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We discuss a left-right (L-R) symmetric model with the double seesaw mechanism at the TeV scale
generating Majorana masses for the active left-handed (LH) flavor neutrinos ναL and the heavy right-
handed (RH) neutrinos NβR; α; β ¼ e; μ; τ, which in turn mediate lepton number violating processes,
including neutrinoless double beta decay. The Higgs sector is composed of two Higgs doublets HL, HR,
and a bidoublet Φ. The fermion sector has the usual for the L-R symmetric models quarks and leptons,
along with three SUð2Þ singlet fermion SγL. The choice of bare Majorana mass term for these sterile
fermions induces large Majorana masses for the heavy RH neutrinos leading to two sets of heavy Majorana
particles Nj and Sk; j; k ¼ 1; 2; 3, with masses mNj

≪ mSk . Working with a specific version of the model

in which the ναL − NβR and the NβR − SγL Dirac mass terms are diagonal, and assuming that mNj
∼

ð1–1000Þ GeV and maxðmSkÞ ∼ ð1–10Þ TeV, mNj
≪ mSk , we study in detail the new “nonstandard”

contributions to the 0νββ decay amplitude and half-life arising due to the exchange of virtualNj and Sk. We
find that in both cases of NO and IO light neutrino mass spectra, these contributions are strongly enhanced
and are dominant at relatively small values of the lightest neutrino mass m1ð3Þ ∼ ð10−4–10−2Þ eV over the
light Majorana neutrino exchange contribution. In large part of the parameter space, the predictions of the
model for the 0νββ decay generalized effective Majorana mass and half-life are within the sensitivity range
of the planned next generation of neutrinoless double beta decay experiments LEGEND-200 (LEGEND-
1000), nEXO, KamlAND-Zen-II, CUPID, and NEXT-HD.
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I. INTRODUCTION

Neutrino mass and mixing, which was confirmed by
oscillation experiments [1–5] cannot be understood within
the Standard Model (SM) of particle physics since it
predicts massless neutrinos. So, there has to be a mecha-
nism beyond the SM which generates nonzero mass for
these tiny particles. The seesaw mechanism has become
quite famous for explaining the same by extending the SM
in the minimal possible way. Some of the variants of this

mechanism are type-I [6–9], type-II [10–14], and
type-III [15,16] seesaw which can be achieved by adding
a right-handed (RH) neutrino, a scalar triplet, and a fermion
triplet to the SM respectively. However, a heavy right-
handed scale associated with these seesaw mechanisms
renders them unverifiable at the collider experiments. Thus,
the necessity arises to bring down the seesaw scale to a
verifiable TeV range. The seesaw mechanisms assume
neutrinos are Majorana particles, which can be probed
via the lepton number violating (LNV) process of neu-
trinoless double beta decay [17]. Such a rare transition
occurs when two neutrons simultaneously decay into two
protons and two electrons without any neutrinos. It can be
induced either by light left-handed neutrinos, called the
standard mechanism or by exotic particles like heavy right-
handed neutrinos or sterile neutrinos, called new physics
contribution. In the standard mechanism case, the experi-
mental limits on the half-life of the decay can only be
saturated by quasidegenerate [18] light neutrinos, which are
disfavored by cosmological data sets [19–22]. On the other
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hand, identifying the correct neutrino mass hierarchy,
considering the sum of light neutrino masses, would require
a multiton scale detector that is beyond feasible in the near
future. Any comparative future experimental observation of
0νββ decay would only be attributed to new physics
contribution. The current lower limit on the decay half-
life of Ge76 is T0ν

1=2 > 1.8 × 1026 yrs at 90% C.L. from

GERDA [23]. Experiments using the isotope Xe136 like
EXO-200 [24] and KamLAND-Zen [25,26] have derived
lower bounds on the half-life as T0ν

1=2 > 3.5 × 1025 yrs and

T0ν
1=2 > 1.07 × 1026, yrs respectively. With this motivation,

we consider a left-right symmetric model with a double
seesaw mechanism [27,28] as new physics and study the
new contributions to 0νββ decay process.
The left-right symmetric model (LRSM) [29–32] is a

well-suited candidate for physics beyond SM for several
reasons. To name a few, it can explain the theoretical origin
of maximal parity violation in weak interaction, it can
incorporate neutrino mass due to the presence of a right-
handed neutrino state, it appears as a subgroup of SO(10)
Grand Unified Theory, and it can be broken down to SM
gauge symmetry at low energies. Moreover, it delivers rich
phenomenology if the left-right symmetry breaking occurs
at few TeV scale [33–63]. The spontaneous symmetry
breaking of left-right symmetric model (LRSM) to SM
plays a vital role in generating neutrino mass through the
seesaw mechanism. The seesaw scheme varies with the
choice of scalars considered in the left-right model and
regulates the associated phenomenology. In general, sym-
metry breaking can be done with the help of Higgs doublets
or Higgs triplets or with the combination of both doublets
and triplets. In the case of Higgs doublets, neutrinos do not
get Majorana mass, and thus the model forbids any
signatures of lepton number violation or lepton flavor
violation (LFV). In the case of Higgs triplets, neutrino
mass is generated via the type-I plus type-II seesaw
mechanism. Even though Majorana mass is generated
for light and heavy neutrinos in this case, the seesaw
cannot be probed by experiments considering the high scale
associated with it.
The seesaw scale can be brought down to the TeV range

in the case of a linear seesaw and inverse seesaw, some of
which are discussed in Refs. [53,64–72]. However, in the
case of a linear seesaw and inverse seesaw the light
neutrinos are Majorana. In contrast, the heavy neutrinos
are pseudo-Dirac, due to which the heavy neutrinos do not
play a dominant role in lepton number violation. To study
dominant new contributions to LNV and LFV decays, the
Higgs and fermion sectors of LRSM have been extended in
Refs. [73–77].
We explore here a double seesaw mechanism [27,28]

within a left-right symmetric model without Higgs triplets
allowing significant lepton number violation and new
physics contribution to neutrinoless double beta decay.

We keep the scalar sector of the model minimal while
adding only one sterile neutrino per generation in the
fermion sector. Even though the Higgs and fermion sectors
are the same as in the case of a linear and inverse seesaw,
the choice of bare Majorana masses for sterile neutrinos can
induce large Majorana masses for heavy RH neutrino as
well. The nonzero masses for RH neutrinos are generated
through the double seesaw mechanism by implementing
seesaw approximation twice. In the first step, the
Majorana mass matrix and masses of the RH neutrinos
are generated via the type-I seesaw mechanism. In this case,
light neutrino mass becomes linearly dependent on a heavy
sterile neutrino mass scale. This is how the double seesaw
mainly differs from the canonical seesaw mechanism,
where the light neutrino masses are inversely proportional
to heavy RH neutrino masses. Another essential feature of
our model is that we express mass relations between
light and heavy Majorana neutrinos in terms of oscillation
parameters and the lightest neutrino mass. Thus, it
enables us to derive meaningful information about the
absolute scale of the lightest neutrino mass and mass
hierarchy from the new contributions to the neutrinoless
double beta decay process by saturating the current
experimental limits.
The plan of the paper can be summarized as follows. In

Sec. II, we give a brief description of the left-right symmetric
model with the double seesaw mechanism. In Sec. III we
explain the implementation of the double seesaw mecha-
nism and the origin of Majorana masses for light and heavy
right-handed (RH) and sterile neutrinos. The generation of
the masses of gauge bosons associated with the SUð2ÞR
gauge group as well the constraints on their masses and on
their mixing with the StandardModel gauge bosons are also
considered in this section. The general expression for the
neutrinoless double beta decay half-life, including the
new physics (i.e., the “nonstandard”) contributions is given
in Sec. IV, in which we also, present and discuss briefly the
nuclear matrix elements of the process and their current
uncertainties. Detailed phenomenological analysis of the
nonstandard contributions together with numerical esti-
mates of their magnitude are presented in Sec. V. We also
give predictions of the consideredmodel for the neutrinoless
double beta decay “generalized” effective Majorana mass
andhalf-life accounting, in particular, for the uncertainties of
the relevant nuclear matrix elements. Section VI contains
brief comments on the potential lepton flavor violation
and collider phenomenology of the considered model.
Section VII contains a summary of the results obtained in
the present study. In the Appendix, we give a detailed
derivation of the masses and mixing of the light and heavy
Majorana neutrinos in the considered left-right symmetric
model with a double seesaw mechanism of neutrino mass
generation.
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II. LEFT-RIGHT SYMMETRIC MODEL WITH
DOUBLE SEESAW

Left-Right symmetric models were proposed with the
motivation of restoring parity (or left-right) symmetry at a
high scale [29–32]. Therefore, in the model the left- and
right-handed fermion fields are assigned to SUð2ÞL and
SUð2ÞR doublets, respectively, which are related by a
discrete symmetry. The complete gauge group, which is
an extension of the SM gauge group can be written as

GLR ≡ SUð2ÞL × SUð2ÞR ×Uð1ÞB−L; ð2:1Þ

where SUð3ÞC is omitted for simplicity. The electric charge
for any particle in this model is defined as

Q ¼ T3L þ T3R þ B − L
2

; ð2:2Þ

where T3L (T3R) is the third component of the isospin
associated with the SUð2ÞL (SUð2ÞR) gauge group. The
model’s fermion sector comprises all the Standard Model
fermions plus a right-handed neutrino NR. The fermion
fields with their respective quantum numbers can be written
as follows:

qL ¼
�
uL
dL

�
≡ ½2;1;1=3�; qR ¼

�
uR
dR

�
≡ ½1;2;1=3�;

lL ¼
�
νL

eL

�
≡ ½2;1;−1�; lR ¼

�
NR

eR

�
≡ ½1;2;−1�:

The scalar sector is responsible for the spontaneous
symmetry breaking of LRSM to SM and plays a crucial role
in deciding the type of seesaw mechanism through which
neutrino masses can be generated. The left-right symmetry
breaking can be done either with the help of doublets HL,
HR, or triplets ΔL, ΔR, or with the combination of both
doublets and triplets. The next step of symmetry breaking,
i.e., the breaking of SM symmetry to Uð1Þem, is done with
the help of the doublet ϕ contained in the bidoublet Φ. The
doublets HL, HR, and the bidoublet Φ have the form,

HL ¼
�
hþL
h0L

�
≡ ½2; 1; 1�;

HR ¼
�
hþR
h0R

�
≡ ½1; 2; 1�;

Φ ¼
�
ϕ0
1 ϕþ

2

ϕ−
1 ϕ0

2

�
≡ ½2; 2; 0�; ð2:3Þ

The symmetry breaking steps can be sketched as follows:

The first step of symmetry breaking, i.e., SUð2ÞR ×
Uð1ÞB−L → Uð1ÞY is achieved by assigning a nonzero
vacuum expectation value (VEV) hH0

Ri to the neutral
component h0R of HR as vR. The scale of this symmetry
breaking determines the mass of the heavily charged and
neutral gauge bosons associated with the SUð2ÞR
symmetry, WR and ZR. The scalar doublet HL doesn’t
play any role but is present because of the left-
right invariance. The electroweak symmetry breaking
i.e., SUð2ÞL ×Uð1ÞY → Uð1Þem, is done by assigning
nonzero VEVs hϕ0

1i≡ v1 and hϕ0
2i≡ v2 to the neutral

components of Φ, with vSM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
≃ 246 GeV. The

neutral components of the scalar bidoublet generate masses
for the quarks and charged leptons via the following
Yukawa Lagrangian,

−LYuk ⊃ qL½Y1Φþ Y2Φ̃�qR þ lL½Y3Φþ Y4Φ̃�lR þ H:c:;

ð2:4Þ

where Φ̃ ¼ σ2Φ�σ2 and σ2 is the second Pauli matrix.
When the scalar bidoublet Φ acquires nonzero VEVs,

hΦi ¼
�
v1 0

0 v2

�
; ð2:5Þ

it gives masses to quarks and charged leptons in the
following manner:

Mu ¼ Y1v1 þ Y2v2;

Md ¼ Y1v2 þ Y2v1;

Me ¼ Y3v2 þ Y4v1: ð2:6Þ

Here Mu (Md) and Me are the up-type (down-type) quark
and charged lepton-mass matrices. The Lagrangian in
Eq. (2.4) also yields Dirac mass for the light neutrinos as

Mν
D ≡MD ¼ Y3v1 þ Y4v2: ð2:7Þ
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In contrast to Yukawa couplings, which are complex, v1
and v2 are here assumed to be real. Typically, in the context
of left-right symmetric theories, one investigates mainly the
generation of Majorana neutrino masses. However, we note
that when v2 ≪ v1 and jY3j ≪ jY4j one can have small
Dirac neutrino masses. In this scenario, the charged lepton
and neutrino masses can be written as

