,. In the subsequent sections, we explore the
possibility of that the sterile states from m, are in the eV to
MeV range, while the remaining sterile neutrino states m,,
are more than GeV. Before presenting a detailed analysis on
Ovpp, 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) Mgr>Mg>Mp> u, and

() MIMz'Mg > p;ie., mg > p [from Eq. (30)].
For one generation, this will be M3/Mp > p.
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 = UU' = 1. But working with the see-
saw approximation up to a certain order and also
having low-scale sterile, the elements of U = UU"
will not be an identity matrix, rather those elements
will be T + 6, where 6 is the tolerance of every single
elements of U to get a viable parameter space for
lightest sterile neutrino® 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

%See Sec. I D (Analysis section).

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 than
> m, <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 Ovff limit: The limit on T(l)‘/’2 from the
KamLAND-Zen [46] severely constrains the param-
eter space for eV/MeV sterile neutrino of this model,
see Sec. IIIC.

Daya Bay experiment: The Daya Bay reactor antineu-
trino experiment shows a large exclusion region
between 2 x 107 < Am?, <0.3 eV? as a function
of sin®20,, [110] at 95% C.L., where Am?, is the
mass-square difference between extra sterile and
electron neutrinos (v,), and 6, is the angle of
active-sterile mixing. This result will further constrain
the allowed parameter space for eV sterile neutrinos.

C. Oyfp decay: Sterile neutrino contributions

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

2

: , (31)

Ui
- = KO @27j
) -

where j represents the number of light neutrino states and
the additional heavy neutrino states. The parameters y; and
©,; represent the masses of the neutrino states and the
mixing with SM neutrinos, respectively. In the above,
Ko, = Go,(Mym,)?, and (p*) = -m,m, % The refer-
ence mass scales are considered as electron (m,) and proton
(m,) masses, and M, and M are the NMEs for exchange
of light and heavy neutrinos, respectively. The values of
NME and the phase space factor G, 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 S, and Ny (k = 1, 2, 3; in our case)
can also contribute in the Ovff process. Evidently, we have
two extra contributions apart from the SM one.

(a) The heaviest states N, have a mass range m, >
100-200 MeV and give a contribution in Ovff as
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V2
Ay ~—Ne (32)
mn

k

where Ay represents the amplitude of this process, and
Vn, is the mixing of the N; states with the active
neutrinos. Using V y = MLM,;IWN, this can be
simplified from the matrix form of Ay as

Ay~ VM I_QIVZNk
~ MM WM Wi (M) M. (33)

Since, M is chosen to be diagonal and W being the
corresponding diagonalization matrix, Ay can be
simplified as

Ay ~ (MLMEMp) (34)

ee’
as Wy is the unit matrix in our scenario.
(b) The other sterile neutrino states S; give contributions
proportional to

AS ~ eSk ’ (35)

for the mass range m,, > 100-200 MeV, whereas

Ay Vel (36)
ST

when sterile mass is light. We use the compact
expression for the amplitude that also takes into
account (p?) ~m? ~100 MeV?,

100 F
80
U
= 60 13
$ Uss
Qo
2]
= 40 :
nmg>u
20 LI Thait favored
{ // Allowed range
Y of MeV sterile
0 ./ T T T T T i
0.000 0.002 0.004 0.006 0.008 0.010 0.012
Mp (GeV)
(@)
FIG. 11.

2
Ag~ sz/)SkmSkz : (37)
<p > - msk

The value of m,, in our analysis is 10° GeV for the one-
generation case giving rise to active-sterile mixing as
Mp/Mg ~1071°-1077, whereas m,, s are to be of the order
from 50 to 500 GeV in the three-generation one having
Viy, as ~1078 to 1077 So, the sterile neutrinos N being
heavy contribute negligibly, and hence, we do not consider
its contribution. The half-life of Ovfp is thus,

1 =K, U%jmyj stkmsk g (38)
ny, NPty —mp, o (pP) - mi,

where j represents the number index of three light neutrino
states, whereas k denotes the number index of compara-
tively light sterile states S;. This is to note that the lighter
S; states (eV-MeV) can have substantial active-sterile
mixing Vg = M}, (M3') W.