Me ≈ Y4v1; ð2:8Þ

Mν
D ¼ v1

�
Y3 þMe

v2
jv1j2

�
: ð2:9Þ

The gauge couplings of SUð2ÞL; SUð2ÞR, and Uð1ÞB−L are
denoted as gL, gR, and gBL respectively. When the gauge
couplings of SUð2ÞL and SUð2ÞR gauge group become
equal, i.e., gL ¼ gR, there exist two symmetry transforma-
tions between the left and the right. This additional discrete
left-right symmetry corresponds to either generalized parity
P or generalized charge conjugation C [32,78]. Under the
parity symmetry operation, the fields change as follows:

lL↔
P
lR; qL↔

P
qR;

Φ↔
P
Φ†; HL↔

P
HR; Φ̃↔

P
Φ̃†; ð2:10Þ

whereas charge conjugation operation transforms the
fields as

lL↔
C
lc
R; qL↔

C
qcR;

Φ↔
C
ΦT; HL↔

C
H�

R; Φ̃↔
C
Φ̃T: ð2:11Þ

All the left-right symmetric models either have a P or C
symmetry. It should be noted that the combination of the
two symmetries, CP, does not switch the left and right-
handed fields, and is not, therefore, a left-right symmetry.
The Lagrangian in Eq. (2.4) becomes invariant by imposing
left-right symmetry with discrete P symmetry and it leads
to Hermitian Yukawa matrices as follows:

Y1 ¼ Y†
1; Y2 ¼ Y†

2; Y3 ¼ Y†
3; Y4 ¼ Y†

4:

ð2:12Þ

Therefore quark, charged lepton and Dirac mass matrices
presented in Eqs. (2.6) and (2.7) are Hermitian matrices. On
the other hand, if discrete C symmetry is imposed on the
Lagrangian in Eq. (2.4), it leads to symmetric Yukawa
matrices,

Y1 ¼ YT
1 ; Y2 ¼ YT

2 ; Y3 ¼ YT
3 ; Y4 ¼ YT

4 ;

ð2:13Þ

and the corresponding mass matrices of Eqs. (2.6)
and (2.7) become symmetric matrices. However, in our

discussion, we consider a left-right model with discrete P
symmetry.

III. NEUTRINO MASSES AND MIXING

In order to implement the double (or cascade) seesaw
mechanism [27,28] of neutrino mass generation within the
manifest left-right symmetric model, we extend the fermion
sector with the addition of one sterile neutrino SL ≡ ½1; 1; 0�
(SL↔

P ðScÞR) per generation. The relevant interaction
Lagrangian LLRDSM is given by

−LLRDSM ¼ LMD
þ LMRS

þ LMS
; ð3:1Þ

where the individual terms can be expanded as follows:
(i) LMD

is the Dirac mass term connecting left-handed
and right-handed neutrino fields νL − NR:

LMD
¼
X
α;β

ναL½MD�αβNβR þ h:c:

⊂
X
α;β

lαL ððYlÞαβΦþ ðỸlÞαβΦ̃ÞlβR þ H:c:

ð3:2Þ

(ii) LMRS
is another Dirac mass term connecting NR and

SL and in the considered left-right symmetric theory
it has the form:

LMRS
¼
X
α;β

SαL½MRS�αβNβR þ H:c:

⊂
X
α;β

SαLðYRSÞαβfHR
†lβR þ H:c: ð3:3Þ

(iii) The bare Majorana mass term LMS
for sterile

neutrinos SL is given by

LMS
¼ 1

2

X
α;β

ScαR½MS�αβSβL þ H:c:

⊂
X
α;β

1

2
ðMSÞαβScαRSβL þ H:c:; ð3:4Þ

where ScαR ≡ CðSαLÞT , C being the charge conjugation
matrix (C−1γμC ¼ −γTμ ). We have taken into account the
scalar fields’ VEVs as hH0

Ri ¼ vR and hH0
Li ¼ 0, which

prevents the mass term from linking νL − ScR through the
interaction

P
α;β lαLðYLSÞαβfHLScβR þ h:c: despite being

permitted by gauge symmetry.

A. The double seesaw approximation

After the spontaneous symmetry breaking, the complete
9 × 9 neutral fermion mass matrix in the flavor basis of
ðνL; Nc

R; SLÞ can be written as

PATRA, PETCOV, PRITIMITA, and SAHU PHYS. REV. D 107, 075037 (2023)

075037-4



MLRDSM ¼

2664
0 MD 0

MT
D 0 MRS

0 MT
RS MS

3775: ð3:5Þ

We assume in what follows that jMDj ≪ jMRSj ≪ jMsj.
This allows us to apply to the mass matrix MLRDSM twice
the seesaw approximate block diagonalization procedure

for getting the mass matrices of light and heavy neutrinos,
as discussed below.

1. First seesaw approximation

We implement the first seesaw block diagonalization
procedure on the lower right 6 × 6 submatrix of MLRDSM
as indicated below

MLRDSM ¼

2664
0 MD 0

MT
D 0 MRS

0 MT
RS MS

3775;⟶MS>MRS≫MD

1st seesaw

2664
0 MD 0

MT
D −MRSM−1

S MT
RS 0

0 0 MS

3775: ð3:6Þ

2. Second seesaw approximation

Denoting −MRSM−1
S MT

RS ¼ MR, which is the expression for the mass matrix for right-handed neutrinos, we repeat the
diagonalization procedure with seesaw condition, jMRj ≫ jMDj. We get the resultant matrix structure as26664

0 MD 0

MT
D MR 0

0 0 MS

37775 !MR≫MD

2nd seesaw

264−MDM−1
R MT

D 0 0

0 MR 0

0 0 MS

375: ð3:7Þ

Using the above results, the light neutrino, the heavy
neutrino and sterile fermions mass matrices mν, mN , and
mS can be expressed as

mν ≅ −MDð−MRSM−1
S MT

RSÞ−1MT
D

¼ MD

MT
RS

MS
MT

D

MRS
;

mN ≡MR ≅ −MRSM−1
S MT

RS;

mS ≅ MS: ð3:8Þ

In the double seesaw expression for the light neutrino
Majorana mass matrix as given in Eq. (3.8), different
choices of MD and MRS are possible. Following [79–84],
we have considered in the present article the case of MD
andMRS being proportional to identity such thatMD ¼ kdI
and MRS ¼ krsI, where kd and krs are real constants with
jkdj < jkrsj. This means, MDM−1

RS ¼ kd
krs
I. As discussed in

[69,81], the equality and simultaneous diagonal structures
of MD and MRS may arise as a consequence of Z2 × Z2

symmetry [82]. With the introduction of additional permu-
tation symmetry in the diagonal elements of MD and MRS,
one can get equal diagonal elements. As we have indicated,
these kinds of considerations have been reasoned for the
double seesaw mechanism, e.g., in Refs. [79–84].
With the choices for the forms of MD and MRS made

above, the relation between light neutrino and sterile
neutrino mass matrices mν and mS can be written as

mν ¼ k2d
k2rs
mS. The mass matrix mN can also be determined

from Eq. (3.8) and the relationship between light neutrino
and heavy right-handed neutrino mass matrices mν and mN

has the form mN ¼ −k2d
1
mν
.

In the basis in which the charged-lepton mass matrix is
diagonalwewillworkwithinwhat follows.The light neutrino
Majorana mass matrix is diagonalized with the help of a
unitary mixing matrix—the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) mixing matrix UPMNS ≡Uν [85–87],

mdiag
ν ¼ U†

PMNSmνU�
PMNS ¼ diagðm1; m2; m3Þ; mi > 0;

so the physical massesmi are related to themass matrixmν in
the flavor basis as

mν ¼ UPMNSm
diag
ν UT

PMNS:

The right-handed neutrino Majorana mass matrix mN

is diagonalized as cmN ¼ UN
†mNUN

�, cmN ¼ diagðmN1
;

mN2
; mN3

Þ, mNj
being the mass of the heavy RH Majorana

neutrino Nj, j ¼ 1, 2, 3. It proves convenient to work
with positive masses of Nj, mNj

> 0. Given the relation

mN ¼ −k2d 1
mν

and the positivity of the eigenvalues ofmν, the
requirement that the eigenvalues of mN are also positive
implies that the unitary transformationmatrices diagonalizing
the light neutrino and the heavy right-handed neutrino mass
matrices mν and mN are related in the following way:
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UN ¼ iU�
ν ≡ iU�

PMNS: ð3:9Þ

Since mS ¼ ðk2rs=k2dÞmν, the diagonalization of the sterile-
neutrino Majorana mass matrix mS, cmS ¼ US

†mSUS
�,

where cmS ¼ diagðmS1 ; mS2 ; mS3Þ, mSk > 0, k ¼ 1, 2, 3,
can be performed with the help of the same mixing matrix
UPMNS,

US ¼ Uν ≡UPMNS: ð3:10Þ

Thus, in the considered scenario, the light neutrinomassesmi,
the heavy RH neutrino masses mNj

and the sterile neutrino
masses (mSk) are related as follows:

mi ¼
k2d
mNi

¼ k2d
k2rs

mSi ; i ¼ 1; 2; 3: ð3:11Þ

In what follows, we will use the standard parametrization
of the PMNS matrix (see, e.g., [88]):

UPMNS ¼

0BBB@
c13c12 c13s12 s13e−iδ

−c23s12 − c12s13s23eiδ c12c23 − s12s13s23eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12s13c23eiδ c13c23

1CCCAP ð3:12Þ

where the mixing angles are denoted by sij ¼ sin θij,
cij ¼ cos θij, 0 ≤ θij ≤ π=2, δ is the Dirac CP violation
phase, 0 ≤ δ ≤ 2π, P is the diagonal phase matrix contain-
ing the two Majorana CP violation phases α and β [89],
P ¼ diagð1; eiα=2; eiβ=2Þ. The Majorana phases take values
in the interval ½0; π�. The experimental values of different
oscillation parameters for the light neutrino mass spectrum
with normal ordering (NO) and inverted ordering (IO) (see,
e.g., [88]) are taken from Ref. [90] and are presented in
Table II.

3. Masses of light neutrinos

It proves convenient to express the masses of the two
heavier neutrinos in terms of the lightest neutrino mass and
the neutrino mass squared differences measured in neutrino
oscillation experiments. In the case of NO light neutrino
mass spectrum, m1 < m2 < m3, we have:

m1 ¼ lightest neutrino mass;

m2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ Δm2
sol

q
;

m3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ Δm2
atm

q
; ð3:13Þ

where Δm2
sol ¼ Δm2

21 and Δm2
atm ¼ Δm2

31. Similarly, for
inverted mass ordering, m3 < m1 < m2, we get

m3 ¼ lightest neutrino mass;

m1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3 − Δm2
sol − Δm2

atm

q
;

m2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3 − Δm2
atm

q
; ð3:14Þ

with Δm2
sol ¼ Δm2

21 and Δm2
atm ¼ Δm2

32.
Depending on the value of the lightest neutrino mass the

neutrino mass spectrum can also be normal hierarchical

(NH) when m1 ≪ m2 < m3, inverted hierarchical (IH) if
m3 ≪ m1 < m2, or else quasidegenerate (QD) when
m1 ≅ m2 ≅ m3, m2

1;2;3 ≫ Δm2
31ð23Þ, i.e., m1;2;3 ≳ 0.1 eV.

All considered types of neutrino mass spectrum are
compatible with the existing data. The best upper limit on
the lightest neutrino mass m1ð3Þ has been obtained in the
KATRIN experiment. It is in the range of the QD spectrum
and effectively reads: m1;2;3 < 0.80 eV (90% C.L.).

4. Masses of heavy RH neutrinos

Sincemi andmNj
are inversely proportional to each other,

for NO light neutrino mass spectrum, m1 < m2 < m3, mN1

has to be the largest RH neutrino mass. We can expressmN2

and mN3
in terms of mN1

and the light neutrino masses,

mN2
¼m1

m2

mN1
; mN3

¼m1

m3

mN1
; mN3

<mN2
<mN1

:

ð3:15Þ
In the case of IO spectrum, m3 < m1 < m2, mN3

is the
largest mass. The mass relations in this case become

mN1
¼m3

m1

mN3
; mN2

¼m3

m2

mN3
; mN1

<mN2
<mN3

:

ð3:16Þ

5. Masses of sterile neutrinos

Since mi and mSk are directly proportional to each other;
in the NO casemS3 is the heaviest sterile neutrino mass and
the analogous mass relations read

mS1 ¼
m1

m3

mS3 ; mS2 ¼
m2

m3

mS3 ; mS1 < mS2 < mS3 :

ð3:17Þ
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For the IO spectrum we have mS3 < mS1 < mS2 and

mS1 ¼
m1

m2

mS2 ; mS3 ¼
m3

m2

mS2 ; mS3 < mS1 < mS2 :

ð3:18Þ
6. Neutrino mixing

The diagonalization of MLRDSM leads to the following
relation between the fields of the neutral fermions written in
the flavor (weak interaction eigenstate) basis and in the
mass eigenstate basis,

0B@ ναL

Nc
βL

SγL

1CA ¼

0BB@
Vνν
αi VνN

αj VνS
αk

VNν
βi VNN

βj VNS
βk

VSν
γi VSN

γj VSS
γk

1CCA
0BB@

νiL

Nc
jL

SkL

1CCA: ð3:19Þ

Here Nc
βL ≡ CðNβRÞT , Nc

jL ≡ CðNjRÞT ¼ NjL (Nj are
Majorana fields), C being the charge-conjugation matrix,
the indices α, β, γ run over three generations of light left-
handed neutrinos, heavy right-handed neutrinos and sterile
neutrinos in flavor basis respectively, whereas the indices i,
j, k, run over corresponding mass eigenstates. The mixing
matrix elements in Eq. (3.19) are given in Eq. (A27) in the
Appendix. The mixing between the right-handed neutrinos
and sterile neutrinos ðNc

L − SLÞ is given by the term,

VNS ∝ MRSM−1
S ð3:20Þ

while the mixing between the fields of the left-handed
flavor neutrinos and the heavy right-handed neutrinos
ðνL − Nc

LÞ is determined by

VνN ∝ MDM−1
R ¼ −MDMT

RS
−1MSM−1

RS ð3:21Þ

The mixing between sterile and light neutrinos (νL − SL) is
vanishing, VνS

αk ≅ 0 and VSν
γi ≅ 0.

The possible sets of numerical values for different
mixing matrices, masses and mixing that can give rise to
dominant contributions to LNV decays are listed in Table I.
By choosing one representative set of model parameters
from the table, we get the mixing as given below,

0BB@
Vνν
αi VνN

αj VνS
αk

VNν
βi VNN

βj VNS
βk

VSν
γi VSN

γj VSS
γk

1CCA≃

0BB@
Oð1.0Þ Oð10−6Þ 0

Oð10−6Þ Oð1.0Þ Oð0.1Þ
0 Oð0.1Þ Oð1.0Þ

1CCA:

ð3:22Þ

In the above matrix, the nonzero elements come from Vνν
αi ,

VNN
βj , VNS

βk , VSN
γj , and VSS

γk while all other terms are
negligibly small. These nonzero mixings would contribute
sizeably to the predicted neutrinoless double beta
decay rate. Thus, Eq. (3.19) can be rewritten for the
fields of flavor neutrinos ναL and the heavy RH neutrinos
Nc

βL as

ναL ≅ Vνν
αiνiL þ VνN

αj NjL;

Nc
βL ¼ VNν

βi νiL þ VNN
βj NjL þ VNS

βk SkL: ð3:23Þ

As we have indicated, in the considered model we have
jVνN

αj j ∼ 10−6. Correspondingly, the contribution to the
0νββ decay amplitude arising from the coupling of NjL

to the electron in the LH (i.e., V-A) charged lepton current
involves the factor ðVνN

ej Þ2 and is negligible.

B. Gauge boson masses

We briefly summarize here the gauge bosons masses and
mixing in our model which will be used in estimating half-
life of neutrinoless double beta decay process. Besides the
SM gauge bosons W�

L and Z, there are right-handed gauge
bosons W�

R and Z0 which get their masses from left-right
symmetry breaking. Following Ref. [32] and choosing
VEVs of the Higgs fields as

hH0
Ri ¼ vR; hϕ0

1;2i ¼ v1;2; ð3:24Þ

the mass matrix for charged gauge bosons, in the basis
ðWþ

LW
þ
R Þ can be written as

MCGB ¼

0B@ g2Lv
2

2
−gLgRv1v2

−gLgRv1v2
g2R
2

�
1
2
v2R þ v2

�
1CA;

where v2 ¼ v21 þ v22 and gR ¼ gL. The physical mass for
extra charged gauge boson is given by

MWR
≃
1

2
gRvR: ð3:25Þ

The mixing angle between WR and WL is defined as

TABLE I. A representative set of model parameters in left-right
symmetric models and the order of magnitude estimation of
various neutrino masses within the double seesaw mechanism.
All the masses are expressed in units of GeV except the light
neutrino masses, which are in the eV scale.

MD MRS MS mν ðeVÞ mN mS VνN VNS

10−4 103 104 0.1 102 104 10−6 0.1
10−5 102 103 0.01 10 103 10−6 0.1
10−5 101 102 0.1 1 102 10−5 0.1
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tan 2θLR ≈ 8
gL
gR

v1v2
v2R

:

The neutral gauge boson mass matrix is given by

MNGB ¼

0BBBBB@
g2Lv

2

2
− gLgR

2
v2 0

− gLgR
2

v2 g2R
2

�
1
2
v2R þ v2

�
− gRgBL

4
v2R

0 − gRgBL
4

v2R
g2BLv

2
R

4

1CCCCCA:

As can be easily checked, this mass matrix has one zero
eigenvalue corresponding to the photon Aμ. After few
simplification, the mass eigenstates Zμ, Z0

μ, and Aμ are
related to the weak eigenstates ðW0

Lμ;W
0
Rμ; ZBLμÞ in the

following way:

W0
Lμ ¼ cosθWZLμ þ sinθWAμ;

W0
Rμ ¼ cosθRZRμ − sinθW sinθRZLμ þ cosθW sinθRAμ;

Z0
BLμ ¼ − sinθRZRμ − sinθW cosθRZLμ þ cosθW cosθRAμ;

where

ZLμ ≡ Zμ cos ξþ Z0
μ sin ξ;

ZRμ ≡ −Zμ sin ξþ Z0
μ cos ξ: ð3:26Þ

Here, the mixing angles are defined as tan θR ¼ gBL=gR,
tan θW ¼ gY=gL with gY ¼ gBLgR=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2BL þ g2R

p
, while the

mixing angle between the Z and the heavy Z0 reads,

tan 2ξ ≈
v1v2
v2R

−4g2R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2Lg

2
R þ g2BLðg2L þ g2RÞ

p
ðg2BL þ g2RÞ2

: ð3:27Þ

The physical mass for extra neutral gauge boson Z0 is
given by

M2
Z0 ≃

1

2
ðg2BL þ g2RÞ

�
v2R þ g2Rv

2

g2R þ g2BL

�
: ð3:28Þ

The value of tan 2ξ has to be smaller than 10−3 in order to
satisfy the electroweak precision constraints in the
limit v2R ≫ v21 þ v22. With v2 ¼ v21 þ v22 ≃ ð246 GeVÞ2
and gR ≃ gL ¼ 0.653, we have tan θW ¼ gBLffiffiffiffiffiffiffiffiffiffiffi

g2BLþg2R
p , which

implies g2BL
g2L=R

¼ sin2 θW
1−2 sin2 θW

≈ 0.43, where sin2 θW ¼ 0.231.

Using this result and gL ¼ gR, we get for the angle
describing the Z − Z0 mixing: j tan 2ξj ≅ 2.67v1v2=v2R.
The upper limit j tan 2ξj < 10−3 implies

v1v2
v2R

< 3.75 × 10−4: ð3:29Þ

This in turn leads to the following upper limit on the
WL −WR mixing angle θLR:

θLR ≅ 4
v1v2
v2R

< 1.50 × 10−3: ð3:30Þ

The left-handed gauge boson masses are similar to those
of the SM gauge bosons with gY ¼ ðgRgBLÞ=ðg2R þ g2BLÞ1=2,
while the masses of the extra heavy gauge bosons are
related as follows:

MWR
≃
1

2
gRvR; ð3:31Þ

MZ0 ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2BL þ g2R

p
gR

MWR
≃ 1.2MWR

: ð3:32Þ

The current experimental boundonMWR
> 5 TeV isobtained

in high-energy collider experiments at LHC [91–93],while the
low-energy precision measurements [94,95] imply a lower
bound on the Z0 mass, i.e., MZ0 > 6 TeV.

IV. NEUTRINOLESS DOUBLE BETA DECAY

Neutrinoless double beta decay process can be induced
by the exchange of light active Majorana neutrinos, which
is usually referred to as “the standard mechanism,” or by
some other lepton number violating “nonstandard mecha-
nism” associated with BSM physics. In this section, we
discuss the standard and the new physics contributions to
0νββ decay amplitude and rate that arise in our model due
to the exchange of the light Majorana neutrinos νi, heavy
Majorana neutrinos N1;2;3 and sterile Majorana neutri-
nos S1;2;3.
The charged-current (CC) interaction Lagrangian for

leptons and quarks, relevant for our further discussion, are
given by

TABLE II. The current updated estimates of experimental
values of neutrino oscillation parameters for global best fits
and 3σ range taken from [90].

Parameter Best-fit values 3σ range

Δm2
21½10−5 eV� 7.34 6.92–7.90

jΔm2
31j½10−3 eV� (NO) 2.485 2.389–2.578

jΔm2
32j½10−3 eV� (IO) 2.465 2.374–2.556

sin2 θ12=10−1 (NO) 3.05 2.65–3.47
sin2 θ12=10−1 (IO) 3.03 2.64–3.45
sin2 θ23=10−1 (NO) 5.45 4.36–5.95
sin2 θ23=10−1 (I) 5.51 4.39–5.96
sin2 θ13=10−2 (NO) 2.22 2.01–2.41
sin2 θ13=10−2 (IO) 2.23 2.03–2.43
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Ll
CC ¼

X
α¼e;μ;τ

�
gLffiffiffi
2

p lαLγμναLW
μ
L þ

gRffiffiffi
2

p lαRγμNαRW
μ
R

�
þH:c:

¼ gLffiffiffi
2

p ēLγμνeLW
μ
L þ

gRffiffiffi
2

p ēRγμNeRW
μ
R þH:c:þ � � �

ð4:1Þ

Lq
CC ¼

�
gLffiffiffi
2

p ūLγμdLW
μ
L þ gRffiffiffi

2
p ūRγμdRW

μ
R

�
þ H:c: ð4:2Þ

Using Eq. (3.23), Ll
CC be rewritten as

Ll
CC ¼ gLffiffiffi

2
p ½ēLγμfVνν

eiνi þ VνN
ei NigWμ

L� þ H:c:

þ gRffiffiffi
2

p ½ēRγμfVNν
ei νi þ VNN

ei Ni þ VNS
ei SigWμ

R� þ H:c:

ð4:3Þ

In the present model, the heavy neutrino masses are
around 1–1000 GeV, νL − Nc

L mixing jVνN j ≤ 10−6 and
νL − SL mixing is vanishing. Other contributions involving
the light-heavy neutrino mixings and theWL −WR mixing
are negligible. The lepton Lagrangian that is relevant for the
dominant contributions to 0νββ decay rate is

Ll
CC ¼ gLffiffiffi

2
p ½ēLγμfVνν

e iνigWμ
L� þ H:c:

þ gRffiffiffi
2

p ½ēRγμfVN N
ej Nj þ VN S

ek SkgWμ
R� þ H:c: ð4:4Þ

Thus, in the considered model, the dominant contributions
to the 0νββ decay amplitude are given by

(i) the standard mechanism due to the exchange of light
neutrino νi, mediated by left-handed gauge boson
WL, i.e., due to purely left-handed (LH) CC inter-
action; and

(ii) new contributions due to the exchange of heavy
neutrinos N1;2;3 and sterile neutrinos S1;2;3, mediated
by right-handed gauge bosonWR, i.e., due to purely
right-handed (RH) CC interaction. The contribution
due to exchange of virtual S1;2;3 is possible due to the
mixing between Nc