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 x 3 having Mp, My, Mg, u 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 Ovff in Mp— Mg plane for the

1 - ‘
z L[4
0.500 Ly
'I
// ¥
7 B
4
0.100 : il &? Uy,
= o.050 | || L1
§ & fl ," E mMs >Mp
4
0.010 =2 ) i 1 Thais favored
1 1
{ i mg> Y

105 104 0.001 0.010 0.100
Mp (GeV)

(b)

Allowed parameter space of a light sterile neutrino in (a) MeV and in (b) eV ranges as a function of the model parameters M,

and M in the extended seesaw scheme. The regions have been obtained from theoretical constraints, light neutrino measurements, and
Oy3p results. The parameter x has been set to 1072 and 107! GeV for MeV and eV ranges, respectively. In both cases, My = 10° 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 M, in Eq. (27) is
3 x 3 instead of being 9 x 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 U3, where U5 is the
(1,3) element of U'U with U being the diagonalization
matrix [Eq. (28)]. Here, we consider the constraint as
|U\5| < 1078;i.e., U5 is almost vanishing. The lower green
region enclosed by the blue solid line presents the region
allowed by the diagonal element Us;. The constraints due
to other matrix elements of U coming from the condition of
diagonalization matrix ¢/ 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 U;; is ~107 and that of the diagonal
element Us; are ~(1 + 107'%). The region covered by pink-
colored straight lines shows the mass of the light neutrino
range 0 <m, <0.194 eV. The brown rectangle region
enclosed from below by the black dashed line (near
Mg = 32 GeV) represents the constraint m, = M§ /Mg>u
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 Ovfp,
where 7, > 1.07 x 10°° 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 M, = 2.29 and My = 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 < Mg <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
Mp <0.00011 GeV for Mg~ 32 GeV and with the Mp
value up to ~0.002356 GeV for Mg =49 GeV. The
allowed mass range of m, is 10 MeV < m, <24 MeV.
The mass of the active neutrino in that region is
m, <1072 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 Ovf3f decay
in the M, — Mg 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=(-all, (39)

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

proportional a. Clearly, from Eq. (29), we can see that a
being theoretically the same for all elements is given by
1/2(M3/M3%) in the extended seesaw model, whereas U/’ is
equivalent to W, 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 « 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 a < 1072, So, in the case of A/"A/ and for one
generation, this bound is manifested as of the order of
~107* as the deviation from unity (for the element U,;).

Therefore, in Fig. 11(b), the constraint on U is taken as
|U;, — 1] < 107, Since, the matrix U, in Eq. (29) also
contains a term like [1 —1/2(M%/M%) —1/2(M%/M%))
with My being heavy, this term can be effectively written as
[1—1/2(M3/M?3)]; so the constraint on Uy, will be the
same as that of U;;. The cyan-colored region surrounded
by the red-dashed curve shows the allowed region for an eV
sterile neutrino from the limit applied on Uy,. The pink-
colored region shows the allowed region for eV sterile
neutrinos as |U;3| <107%. The brown-colored region
shows the corresponding allowed range in agreement with
the hierarchy of the model parameters Mg > Mp. The
black-colored region depicts the allowed region from
Ovpp 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 orange + yellow-colored shaded region.
The allowed region is enclosed by a green line from below
(at Mg =0.0032 GeV, Mp~5x10™ to 0.002 GeV),
by a tilted red-dashed line from the lower right
[(Mp,Mg) ~5x 1074, 0.0032 GeV up to (Mp,Mg)~
(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 M and
increasing the value of My, 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 Mg is 0.0032 GeV at M, = 107> GeV.
Evidently, the lowest values of sterile neutrinos from the
allowed region showed in this figure are about 0.1024 eV
and m, <1073 eV. In this region, the U;; ~ Uy ~ 1+
10~7 approximately, and U, ~ 10~°. 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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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.

as Daya Bay. Evidently, the orange-shaded region of
Fig. 11(b) or a part of it, where we have sterile ~O(eV),
can be probed again from such results. We represent the
mentioned region of Fig. 11(b) of the My — M, plane in
Am?,(eV?) — 63, inFig. 12. The filled in yellow box covered
by the magenta color line corresponds to the aforementioned
region of eV sterile neutrinos of Fig. 11(b). The lower line
corresponds to the value Mg = 0.0032 GeV, where the
upper line corresponds to Mg = 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 Am?, (eV?) — 62, 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 on M p) 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 m, <107 eV.