L and SL.
The so-called hλi- and hηi- mechanism contributions

0νββ decay amplitude arising from the product of
LH and RH lepton currents [96] are subdominant being
strongly suppressed. The hλi-mechanism contribution
involves the factor jVNν

ei jðMWL
=MWR

Þ2 < 2.6 × 10−10,
where we have used jVNν

ei j ¼ 10−6, MWL
¼ 80.38 GeV

and MWR
> 5 TeV, while the hηi-mechanism contribution

is suppressed by the factor jVNν
ei sin θLRj < 10−9. As a

consequence, we neglect these contributions in the analysis
which follows.
The Feynman diagrams for the dominant contributions

of interest to the 0νββ decay amplitude are shown in Fig. 1,
where the first diagram from the left corresponds to the
standard mechanism, while the second and third diagrams
correspond to the new contributions mediated by N1;2;3 and
S1;2;3, respectively.
When 0νββ decay is mediated by only light Majorana

neutrinos νi, the inverse half-life for this process can be
expressed as

½T0ν
1=2�−1 ¼ g4AG

0ν
01jM0ν

ν j2jηνj2; ð4:5Þ

where gA is the axial coupling constant, G0ν
01 is the phase-

space factor, M0ν
ν are the nuclear matrix elements (NME)

for light neutrino exchange and ην is a dimensionless
particle physics parameter that is a measure of lepton
number violation. Considering both the standard mecha-
nism and the new contributions to this decay process in our
model, the inverse half-life can be written as

FIG. 1. Feynman diagrams for the process of neutrinoless double beta decay mediated by the exchane of virtual (a) light Majorana
neutrinos νi (the standard mechanism), (b) heavy neutrinos NR (heavy Majorana neutrinos N1;2;3), and (c) heavy sterile neutrinos SL
(heavy Majorana neutrinos S1;2;3).
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½T0ν
1=2�−1 ¼ g4AG

0ν
01½jM0ν

ν · ηνj2 þ jM0ν
N · ðηN þ ηSÞj2�; ð4:6Þ

where M0ν
N are the nuclear matrix elements (NME) for the

heavy neutrino exchange and ηN and ηS are lepton-number
violating parameters associated with the exchange of the
heavy neutrinos N1;2;3 and S1;2;3.
In the analysis and the numerical estimates which follow,

we will use a mildly quenched value of the axial coupling
constant gA ¼ 1.00, the unquenched value being, as is well
known, gA ¼ 1.27. If it turns out that gA is actually not
quenched, that will reduce the estimates of the 0νββ decay
half-lives made in the present study by a factor of 2.60.
The interference term of the light neutrino ν1;2;3 and the

heavy neutrinos N1;2;3 and S1;2;3 exchange contributions to
the 0νββ decay amplitude, which are generated respectively
by LH (V − A) CC and RH (V þ A) CC interactions, is
strongly suppressed, being proportional to the electron
mass [97] (see also [98]) and we have neglected it
in Eq. (4.6).
The values of G0ν

01 and the NMEs for both light- and
heavy-neutrino exchange mechanism are distinct for differ-
ent isotopes and can be found, e.g., in [99]. We present in
Table III the values obtained by six different groups of
authors using different methods of NME calculation. Of
particular importance for the estimates of the relative
magnitude of the new nonstandard contributions in the
0νββ decay amplitude with respect to the contribution of
the standard mechanism is the ratio M0ν

N =M0ν
ν . As it

follows from Table III, the ratio M0ν
N =M0ν

ν predicted by
each of the six cited groups using different methods of
NME calculation is essentially the same for the four
isotopes 76Ge, 82Se, 130Te, 136Xe—it varies with the isotope
by not more than ∼15%. At the same time, for a given
isotope the ratio of interest obtained by the six different
methods of NME calculation quoted in Table III varies by a
factor of up to∼3.5. In view of this wewill use the values of
the NMEs for 76Ge as reference values in our numerical
analysis. For the minimal and maximal values of the ratio
M0ν

N =M0ν
ν for 76Ge we get from Table III,

22.2≲M0ν
N

M0ν
ν
≲ 76.3; 76Ge: ð4:7Þ

They correspond respectively to M0ν
ν ¼ 4.68 and 5.26.

The dimensionless particle physics parameters ην, ηN ,
and ηs in Eq. (4.6) are functions of neutrino masses, mixing
parameters and CPV phases and can be expressed as

jηνj ¼
X

i¼1;2;3

Vνν
ei

2mνi

me
; ð4:8Þ

jηN j ¼ mp

�
MWL

MWR

�
4 X
j¼1;2;3

VNN
ej

2

mNj

; ð4:9Þ

jηSj ¼ mp

�
MWL

MWR

�
4 X
k¼1;2;3

VNS
ek

2

mSk

; ð4:10Þ

where me and mp are the electron and proton masses. The
quantity mejηνj≡ jmν

ββ;Lj is the effective Majorana mass
(EMM) associated with the standard mechanism of 0νββ
decay (see, e.g., [18,110]).
In [111] it was noticed that there exists a short distance

(contact) contribution to the 0νββ decay amplitude even in
the case of light neutrino exchange. The magnitude of this
contribution was investigated in a number of studies. Using
the results of the estimates of the nn → ppee amplitude
derived in [112] the magnitude of this contribution relative
to the standard light neutrino exchange one was calculated
for the neutrinoless double beta decay of 48Ca in [113] and
for 76Ge, 130Te, and 136Xe in [114]. Both groups of authors
find a positive contribution enhancing the standard one by
about 43% and 30% respectively for 48Ca and 76Ge, 130Te,
136Xe. These effects are accounted for in our analysis by the
much larger uncertainties in the NMEs included in the
analysis.
The mixing parameters in Eqs. (4.8)–(4.10) are given in

the Appendix. In the framework of our model we have
Vνν ≈Uν, VNN ≈UN , and VNS ≡MRSM−1

S US. We recall

TABLE III. Values of nuclear matrix elements for various isotopes calculated by different methods for light and heavy neutrino
exchange. Here QRPA-Jy uses CD-Bonn short range correlations (SRC) and the rest use Argonne SRC, with minimally quenched
gA ¼ 1. The last row shows the phase space factor G0ν

01 for various isotopes [99,100].

76Ge 82Se 130Te 136Xe

Methods M0ν
ν M0ν

N M0ν
ν M0ν

N M0ν
ν M0ν

N M0ν
ν M0ν

N

dQRPA [101] 3.12 187.3 2.86 175.9 2.90 191.4 1.11 66.9
QRPA-Tu [102,103] 5.16 287.0 4.64 262.0 3.89 264.0 2.18 152.0
QRPA-Jy [104] 5.26 401.3 3.73 287.1 4.00 338.3 2.91 186.3
IBM-2 [105] 4.68 104 3.73 82.9 3.70 91.8 3.05 72.6
CDFT [106–108] 6.04 209.1 5.30 189.3 4.89 193.8 4.24 166.3
ISM [109] 2.89 130 2.73 121 2.76 146 2.28 116

G0ν
01 ½10−14 yrs−1� [100] 0.22 1 1.4 1.5
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that UN ¼ iU�
ν, US ¼ Uν and Uν ≡UPMNS [Eqs. (3.9)

and (3.10)].
The expressions for jηN j and jηSj in Eqs. (4.9) and (4.10)

are obtained under the condition hp2i ≪ M2
i , where

ffiffiffiffiffiffiffiffiffi
hp2i

p
is the average momentum exchanged in the process of 0νββ
decay and Mi here is a generic notation for the masses of
N1;2;3 and S1;2;3. The chiral structure of the matrix elements
involving virtual N1;2;3 and S1;2;3 propagators in the case of
the heavy-neutrino exchange contribution is given by

PR
pþMi

p2 −M2
i
PR ¼ Mi

p2 −M2
i
PR; ð4:11Þ

where PR ¼ ð1þ γ5Þ=2 is the RH projection operator. A
typical value of the neutrino virtuality is hp2i ≅
ð190 MeVÞ2 (see, e.g., [115]). Thus, in the case of interest,
we have p2 ≪ M2

i and the heavy-state propagators reduce
to a good approximation to 1=Mi.
It proves convenient for our further analysis to rewrite the

inverse half-life in terms of one particle-physics parameter—
generalized effective Majorana mass (GEMM)—that
contains the lepton-number violating information in it,

½T0ν
1=2�−1 ¼ G0ν

01½jM0ν
ν ηνj2 þM0ν

N jηN þ ηSj2�

¼ G0ν
01

				M0ν
ν

me

				2½jmν
ββ;Lj2 þ jmN

ββ;R þmS
ββ;Rj2�

¼ G0ν
01

				M0ν
ν

me

				2jmeff
ββ;L;Rj2; ð4:12Þ

where [115]

mN
ββ;R ¼

X
j

mpme
M0ν

N

M0ν
ν

M4
WL

M4
WR

VNN
ej

2

mNj

;

mS
ββ;R ¼

X
k

mpme
M0ν

N

M0ν
ν

M4
WL

M4
WR

VNS
ek

2

mSk

: ð4:13Þ

It follows from Eqs. (4.9), (4.10), and (4.13) that the new
physics contributions to the 0νββ decay amplitude are
suppressed, in particular, by the factor M4

WL
=M4

WR
<

ð1.6 × 10−2Þ4, where MWL
¼ 80.38 GeV is the SM

W-bosons mass and we have used the lower bound
MWR

> 5 TeV [91–95]. Fixing MWR
at, e:g:;¼ 5.5 TeV,

we have for the ratio ðM4
WL

=M4
WR

Þ ∼Oð10−8Þ. Taking
further the masses of Sk and Nj in the ranges respectively
of ð102–104Þ GeV and ð1–102Þ GeV, the mixing VNN

ej ≈
UN and VNS

ek ≡MRSM−1
S US from the Appendix, one finds

that the new physics contributions can be in the 0.01–
0.1 eV range (see Table IV), i.e., within the experimental
search sensitivity.
We note that, since the dominant contributions to 0νββ

decay arises from more than one contribution, it is also
possible that there might be interference between them in
the decay rate of the process. The interference of light
neutrino (νi) contribution due to purely V − A interaction
involving LH currents with either of the heavy-neutrino Nj

and Sk contributions, which are generated by (V þ A)
interaction with RH currents, is suppressed, as we have
indicated earlier. However, the interference between the
contributions of the heavy neutrinos Nj and Sk both
involving RH currents, in general, cannot be neglected.
In the case when this interference is not taken into
consideration, the generalized effective Majorana mass is
determined by the sum of individual contributions of the
three types of neutrinos νi, Nj, and Sk,

jmeff
ββ;L;Rj≡mνþNþS

ee ¼ ðjmν
ββ;Lj2 þ jmN

ββ;Rj2 þ jmS
ββ;Rj2Þ

1
2:

ð4:14Þ

Accounting for the interference, the generalized effective
Majorana mass can be written as

jmeff
ββ;L;Rj≡mνþjNþSj

ee ¼ ðjmν
ββ;Lj2 þ jmN

ββ;R þmS
ββ;Rj2Þ

1
2

¼ ððmνþNþS
ee Þ2 þ 2ReðmN

ββ;R ·mS�
ββ;RÞÞ

1
2: ð4:15Þ

TABLE IV. The current lower limits on the half-life T0ν
1=2 and upper limits on the effective mass parameter m0ν

ββ of neutrinoless double
beta decay for different isotopes. The range for the effective Majorana mass parameter comes from uncertainties in the nuclear matrix
element.

Isotope T0ν
1=2 yrs m0ν

ββ ½eV� Collaboration

76Ge >1.8 × 1026 <ð0.08–0.18Þ GERDA [23]
76Ge >2.7 × 1025 <ð0.2–0.433Þ MAJORANA DEMONSTRATOR [116]

>8.3 × 1025 <ð0.113–0.269Þ [117]
82Se >3.5 × 1024 <ð0.311–0.638Þ CUPID-0 [118]
130Te >2.2 × 1025 <ð0.09–0.305Þ CUORE [119]
136Xe >3.5 × 1025 <ð0.093–0.286Þ EXO [24]
136Xe >1.07 × 1026 <ð0.061–0.165Þ KamLAND-Zen [25]

> 2.3 × 1026 < ð0.036–0.156Þ [26]
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In order to assess the relevance of the interference term
2ReðmN

ββ;R ·mS�
ββ;RÞ in our study, we consider both the cases

of neglecting it and of taking it into account.
We express next the three terms in the generalized

effective Majorana mass in terms of the PMNS mixing
angles, Dirac and Majorana CPV phases present in the
PMNS matrix, the three light neutrino masses and, in the
case of the nonstandard contributions, the masses of N1;2;3

and of S1;2;3.
The effective Majorana mass term for standard mecha-

nism can be written as (see, e.g., [18,110])

jmν
ββ;Lj ¼

				X3
i¼1

U2
eimi

				
¼ jm1c212c

2
13 þm2s212c

2
13e

iα þm3s213e
iðβ−2δÞj;

ð4:16aÞ

where m1, m2, m3 are masses of the light Majorana
neutrinos ν1;2;3 and we have used the standard parametri-
zation of the PMNS matrix. Defining

CN ¼ memp
M0ν

N

M0ν
ν

M4
WL

M4
WR

; ð4:17Þ

the expression for mN
ββ;R can be cast in the form,

jmN
ββ;Rj ¼

CN

mN1

				�U2
e1 þ

U2
e2e

iαmN1

mN2

þU2
e3e

iβmN1

mN3

�				
¼ CN

mN1

				�U2
e1 þ

U2
e2e

iαm2

m1

þ U2
e3e

iβm3

m1

�				
¼ CN

mN1
m1

jmν
ββ;Lj; NO case; ð4:18Þ

jmN
ββ;Rj ¼

CN

mN3

				�U2
e1mN3

mN1

þU2
e2e

iαmN3

mN2

þ U2
e3e

iβ

�				
¼ CN

mN3

				�U2
e1m1

m3

þU2
e2e

iαm2

m3

þ U2
e3e

iβ

�				
¼ CN

mN3
m3

jmν
ββ;Lj; IO case; ð4:19Þ

where we have used Eqs. (3.15) and (3.16). We see that in
the considered setting the contribution due to exchange of
the heavy Majorana neutrinos N1;2;3 is proportional to the
standard contribution due to the light Majorana neutrino
exchange, jmN

ββ;Rj ∝ jmν
ββ;Lj.

We consider next mS
ββ;R. It follows from Eq. (3.11) that

mNi
¼ k2rs

mSi
. As it is described in the Appendix, the mixing

VNS
ek ≡MRSM−1

S US. We can diagonalize MS as MS ¼
USMD

S US
T . Since MRS ¼ krsI, the mixing

VNS
ek ¼ krsðUSMD

S US
TÞ−1US

¼ krsU�
Sdiagð1=mS1 ; 1=mS2 ; 1=mS3Þ: ð4:20Þ

Using the relation mNi
¼ k2rs

mSi
and Eqs. (3.15)–(3.18), the

expression for mS
ββ;R can be written as

jmS
ββ;Rj ¼ CNk2rs

				�U2
e1

m3
S1

þ U2
e2e

iα

m3
S2

þ U2
e3e

iβ

m3
S3

�				
¼
				CN

�
U2

e1mN1

m2
S1

þ U2
e2e

iαmN2

m2
S2

þ U2
e3e

iβmN3

m2
S3

�				
¼
				CNmN1

m1m2
3

m2
S3
m3

1

�
U2

e1 þU2
e2e

iα m
3
1

m3
2

þU2
e3e

iβ m
3
1

m3
3

�				
NO case; ð4:21Þ

jmS
ββ;Rj ¼

				CNmN3

�
U2

e1

m2
S1

m3

m1

þ U2
e2e

iα

m2
S2

m3

m2

þ U2
e3e

iβ

m2
S3

�				
¼
				CNmN3

m3m2
2

m2
S2
m3

3

�
U2

e1
m3

3

m3
1

þU2
e2e

iαm
3
3

m3
2

þ U2
e3e

iβ

�				;
IO case: ð4:22Þ

It follows from Eqs. (4.18)–(4.22) that jmN
ββ;Rj and jmS

ββ;Rj
exhibit very unusual dependence on the lightest neutrino
mass m1ð3Þ: jmN

ββ;Rj ∝ 1=m1ð3Þ and jmS
ββ;Rj ∝ 1=m2

1ð3Þ.
Correspondingly, the new physics contributions to the
0νββ decay amplitude are strongly enhanced at relatively
small values of m1ð3Þ. We will discuss this dependence in
greater detail in the next section.Wewill show, in particular,
that in the considered scenario with mSk ∼ ð102–104Þ GeV
and mNj

∼ ð1 − 100Þ GeV of interest, the lightest neutrino

mass m1ð3Þ cannot be smaller than ∼10−4 eV. We will also
show that due to the indicated enhancement the new
contributions dominate over the standard mechanism con-
tribution for m1ð3Þ ∼ ð10−4–10−2Þ eV.1

V. PHENOMENOLOGICAL ANALYSIS

In the present section, we will discuss the effects of the
new physics contributions to the 0νββ decay amplitude on
the predictions for the effective Majorana mass and the
0νββ decay half-life. We recall that if 0νββ decay will be
observed, the data on the half-life of 0νββ decay generated
by the standard mechanism can provide important

1The effects of the heavy Majorana neutrino exchange in 0νββ
decay amplitude in a left-right symmetric model setting were
studied recently de Vries et al. [120]. However, the version of the
left-right symmetric model considered by us and in de Vries et al.
[120], differ significantly and practically there is no overlap in
what concerns the results on the contributions of interest of the
heavy Majorana exchange to the 0νββ decay amplitude.
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information on the absolute scale of light neutrino masses
and on the neutrino mass ordering [121,122]. With addi-
tional input data about the values of the lightest neutrino
mass m1ð3Þ (or the sum of the neutrino masses), it might be
possible to get information about the values of the
Majorana phases in the PMNS matrix as well [18,123].
In what follows, we will investigate, in particular, how the
quoted results are possibly modified by the new contribu-
tions to the 0νββ decay amplitude.

A. Mass parameter ranges

We note first that there exist rather stringent constrains
on coupling and masses of the heavy Majorana neutrinos
associated with the low-scale type-I seesaw mechanism of
neutrino mass generation which have been comprehen-
sively discussed in [124]. In the model studied by us the
heavy Majorana neutrinos have masses greater than 1 GeV.
The couplings of the heavy Majorana neutrino states
in the left-handed (V − A) charged lepton current are
suppressed, being smaller than ∼10−6. Their couplings
in the right-handed (Vþ A) charged current are not sup-
pressed being ∼UPMNS, but the contribution of the (Vþ A)
charged current interaction to the rates of experimentally
measured observables is suppressed by the factor
ðMWL

=MWR
Þ4 < 10−8, where MWL

¼ 80.38 GeV in the
mass of the Standard Model W� boson, while MWR

is
the mass of its SUð2ÞR counterpart, and we have used the
constraintMWR

> 5 TeV following from the LHC data. As
a consequence, the low-energy experimental constrains on
the heavy Majorana neutrinos summarized in [124] are
satisfied in the model considered by us and do not lead to
additional restrictions on the couplings and/or masses of
these states.
The new nonstandard contributions to the 0νββ decay

amplitude, jmN
ββ;Rj and jmS

ββ;Rj, as it follows from
Eqs. (4.18)–(4.22), have very peculiar dependence on
the lightest neutrino mass m1ð3Þ. They are strongly
enhanced and, as we are going to show below, are
considerably larger that the standard mechanism contribu-
tion jmν

ββ;Lj at m1ð3Þ ≲ 10−3 eV, where jmN
ββ;Rj > jmν

ββ;Lj,
jmS

ββ;Rj ≫ jmν
ββ;Lj, and jmS

ββ;Rj ≫ jmN
ββ;Rj. At m1ð3Þ ≳ 5×

10−2 eV, however, we have jmN
ββ;Rj; jmS

ββ;Rj ≪ jmν
ββ;Lj.

This implies that the most stringent conservative exper-
imental upper limit on jm0ν

ββj < 0.156 eV reported by the
KamLAND-Zen collaboration [26] (see Table IV)
applies to jmν

ββ;Lj since it corresponds to light neutrino
masses m1;2;3 ≳ 0.1 eV. Actually, it follows from the
quoted upper limit that [88,125] m1;2;3 ≲ 0.156=ðcos 2θ12−
sin2θ13Þ ≅ 0.55 eV, where we have used the 3σ allowed
ranges of sin2 θ12 and sin2 θ13 given in Table II neglecting
the minor differences in the ranges corresponding to NO
and IO neutrino mass spectra. Thus, the largest light

neutrino mass m3ð2Þ is allowed to vary approximately

between
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

31ð23Þ
q

≅ 5 × 10−2 eV and 0.55 eV.

The CMB data of WMAP and PLANCK experiments,
combined with supernovae and other cosmological and
astrophysical data can be used to obtain information in the
form of an upper limit on the sum of neutrinos masses and
thus on m3ð2Þ (see e.g., Ref. [126]). Depending on the
model complexity and the input data used one typically
finds [127] (see also [128])

P
j mj < ð0.12–0.54Þ eV

(95% C.L.). The quoted conservative upper limit onP
j mj implies m3ð2Þ ≲ 0.18 eV. In our phenomenological

and numerical analysis, we will use somewhat larger values
of m3ð2Þ, keeping in mind the existence of more stringent
limits. We recall further that in the model considered by us
mNi

¼ k2d=mi, mSi ¼ ðk2rs=k2dÞmi, where kd and krs are real
constant parameters. Correspondingly, in the case of NO
light neutrino mass spectrum, m1 < m2 < m3, we have
mN3

< mN2
< mN1

and mS1 < mS2 < mS3 . For IO spec-
trum, m3 < m1 < m2, we have instead mN2

< mN1
< mN3

and mS3 < mS1 < mS2 . In the double seesaw model under
discussion, we should always have in the NO (IO) case
mN1ð2Þ ≪ mS3ð2Þ , i.e., mS3ð2Þ ≳ 10mN1ð2Þ .
In what follows, we will consider the values ofmS3ð2Þ and

mN1ð3Þ in the intervals ð1–10Þ TeV and ð102–103Þ GeV,
respectively, while the mass of the lightest RH Majorana
neutrino N3ð2Þ will be assumed to satisfy mN3ð2Þ ≥ 1 GeV.
The minimal value ofmN3ð2Þ of 1 GeV should correspond to
the maximally allowed value of m3ð2Þ ≅ 0.55 eV consid-
ered by us. As a consequence, we have k2d ¼ minðmN3ð2Þ Þ
maxðm3ð2ÞÞ ¼ 0.55 eVGeV. We get similar value of k2d if
we use mN3ð2Þ ¼ 10 GeV and m3ð2Þ ≅ 0.05 eV. Given the

value of k2d, the requirement that the mass of the heaviest
RH Majorana neutrino mN1ð3Þ should not exceed 103 GeV
implies a lower limit on the mass of the lightest Majorana
neutrino m1ð3Þ: m1ð3Þ ¼ k2d=mN1ð3Þ ≳ 0.55 × 10−3 eV. Thus,
for consistency with the chosen ranges of value of the
heavy Majorana fermions in the model, the value of the
lightest neutrino mass should not be smaller than about
5.5 × 10−4 eV. In the numerical analysis, we will perform
we will exploit the range m1ð3Þ ¼ ð10−4–1.0Þ eV.
In the analysis which follows, we will use the values of

the neutrino oscillation parameters given in Table II.
We set the Dirac phase δ ¼ 0. The Majorana phases α
and β are varied in the interval ½0; π�. For the parameters
MWR

, mN1ð3Þ , mS3ð2Þ and the ratio M0ν
N =M0ν

ν the following
reference values will be utilized:MWR

¼ 5.5 TeV,mN1ð3Þ ¼
300 GeV, mS3ð2Þ ¼ 3 TeV, and M0ν

N =M0ν
ν ≅ 22.2–76.3

(concerning M0ν
N =M0ν

ν , see Eq. (4.7) and the discussion
related to it).
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B. Light neutrino contribution

The phenomenology of the light neutrino contribution to
the 0νββ decay half-life, including the properties of the
corresponding effective Majorana mass jmν

ββ;Lj have been
extensively studied and are well-known (see e.g., [88]). In
this subsection, we summarize the main features of jmν

ββ;Lj.