In passing, we would like to comment on the active-
sterile mixing value which is getting constrained from Daya
Bay data. The 63, is actually (Mp/Mg)?. Also, from
unitarity [50], we have J(Mp/Mg)* <1072 Figure 12
shows for some Mg, M, values 63, < 10~% 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 Ovff 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 Ovff 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, > ~; m, < 0.194 eV
at 26 C.L. [49], R
(i1) two mass-square differences 6.93 < Amy eV2? < 7.97

107
and 2.37 < Algl_%‘ eV? < 2.63 vary in the 36 range [1],
(iii) 30 range [1] of the three mixing angles
30° < @), <36.51°,  37.99° < 0,; <51.71°, and
7.82° < 63 <9.02°.

In the present setup, contribution to the Ovf3f can come from
light active neutrinos (m, , i = 1,2, 3), additional eV to MeV
scale sterile neutrinos (m,,, i = 1,2, 3), and heavy GeV scale
neutrinos (m,,i =1, 2, 3). As shown in Sec. Il B, the
contributions of the heaviest sterile neutrinos to Ovff are
evidently suppressed. Here, the neutrino mass matrix is 9 x 9,
but we are working in the seesaw approximation regime
which gives three sets of 3 x 3 matrices, namely, m,, m,, and
m,,. After diagonalization of each 3 x 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
blocked matrix combine to forma 9 x 9 matrix [Eq. (29)], and
we impose constraints on the unit matrix (U, see Sec. I[II D 1)
with the absolute variation of each element by 41072, This
+1072 variation manifestly impose constraints on the ratio
M /M. 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. IIIB 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 x 3 matrices, which are m,,
my, m,. Among them, one corresponds to the mass matrix
for the three active neutrinos (denoted by m, ), and other
two correspond to the mass matrices for the three
relatively light sterile neutrinos (denoted by m,) and the
three heavy neutrinos which are in GeV scale (denoted by
m,,). From Eq. (30), we can see that the expressions of m,,
my, and m, depend on the matrices Mp, Mg, Mg, and p
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
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FIG. 13. Scatterplotsin ) m, (eV) — m,, (GeV) (left) and ,, — m,, (GeV) (right) planes after satisfying the constraints as mentioned

in the text. N.O.D represents the constraint from neutrino oscillation data.

Mp, Mg, My as the real diagonal matrices and u as the
complex symmetric matrix, i.e., u’ = y and p* # p. 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):

107 < Mp; <1071,
1073 < Mg; <1071,
50 < Mpg; < 500,

1071 < pff <1078, (40)
where i, j can vary from 1 to 3. Moreover, we can choose
different ranges of Mp, Mg, My, and u 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 ) | m, (eV) — m,, (GeV) plane after satisfying
all data,” where my, 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 Ovff
and unitarity along with N.O.D. Finally, the red points
exhibit the range that is being further constrained by

"We get similar kinds of behaviors with the other two light
sterile neutrinos s, 3. Moreover, s, 3 also gets similar kinds of
masses and contributes to Ouvff in equal strength.

mg, > ud. Here, my, are the physical masses of the sterile
state S;, and u;.i are the eigenvalues of p and i = 1, 2, 3. In
the present work, the model parameters are less constrained
from the Ovfff decay bound than the unitarity and m,, > ud
bounds. The model parameters ranges considered in this
work give us eV to MeV scale sterile neutrinos as seen by
the range of the m,, axis. One interesting thing to note here
is that m, > 107% GeV is disallowed when we consider
both the constraints, unitarity and Oyff. This is mainly due
to the unitarity bound since this bound mostly depends on
the ratio of M /M. Therefore, when (M,/Mg)?* < 1072,
those points satisfy the unitarity constraints which are
+1072 variations around the unit matrix (see Sec. III B).
The disallowed points correspond to a higher ratio, i.e.,
(M, /Mg)? > 1072, and those points represent lower values
of the elements of the x matrix in order to satisfy the N.O.D
which is not covered in Eq. (40). This also implies that the
elements of Mp and Mg are of the same order for the
disallowed points and more likely to have higher Mg
values. Finally, the red points are obtained when we impose
the constraint m,, > /4? . After imposing this constraint,
lower values of m,, 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 6, with the
lightest sterile neutrino mass. We can see that the whole
allowed range of 6, 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 Am{,(eV?) — m, (GeV) plane after satisfying
the constraints as mentioned in the legend of the figure.
Here also, the whole allowed range of Am?, (eV?) from
oscillation experiments satisfy all constraints. On the other
hand, in the right panel, we have shown the scatter plot in
the Mg, — m,, plane where My, is the eigenvalue of the
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— my, (GeV) (left) and Mg

m, matrix because we have considered here My as a
diagonal matrix.