C. Normal ordering

In this case jmν
ββ;Lj (see Eq. (4.16) can be rewritten in

terms of neutrino mass square differences as

jmν
ββ;Lj ¼ jm1c212c

2
13 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ Δm2
21

q
s212c

2
13e

iα

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ Δm2
31

q
s213e

iβj: ð5:1Þ
The best-fit values and the 3σ allowed ranges of
s212 ≡ sin2 θ12, s213 ≡ sin2 θ13, and of Δm2

21 and Δm2
31 are

given in Table II.
The case of hierarchical light neutrino mass spectrum

corresponds tom1 ≪ m2 < m3. In this casem2 ≈
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

21

p
≈

8.57 × 10−3 eV and m3 ≈
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

31

p
≈ 4.98 × 10−2 eV, and

thus m1 ≲ 8 × 10−4 eV. Depending on the values of the
Majorana phases, jmν

ββ;Lj can take values in the interval
ð0.4–4.8Þ × 10−3 eV, where we have used the 3σ allowed
ranges of the relevant oscillation parameters. At m1 ¼
10−4 eV we have 0.91 × 10−3 eV≲ jmν

ββ;Lj≲ 4.37×
10−3 eV.
The effective Majorana mass jmν

ββ;Lj exhibits strong
dependence on the values of the Majorana phases α and
β in the case of NO neutrino mass spectrum with partial
hierarchy corresponding to m1 ¼ ð10−3–10−2Þ eV. Indeed,
for α ¼ π and β ¼ 0, jmν

ββ;Lj is strongly suppressed for
values of m1 lying in the interval ð1.3–9.0Þ × 10−3 eV,
where jmν

ββ;Lj ≲ 2 × 10−4 eV due to cancellations (partial
or complete) between the three terms in the expression of
jmν

ββ;Lj. Using the best-fit values of the neutrino oscillation
parameters, we find that a complete cancellation takes place
and jmν

ββ;Lj ¼ 0 atm1 ≅ 2.26 × 10−3 eV. At the same time,
at m1 ¼ 2.26ð9.0Þ × 10−3 eV, for example, jmν

ββ;Lj ≈
5ð10Þ × 10−3 eV if α ¼ 0 and β ¼ 0.
As m1 increases beyond 10−2 eV, jmν

ββ;Lj increases
almost linearly with m1 and at m1 ≅ 0.1 eV enters the
quasidegenerate neutrino mass spectrum region where
jmν

ββ;Lj ≳ 0.05 eV.

D. Inverted ordering

In this case we have

jmν
ββ;Lj ¼

			 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3 þ Δm2
23 − Δm2

21

q
c212c

2
13

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3 þ Δm2
23

q
s212c

2
13e

iα þm3s213e
iβÞ
			: ð5:2Þ

The behavior of jmν
ββ;Lj as a function of the lightest neutrino

massm3 is very different from the behavior in the NO case.
Given the fact that m2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3 þ Δm2
23

p ≳ 5 × 10−2 eV,
m1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3 þ Δm2
23 − Δm2

21

p ≳ 5 × 10−2 eV, s213 ≅ 0.022
and at 3σ we have ðc212 − s212Þ≳ 0.31, complete cancella-
tion between the three terms in Eq. (5.2) is not possible.
Actually, at m2

3 ≪ Δm2
23, or equivalently, at m3 ≲ 1.6×

10−2 eV, jmν
ββ;Lj practically does not depend

on m3. At these values of m3 we have
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

23

p
cos 2θ12≲

jmν
ββ;Lj ≲

ffiffiffiffiffiffiffiffiffiffiffi
Δm2

23

p
. Using the 3σ allowed ranges of

ffiffiffiffiffiffiffiffiffiffiffi
Δm2

23

p
and cos 2θ12 from Table II we get: 1.51 × 10−2 eV≲
jmν

ββ;Lj ≲ 5.06 × 10−2 eV.
If the 0νββ decay were generated by the standard

mechanism only, the fact that in the case of hierarchical
light neutrino mass spectrum the minimal value of jmν

ββ;Lj
for the IH spectrum is approximately by a factor of 3.4
larger than the maximal value of jmν

ββ;Lj for the NH
spectrum opens up the possibility of obtaining information
about the type of neutrino mass spectrum from a meas-
urement of jmν

ββ;Lj [121].
As m3 increases beyond 1.6 × 10−2 eV, jmν

ββ;Lj also
increases and at m3 ≅ 0.1 eV enters the QD region where
jmν

ββ;Lj ≳ 0.03 eV growing linearly with m3.

E. The contribution due to the exchange of N1.2.3

The contribution due to the exchange of virtual N1;2;3 in
the NO and IO cases are given respectively in Eqs. (4.18)
and (4.19) can be cast in the form,

jmN
ββ;Rj ¼

CN

mN1ð3Þm1ð3Þ
jmν

ββ;Lj; NO ðIOÞ case; ð5:3Þ

where CN is defined in Eq. (4.17) and jmν
ββ;Lj is the

effective Majorana mass associated with the standard
mechanism discussed in the preceding subsection.
Using the MWL

¼ 80.38 GeV, the reference values of
MWR

¼ 5.5 TeV we get

CN

mN1ð3Þm1ð3Þ
≅ 0.729

� mN1ð3Þ

300 GeV

�
−1
�

m1ð3Þ
10−4 eV

�
−1 M0ν

N

M0ν
ν
:

ð5:4Þ

Taking into account the minimal and maximal reference
values of M0ν

N =M0ν in Eq. (4.7) and fixing mN1ð3Þ to the
reference value of 300 GeV, the variation of the factor
CN=ðmN1ð3Þm1ð3ÞÞ with the change of lightest neutrino mass
is displayed in Fig. 2. We also estimate the possible range
of values of the factor CN=ðmN1ð3Þm1ð3ÞÞ for four values of
the lightest neutrino mass m1ð3Þ as follows:

CN=ðmN1ð3Þm1ð3ÞÞ ≅ ð16.2 − 55.6Þ for m1ð3Þ ¼ 10−4 eV,
CN=ðmN1ð3Þm1ð3ÞÞ ≅ ð1.62 − 5.56Þ for m1ð3Þ ¼ 10−3 eV,
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CN=ðmN1ð3Þm1ð3ÞÞ ≅ ð0.32 − 1.11Þ for m1ð3Þ ¼ 5×
10−3 eV, and

CN=ðmN1ð3Þm1ð3ÞÞ ≅ ð0.16 − 0.56Þ for m1ð3Þ ¼ 10−2 eV.

It is clear from these estimates that for 10−4 eV ≤
m1ð3Þ ≤ 10−3 eV, the contribution due to exchange of
virtual N1;2;3 is larger than the standard mechanism con-
tribution, jmN

ββ;Rj > jmν
ββ;Lj. For m1ð3Þ ∼ ð10−4 − 5 ×

10−4Þ eV we have actually jmN
ββ;Rj ≫ jmν

ββ;Lj. In this
interval of values of m1 in the NO case, jmN

ββ;Rj lies in
the region corresponding to the IO neutrino mass spectrum
if only the standard mechanism (i.e., only light Majorana
neutrino exchange) were operative in 0νββ decay. The
predicted values of jmN

ββ;Rj in the IO case are larger than
the experimental limits on effective Majorana mass
reported by the GERDA and KamLAND-Zen experiments
(see Table IV).
In the region m1ð3Þ ∼ ð10−3–10−2Þ eV we have roughly

jmN
ββ;Rj ∼ jmν

ββ;Lj (see below), with jmN
ββ;Rj decreasing as

1=m1ð3Þ. In the NO case, jmν
ββ;Lj can be strongly sup-

pressed, i.e., depending on the values of the Majorana
phases it can have value jmν

ββ;Lj ≤ 10−4 eV, and in this case
jmN

ββ;Rjwill also be suppressed. Atm1 ¼ 10−3 eV though at
which jmν

ββ;Lj ≅ 3 × 10−4 eV, jmN
ββ;Rj can be somewhat

larger than jmν
ββ;Lj owing to the relevant NME element ratio

and can have a value jmN
ββ;Rj ≅ 1.5 × 10−3 eV. In the IO

case, jmN
ββ;Rj≳ jmν

ββ;Lj in the discussed region. It can be
larger than jmν

ββ;Lj by a factor of 2.

At m1ð3Þ > 10−2 eV, jmν
ββ;Lj≳ jmN

ββ;Rj and at
m1ð3Þ ≥ 5 × 10−2 eV, we have jmν

ββ;Lj ≫ jmN
ββ;Rj and the

contribution due to the exchange of N1.2.3 is subleading and
practically negligible in both NO and IO cases.
For values of mN1ð3Þ smaller (larger) than the considered

300 GeV, jmN
ββ;Rjwill have values which are larger (smaller)

than those discussed above by the factor 300 GeV=mN1ð3Þ.
Since in the considered scenario the mass of the lightest
Nj is assumed to satisfy mN3ð2Þ ≥ 1 GeV and is given by

mN3ð2Þ ¼ ðm1ð3Þ=m3ð2ÞÞmN1ð3Þ , m1ð3Þ ≳ 5.5 × 10−4 eV, and

from the data it follows that m3ð2Þ ≳ 5 × 10−2 eV, for
consistency one should have also mN1ð3Þ ≳ 100 GeV.

F. The contribution due to the exchange of S1.2.3
The important parameter for the contribution due to the

exchange of S1.2.3 in the NO (IO) case is the dimensionful
factor

CNOðIOÞ
S ≡ CNmN1ð3Þm1ð3Þm2

3ð2Þ
m2

S3ð2Þm
3
1ð3Þ

; NO ðIOÞ: ð5:5Þ

Taking into account Eq. (5.4), CNOðIOÞ
S can be cast in the

form,

CNOðIOÞ
S ¼ 0.729 × 10−6 eV

mN1ð3Þ

300 GeV

� mS3ð2Þ

3 TeV

�
−2

×

�
1þ

Δm2
31ð23Þ

m2
1ð3Þ

�
M0ν

N

M0ν
ν
; NO ðIOÞ: ð5:6Þ

Setting mN1ð3Þ , mS3ð2Þ , MWR
to the reference values of

300 GeV, 3 TeV, and 5.5 TeV, respectively and using the
values of Δm2

31ð23Þ ≅ 2.5 × 10−3eV2 (see Table II) and

M0ν
N =M0ν as given in Eq. (4.7), the variation of CNOðIOÞ

S
with the change of lightest neutrino mass is shown in Fig. 3.
Using these reference model parameters we calculate the

factor CNOðIOÞ
S for different values of lightest neutrino

mass as given below, CNOðIOÞ
S ≅ ð4.05 − 13.90Þ eV for

m1ð3Þ ¼ 10−4 eV, CNOðIOÞ
S ≅ ð0.040–0.139Þ eV form1ð3Þ ¼

10−3 eV,CNOðIOÞ
S ≅ð4.21×10−4–1.45×10−3ÞeV form1ð3Þ ¼

10−2 eV, CNOðIOÞ
S ≅ ð3.24 × 10−5 − 1.11 × 10−4Þ eV for

m1ð3Þ ¼ 5 × 10−2 eV, CNOðIOÞ
S ≅ ð2.0 − 6.9Þ × 10−5Þ eV

for m1ð3Þ ¼ 10−1 eV.
It follows from these numerical estimates that CNOðIOÞ

S ,
and thus jmS

ββ;Rj, decreases rapidly with the increase of
m1ð3Þ in the interval ð10−4 − 5 × 10−2Þ eV.
We recall that the contributions due to the exchange of

S1.2.3 in the NO and IO cases are given by

FIG. 2. The plot for CN=ðmN1ð3Þm1ð3Þ with the change of lightest
neutrino mass (m1ð3Þ) for the reference value of mN1ð3Þ ¼
300 GeV and that band corresponds to varying M0ν

N =M0ν
ν in

the interval 22.2 ≤ M0ν
N =M0ν

ν ≤ 76.3 as given in Eq. (4.7).
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jmS
ββ;Rj ¼CNO
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e1þU2

e2e
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1
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jmS
ββ;Rj ¼ CIO

S

				U2
e1
m3

3

m3
1

þU2
e2e

iαm
3
3

m3
2

þU2
e3e

iβ

				 IO case;

ð5:8Þ

and that jUe1j2 ≅ 0.7 and jUe3j2 ≅ 0.022.
Consider the NO case. We note first that with the

increasing of m1 beyond 10−2 eV, the contribution
jmS

ββ;Rj to the 0νββ decay amplitude becomes subdominant
and negligible. For m1 ¼ ð10−4–10−2Þ eV, the ratio
m3

1=m
3
3 ≪ 1, while m3

1=m
3
2 ≪ 1 in the interval

m1 ¼ ð10−4 − 4.5 × 10−3Þ eV. This implies that for
m1 ≲ 4.5 × 10−3 eV, the second and third terms in the
expression (5.7) for jmS

ββ;Rj are practically negligible and
jmS

ββ;Rj ≅ CNO
S jUe1j2 with essentially no dependence

on the Majorana phases. In the interval m1 ¼ ð4.5 ×
10−3–10−2Þ eV the ratio m3

1=m
3
2 increases with m1 and

at m1 ¼ 10−2 eV we have m3
1=m

3
2 ≅ 0.44. Thus, even at

this value the maximal effect of the Majorana phases is to
change the value of jUe1j2 ≅ 0.7 to jUe1j2 �m3

1=m
3
2jUe2j2,

or to 0.70� 0.13, i.e., by at most 18%, where we have used
the best-fit values of sin2 θ12 and sin2 θ13. Thus, in the

interval of values of m1 of interest, where the contribution
of jmS

ββ;Rj is important, there can not be significant
compensation between the three terms in the expression
for jmS

ββ;Rj.
From the numerical estimates of jmν

ββ;Lj, jmN
ββ;Rj and

jmS
ββ;Rj in the preceding and current subsections, it follows

that in the interval of interest m1 ¼ ð10−4–10−2Þ eV, we
have jmS

ββ;Rj > ð≫Þjmν
ββ;Lj; jmN

ββ;Rj. This is particularly
important in the interval 10−3 eV < m1 < 10−2Þ eV, where
jmν

ββ;Lj < 3 × 10−4 eV, while jmS
ββ;Rj≳ 3 × 10−4 eV and,

depending on the NME, at m1 ¼ 10−3 eV can be as large
as jmS

ββ;Rj ≅ 9.7 × 10−2 eV ≫ jmν
ββ;Lj; jmN

ββ;Rj.
The situation is very different in the IO case. In the

interval m3 ¼ ð10−4–10−2Þ eV, where the factor CIO
S has a

relatively large value, we have ðm3=m2ð1ÞÞ3 ≲ 7.5 × 10−3,
which implies that actually jmS

ββ;Rj ≅ CIO
S jUe3j2 ≅

2.2 × 10−2CIO
S . As a consequence of the suppression due

to jUe3j2 we have in the interval of values of m3 of
interest jmS

ββ;Rj ≪ jmN
ββ;Rj.

G. The contribution of the interference term

The contribution of the interference term 2ReðmN
ββ;R ·

mS�
ββ;RÞ in Eq. (4.15) in the 0νββ decay rate may be

non-negligible only in the interval of values of m1ð3Þ ¼
ð10−4–10−2Þ eV, where the new nonstandard contributions
are significant. Using the analytical expressions for jmN

ββ;Rj
and jmS

ββ;Rj in Eqs. (4.18)–(4.22) and the results reported in
the preceding subsections, it is not difficult to estimate the
relative magnitude of the contribution of this term. Our
results show that it varies significantly with the type of
neutrino mass spectrum, the values of the lightest neutrino
mass m1ð3Þ and of the Majorana phases α and β.
The relative contribution of the interference term of

interest is determined by the ratio

R≡ 2ReðmN
ββ;R ·mS�

ββ;RÞ
jmν

ββ;Lj2 þ jmN
ββ;Rj2 þ jmS

ββ;Rj2
: ð5:9Þ

Using the ratio R, the generalized effective Majorana mass
defined in Eq. (4.15) can be written as

mνþjNþSj
ee ¼ mνþNþS

ee

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ R

p
: ð5:10Þ

In the case of NO spectrum, the sign of the interference
term of interest depends on the Majorana phases α and β.
For α ¼ β ¼ 0, the ratio R < 0 and thus, the interference
terms give a negative contribution to the 0νββ decay rate.
The magnitude of this contribution increases quickly when
m1 increases from 10−4 eV to 10−3 eV with R changing
from (−0.044) to (−0.48). The effect of the interference
term peaks at m1 ≅ 2 × 10−3 eV where R ≅ −0.85. Thus,

FIG. 3. Variation of CS with the lightest neutrino mass (m1 for
NO and m3 for IO) obtained by setting mN1ð3Þ , mS3ð2Þ , and MWR

to
the reference values of 300 GeV, 3 TeV, and 5.5 TeV, respectively
and Δm2

31ð23Þ ≅ 2.5 × 10−3eV2 (see Table II). The solid band is

obtained by varying the ratio M0ν
N =M0ν

ν in the range, 22.2 ≤
M0ν

N =M0ν
ν ≤ 76.3 as given in Eq. (4.7).
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at this value of m1 we have the maximal suppression of

mνþNþS
ee by the factor

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ R

p
: mνþjNþSj

ee ≅ 0.39mνþNþS
ee .

The ratio R decreases rapidly when m1 increases beyond
5 × 10−3 eV at which R ≅ −0.48. The quoted values of R
at m1 ¼ 10−4 eV and m1 ¼ 10−3 eV are essentially inde-
pendent of the value of the ratio M0ν

N =M0ν
ν lying in the

reference interval (22.2–76.3). The value of R quoted at
m1 ¼ 5 × 10−3 eV corresponds to M0ν

N =M0ν
ν ¼ 76.3; for

M0ν
N =M0ν

ν ¼ 22.2 it is significantly smaller in magni-
tude: R ≅ −0.089.
The effect of the interference term is quite different for

α ¼ π, β ¼ 0. In this case, the interference terms give a
positive contribution to the 0νββ decay rate for m1 <
2.26 × 10−3 eV where R > 0. At m1 ≅ 2.26 × 10−3 eV it
goes through zero (R ¼ 0) since at this valuemν

ββ;L ≅ 0 and
thus mN

ββ;R ≅ 0. Correspondingly, at m1 ≅ 2.26 × 10−3 eV
the generalized effective Majorana mass [Eq. (4.15)]

mνþjNþSj
ee ≅ mS

ββ;R ≅ CNO
S U2

e1. Taking into account that
U2

e1 ≅ cos2 θ12 ≅ 0.7 and using Eq. (5.6), for the reference
values of mN1

¼ 300 GeV, mS3 ¼ 3 TeV, MWR
¼

5.5 TeV, and M0ν
N =M0ν

ν ¼ 22.2ð76.3Þ we find mνþjNþSj
ee ≅

5.3ð18.8Þ × 10−3 eV. At m1 > 2.26 × 10−3 eV the inter-
ference term is negative (R < 0). It increases in magnitude
as m1 increases in the interval m1 ¼ 3.5 × 10−3–10−2 eV
and, e.g., at m1 ¼ 10−2 eV we have R ≅ −0.02ð−0.16Þ
for M0ν

N =M0ν
ν ¼ 22.2ð76.3Þ. At m1 > 10−2 eV we have

jRj ≪ 1 and the interference term has a subleading (practi-
cally negligible) contribution in the 0νββ decay rate.
The results for the ratio R of interest are very different in

the IO case. It is maximal in magnitude at m3 ¼ 10−4 eV,
where R ≅ −0.54. However, for m3 ∼ 10−4 eV, the pre-
dicted values of the generalized effective Majorana mass

jmνþjNþSj
ee j [see Eq. (4.15)], as we will show in the next

section, are strongly disfavored (practically ruled out) by
the existing upper limits from the KamLAND-Zen and
GERDA experiments (see Table IV and Fig. 2). In the
region of values of m3 ≳ 10−3 eV, where the predictions
for the generalized effective Majorana mass are compatible
with the current experimental upper limits one has
jRj < 0.06, with the value of jRj decreasing rapidly with
the increasing of m3. Thus, in the IO case, the interference
term under discussion has at most, a subleading (practically
negligible) effect on the 0νββ half-life in the interval of
values ofm3 where the predictions of the model considered
are compatible with the existing lower limits on the
half-life.

H. Numerical results

It follows from the analyses performed in the preceding
four subsections in particular, that in the NO case the
contribution due to the S1;2;3 exchange, jmS

ββ;Rj, dominates
over the light neutrino νi and N1;2;3 exchange contributions

for 10−4 eV ≤ m1 ≲ 1.5 × 10−3 eV. As a consequence, in
the indicated interval of values of m1 the generalized

effective Majorana mass jmνþjNþSj
ee j exhibits weak depend-

ence on the Majorana phases α and β since jmS
ββ;Rj

practically does not depend on these phases. At
m1 ≳ 2 × 10−3 eV, for α ¼ β ¼ 0, the S1;2;3 contribution
is subleading and

mνþjNþSj
ee ≅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jmν

ββ;Lj2 þ jmN
ββ;Rj2

q
≅ jmν

ββ;Lj
�
1þ CN

mN1
m1

�1
2

;

NO; α¼ β ¼ 0; ð5:11Þ

where we have used Eq. (5.3). For α ¼ π, β ¼ 0, however,
jmν

ββ;Lj is strongly suppressed in the interval m1 ≅ ð1.5 ×
10−3 − 9 × 10−3Þ eV and goes through zero at
m1 ≅ 2.26 × 10−3 eV, where the value of m1 is obtained
using the best-fit values of the neutrino oscillations
parameters. Therefore jmS

ββ;Rj gives significant contribution
to mνþjNþSj

ee in the indicated interval and determines the

minimal value of mνþjNþSj
ee . At m1 ≅ 2.26 × 10−3 eV, e.g.,

we have jmνþjNþSj
ee j ≅ jmS

ββ;Rj ≅ CNO
S jUe1j2.

In contrast, in the IO case the contribution due to the
S1;2;3 exchange jmS

ββ;Rj and of the interference term

2ReðmN
ββ;R ·mS�

ββ;RÞ in the interval of values ofm3 of interest
are practically negligible. Thus, for the generalized effec-
tive Majorana mass is given by

mνþjNþSj
ee ≅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jmν

ββ;Lj2þjmN
ββ;Rj2

q
≅ jmν

ββ;Lj
�
1þ CN

mN3
m3

�1
2

;

IO: ð5:12Þ

In this case jmνþjNþSj
ee j depends significantly on the

Majorana phases.
The conclusions regarding the new nonstandard contri-

butions due to the exchange of virtual heavy Majorana
fermions N1;2;3 and S1;2;3 to the 0νββ decay generalized
effective Majorana mass and half-life reached in the
phenomenological analysis are confirmed by our numerical
results. These are illustrated in Fig. 4. In the three upper
panels of Fig. 4 we show (i) mν

ee ≡ jmν
ββ;Lj (left panel),

(ii) mνþNþS
ee ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jmν

ββ;Lj2 þ jmN
ββ;Rj2 þ jmS

ββ;Rj2
q

(middle

panel), and (iii) mνþjNþSj
ee ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jmν

ββ;Lj2 þ jmN
ββ;R þmS

ββ;Rj2
q

(right panel), as functions of the lightest neutrino mass
m1ð3Þ in the case of NO (IO) light neutrino mass spectrum.
Thus, the upper-left panel shows the dependence on m1ð3Þ
of the standard mechanism effective Majorana mass, while
in the upper middle and right panels, the dependence of the
generalized effective Majorana mass (GEMM) in which the
contributions due to the exchange of the heavy Majorana
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fermions N1;2;3 and S1;2;3 are included without accounting
for (middle panel) and accounting for (right panel) their
interference. The brown and blue bands correspond
respectively to the NO (NH) and IO (IH) types of light
neutrino mass spectrum. The overlap of the two bands
indicates the region of the QD spectrum. Following the
discussion of NME in Sec. IV, the ratio of nuclear matrix
elements M0ν

N =M0ν
ν is varied in the interval 22.2–76.3, as

given in Eq. (4.7). The minimal (maximal) value in this
interval, M0ν

N =M0ν
ν ¼ 22.2ð76.3Þ, corresponds to M0ν

ν ¼
4.68ð5.26Þ. The results for M0ν

N =M0ν
ν ¼ 22.2ð76.3Þ are

indicated with solid (dashed) lines. For the parameters
MWR

, mN1ð3Þ and mS3ð2Þ the reference values of 5.5 TeV,
300 GeV, and 3 TeV, respectively, are used. All plots are
obtained by varying the neutrino oscillation parameters in
their respective 3σ allowed ranges. The Majorana phases α

and β are varied in the interval ½0; π�, while the Dirac phase
δ is set to zero. For both M0ν