The left and right panels of Fig. 15 show the variations in
Mgy, as a function of Mgy, and Mg, as function of u¥;,
respectively. Here, the superscript R implies real elements.
In both cases, Mg;; > 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 m;.

In the left and right panels of Fig. 16, we have shown the

scatter plots in plane Mpy, — Mgy, and uby(GeV) — Mls)llll

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

— my, (both are in GeV) (right) planes after satisfying the constraints

points which satisfy oscillation data are below the yellow
line which corresponds to % = 10"'. As we have dis-

cussed, the unitarity bound (variation of £10~2 around unit
matrix) mostly depends on the ratio %—‘S’ (i=1,2,3), and
we can roughly say if 11‘1/14_?: < 107", then it can pass the
unitarity bounds. One interesting thing to note here is that
there exists a sharp correlation among the Mp,, and
M,, parameters (which is valid for other elements of
Mp and Mg matrices also). This is because appro-
ximately (Mp/Mg)?u~ 10711 GeV, and we have taken
u <1078 GeV. So My, and My,, cannot take arbitrary
values which correspond to significant difference in their
magnitudes; otherwise, neutrino mass data will not be
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FIG. 15.
as mentioned in the text.

Scatter plots in M p; — Mgy, (both in GeV) (left) and Mg,

— uk, (both in GeV) (right) planes after satisfying the constraints
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FIG. 16. Scatter plots in M, — Mgy, (both in GeV) (left) and pl;(GeV) — A[\//IILS:: (right) planes after satisfying the constraints as

mentioned in the text.

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 4.
This is because when we impose the unitarity constraint
which corresponds to %—L;’l’ < 107! (i =1, 2, 3) and from the
order of magnitude estimation of neutrino mass, we obtain
u % 107°. This is clearly reflected in the right panel of the
figure because the points are more dense in that region
where ub; 2 107 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 Ovff 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 Az and the masses and mixings of the
charged Higgs bosons. For large values of 1, (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 Ovff process. We find that
the half-life of this process crucially depends on three
parameters: lightest neutrino mass m,, , Dirac CP phase
Ocp, and W; — Wjx mixing angle 0, . 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 7Ge and '3®Xe

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 °Ge and '3®Xe nuclei decreases drastically with an
increase in m, or 0. This is due to the dominant
contributions coming from the 4 and » diagrams as m,,
and/or O, are increased. This allows us to put quite
stringent bounds on both these parameters. For the "5Ge
nucleus, the lightest neutrino mass should be less than
1077 eV for 0, ~ 107*, while for a lightest neutrino mass
of around 1073 eV the value is 6,z <1078, where we
consider a normal hierarchy among the active neutrino
states. The bounds on the !’Xe nucleus are even more
stringent with m, <107%eV for 0,z ~10~* and 6, < 107°
form, ~ 10~* eV. Thus, we can significantly constrain the
model parameters in this case from the Ovfp 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
10° GeV leading to a negligible contribution in the Ovf3p
process. The other sterile neutrino has a mass varying
between eV to MeV, and this contributes significantly to the
above-mentioned process. We analyze a number of con-
straints on the model parameters, arising from Ovff, 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
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states (Vs) have been varied from 50 to 500 GeV. These
states give negligible contributions to the Ovff process,
while the other three relatively light sterile states (S s) give
substantial contributions. With the considered parameter
range, we obtain the upper bound on the mass of the lightest
sterile neutrino S; as 10~ GeV after imposing constraints
from nonunitarity, Oy, 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 (M p) to the corresponding bilinear mass terms
among the sterile states (M). The upper bound on the ratio
Mp/Mg is ~107!. We choose the effective neutrino mass
scale (uM3%,/M%) to be of the order of 107 eV, and we
conclude in this scenario the lower bound on the elements

of the complex symmetric matrix u to be of the order of
10~ GeV. Another important constraint in our scenario is
mg > u below which the seesaw approximation ceases to be
valid. It evidently gives a lower bound on m; i.e., p;; >
107 GeV implies m;, > 1 eV. The masses of the other two
sterile neutrinos vary as m,, ~ O(1 —10) eV.
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