N =M0ν
ν ¼ 22.2 and 76.3, the

curves showing the maximal (minimal) values of GEMM
as functions of m1ð3Þ correspond to α ¼ β ¼ 0 (α ¼ π,
β ¼ 0). The lower panels show the dependence on m1ð3Þ of
the 0νββ decay half-lives corresponding to the respective
upper panels. The green horizontal band represents the
current bound on effective Majorana mass from the experi-
ments KamLAND-Zen and GERDA as given in Table IV,
whereas the vertical pink bands represent the bound
corresponding to the upper limit on the sum of light
neutrino masses of 0.12 eV reported by the Planck experi-
ment [19] and the prospective bound of 0.20 eV that can be
set by the KATRIN [129] experiment.
A comparison between the upper left and right

panels in Fig. 4 shows that the presence of the new

FIG. 4. Plots showing effective Majorana mass parameter (upper panel) and half-life (lower panel) of 0νββ decay as functions of the
lightest neutrino massm1ð3Þ in the case of NO (IO) light neutrino mass spectrum. The left-upper panel shows the dependence onm1ð3Þ of
the standard mechanism effective Majorana mass, while in the middle- and right-upper panels, the dependence of the generalized
effective Majorana mass in which the contributions due to the exchange of the heavy Majorana fermions N1;2;3 and S1;2;3 are included
without accounting for (middle-upper panel) and accounting for (upper-right panel) their interference. The brown and blue bands
correspond respectively to the NO (NH) and IO (IH) types of light neutrino mass spectrum. The overlap of the two bands indicates the
region of the QD spectrum. The lower panels show the dependence onm1ð3Þ of the 0νββ decay half-lives corresponding to the respective
upper panels. The green horizontal band represents the current bound on effective Majorana mass from the experiments KamLAND-Zen
and GERDA as given in Table IV, whereas the vertical pink bands represent the bound corresponding to the upper limit on the sum of
light neutrino masses of 0.12 eV reported by the Planck [19] and the prospective bound of 0.20 eV that can be set by the KATRIN [129]
experiment. See text for further details.
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nonstandard contributions change drastically the depend-
ence of the effective Majorana mass of the standard
mechanism jmν

eej on the lightest neutrino mass m1ð3Þ at
m1ð3Þ < 10−2 eV, where the new contributions dominate
over the standard contribution. Atm1ð3Þ ≳ 10−2 eV the new
contributions are strongly suppressed and practically neg-

ligible and we have jmνþjNþSj
ee j ≅ jmν

eej, as also is clearly
seen in Fig. 4.
The nonstandard contributions are so large at relatively

small values of the m1ð3Þ that for m1ð3Þ ≲ 2 × 10−4 eV in
the NO case they are ruled out even for the minimal
value ofMN

0ν=M
ν
0ν ¼ 22.2 by the existing upper limits from

the KamLAND-Zen and GERDA experiments. In the IO
case the new contributions are also ruled our for
MN

0ν=M
ν
0ν ¼ 76.3; for MN

0ν=M
ν
0ν ¼ 22.2 they are ruled

out for α ¼ β ¼ 0, while for α ¼ π, β ¼ 0, they are
compatible with the KamLAND-Zen and GERDA upper
limits.
For NO spectrum and α ¼ β ¼ 0, the inequality

jmνþjNþSj
ee j > ð≫Þjmν

eej always holds in the interval of
values of m1 ≅ ð3 × 10−4 − 8 × 10−3Þ eV where the
nonstandard contributions are significant. In this interval

and for MN
0ν=M

ν
0ν ¼ 76.3ð22.2Þ, jmνþjNþSj

ee j ≳ 0.009
ð0.007Þ eV, and with the exception of a very narrow
interval around m1 ≅ 4.0ð2.5Þ × 10−3 eV at which the

quoted minimum of jmνþjNþSj
ee j takes place, we have

jmνþjNþSj
ee j≳ 0.010 eV. In most of the considered intervals

of values of m1 the half-life TνþjNRþSLj
1=2 ≲ 1028 yrs.

In the case ofNO spectrum,α ¼ π, β ¼ 0 andMN
0ν=M

ν
0ν ¼

76.3ð22.2Þ, the value of jmνþjNþSj
ee j≳ 0.010 eV, and

TνþjNRþSLj
1=2 ≲ 1028 yrs, at m1 ≲ 2.0ð1.5Þ × 10−3 eV. For

the minimal value of jmνþjNþSj
ee j we find minðjmνþjNþSj

ee jÞ ≅
9ð3Þ × 10−4 eV. It takes place at m1 ≅ 9.0ð8.0Þ × 10−3 eV.
We recall that jmν

eej goes through zero at m1 ≅
2.26 × 10−3 eV, while jmνþjNþSj

ee j ≅ 18.3ð5.3Þ × 10−3 eV
at this value of m1.
For the IO spectrum, we have jmνþjNþSj

ee j ≳ 0.015 eV for

m3 < 9 × 10−3 eV, where jmνþjNþSj
ee j > jmν

eej for any
of the considered values of MN

0ν=M
ν
0ν and of α and β.

The approximate equality jmνþjNþSj
ee j ≅ jmν

eej holds at
m3 ≳ 10−2 eV. For all considered values of m3,
MN

0ν=M
ν
0ν and the Majorana phases the predicted half-life

TνþjNRþSLj
1=2 ≲ 1028 yrs, while in the case of α ¼ β ¼ 0, we

have TνþjNRþSLj
1=2 ≲ 2 × 1027 yrs.

It follows from our numerical analysis that most of the
parameter space of the considered model, the predictions
for the 0νββ decay generalized effective Majorana mass
and half-life are within the sensitivity range of the planned
next generation of neutrinoless double beta decay
LEGEND-200 (LEGEND-1000), nEXO, KamlAND-Zen-II,

CUPID, NEXT-HD (see [130,131] and references quoted
therein).

VI. COMMENTS ON LFV AND LHC SIGNATURES

The considered model has rich lepton flavor violating
(LFV) and collider phenomenology. A detailed investiga-
tion of the model’s phenomenology is beyond the scope of
the present study. We limit ourselves here with a few brief
comments.
The LFV processes as like μ → eþ γ, μ → 3e decays

and μ − e conversion in nuclei can be mediated by heavy
RH and sterile neutrinos N1;2;3 and S1;2;3. Although we
expect the contributions due to N1;2;3 and especially due to
S1;2;3 to be rather suppressed, there might be a relatively
large region of the model’s parameter space where they
might still be in the range of sensitivity of the next
generation of experiments MEG II, Mu3e, Mu2e,
COMET, and PRISM/PRIME (see e.g., [132] and the
references therein).
At LHC, the main channel for the production of the

heavy RH neutrinos N1;2;3 is via on-shell ZR production
and WR fusion and can be expressed as pþ p →
W�

R → l� þ Nj, l ¼ e, μ, τ. This Nj further decays as
Nj → W�

R → l0� þ 2j, l0 ¼ e, μ, τ, which is considered as
the “smoking gun” signature of lepton number and lepton
flavor violation at LHC. This rapid decay of Nj happens in
the case its mass is sufficiently large. Our model satisfies
this requirement as we have taken maxðMNj

Þ ∼ 100 GeV.
We recall that the mass of WR is constrained by experi-
ments CMS, ATLAS and low energy precision measure-
ments as MWR

≳ 5 TeV [91–95] and considering the
relationMZR

≃ 1.2MWR
, the mass of ZR can be constrained

as MZR
≳ 6 TeV. If the mass of Nj lies in the range

5–20 GeV, then it takes some time to decay and travels
some distance resulting in a displaced vertex of leptons
[133,134]. So, the observable in this case would be a
prompt charged lepton and a displaced leptonic vertex. The
current status of displaced vertex searches at LHC can be
found in Ref. [135–137]. Another distinguishing feature in
the signatures of small mass (<100 GeV) and large mass
(∼800 GeV) RH neutrinos Nj is the angle between the
produced charged leptons. In the former case, parallel
tracks of charged leptons are expected, whereas in the later
case, back-to-back emissions are expected [138].

VII. SUMMARY

In the present article, we have derived predictions for the
neutrinoless double beta (0νββ) decay generalized effective
Majorana mass and half-life in a left-right (L-R) symmetric
model with the double seesaw mechanism at the TeV scale.
The gauge group of the model is the standard L-R
symmetric extension of the Standard Model (SM) gauge
group: GLR ≡ SUð2ÞL × SUð2ÞR ×Uð1ÞB−L. The fermion
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sector has the usual for the L-R symmetric models, three
families of left-handed and right-handed quark and lepton
fields, including right-handed neutrino fieldsNβR, β ¼ e, μ,
τ, assigned respectively to SUð2ÞL and SUð2ÞR doublets. It
included also three SUð2ÞL;R singlet LH fermion fields SγL.
The Higgs sector is composed of two SUð2ÞL and SUð2ÞR
Higgs doublets HL and HR, and of a bidoublet Φ. The
vacuum expectation value (VEV) of the SUð2ÞR Higgs
doublet HR breaks the GLR gauge symmetry to the SM
gauge symmetry SUð2ÞL ×Uð1ÞY, while the VEVs of the
two neutral components of the bidoubletΦ break SUð2ÞL ×
Uð1ÞY toUð1Þem. The Yukawa couplings of the LH and RH
fermion doublets to the bidoubletΦ generate (via the VEVs
of the neutral components of Φ) Dirac mass terms for the
quarks and charged leptons, as well as a ναL − NβR Dirac
mass term Mν

D involving the LH active flavor neutrino
fields ναL and the RH fields NβR, α; β ¼ e, μ, τ. The singlet
LH fermion fields SγL are assumed to have a Majorana
mass term MS and Yukawa coupling with the RH
doublets containing NβR which involves HR. This
Yukawa coupling produces a SγL − NβR Dirac mass term
MRS when HR develops a nonzero VEV. Under the
condition jMRSj ≪ jMSj, the RH neutrinos NβR get a
Majorana mass term MR ≅ −MRSM−1

S MT
RS via a seesaw-

like mechanism. This in turn generates a Majorana mass
term for the LH flavor neutrinos mν ≅ −Mν

DM
−1
R ðMν

DÞT via
a second seesaw mechanism.2 In such a way, the model
contains in addition to the three light Majorana neutrinos νi
having masses mi, two sets of heavy Majorana particles Nj

and Sk, j, k ¼ 1, 2, 3, with masses mNj
≪ mSk . The double

seesaw scenario allows the RH neutrinosNj to have masses
naturally at the GeV–TeV scale.
In our analysis of the 0νββ decay predictions of the

model, we have considered the case of mNj
∼ ð1 −

1000Þ GeV and maxðmSkÞ ∼ ð1 − 10Þ TeV, mNj
≪ mSk .

Working with a specific version of the model which can
be obtained by employing symmetry arguments and in
which the Dirac mass terms Mν

D and MRS are diagonal,
Mν

D ¼ kdI, MRS ¼ krsI, kd, and kRS being constant mass
parameters and I the 3 × 3 unit matrix, we have studied in
detail the new “nonstandard” contributions to the 0νββ
decay amplitude and half-life arising from diagrams with
an exchange of virtual Nj and Sk. The self-consistency of
the considered setup requires that the lightest neutrino mass
for the neutrino mass spectrum with normal ordering (NO),
m1, or with inverted ordering (IO),m3, has to be not smaller
that approximately 10−4 eV. Moreover, the RH neutrino
(NβR) and sterile fermion (SγL) mixings are determined by
the light neutrino PMNS mixing matrix. In the analysis of
the new nonstandard contributions to the 0νββ decay

amplitude we took into account the values of the nuclear
matrix elements M0ν

N and M0ν
ν associated with, respec-

tively, the light and heavy Majorana neutrino exchange
contributions, calculated for the four isotopes 76Ge, 82Se,
130Te, and 136Xe by six different groups of authors using
different methods of NME calculation (Table III). We made
use of the fact that the ratio M0ν

N =M0ν
ν reported by each of

the six cited groups is essentially the same for the
considered four isotopes—it varies with the isotope by
not more than ∼15%. For a given isotope the ratio of
interest obtained by the six different methods of NME
calculation varies by a factor of up to ∼3.5. In view of this,
we took into account the uncertainties in the NME
calculations by using the following reference range of
the ratio M0ν

N =M0ν
ν ¼ 22.2–76.3, which corresponds

to 76Ge.
We analyzed in detail the properties of the new non-

standard contributions to the 0νββ decay amplitude arising
due to the exchange of virtual heavy Majorana fermions Nj

and Sk, parametrized as effective Majorana masses mN
ββ;R

Eq. (5.3) and mS
ββ;R Eq. (5.7), respectively. These analyses

showed that both jmN
ββ;Rj and jmS

ββ;Rj are strongly enhanced
at relatively small values of the lightest neutrino mass
m1ð3Þ ∼ ð10−4 − 8 × 10−3Þ eV. The effect of this enhance-
ment is particularly important in the case of NO neutrino
mass spectrum. The nonstandard contributions are so large
at the indicated small values of m1ð3Þ that for m1 ≲ 2 ×
10−4 eV in the NO case, they are strongly disfavored (if not
ruled out) even for the minimal value of MN

0ν=M
ν
0ν ¼ 22.2

by the existing upper limits from the KamLAND-Zen and
GERDA experiments. In the IO case, the new contributions
are also strongly disfavored for MN

0ν=M
ν
0ν ¼ 76.3; for

MN
0ν=M

ν
0ν ¼ 22.2 they are disfavored for α ¼ β ¼ 0, while

for α ¼ π, β ¼ 0, they are still compatible with the
KamLAND-Zen and GERDA conservative upper limits.
We find, in general, that in both NO and IO cases the new
nonstandard contributions due to Nj and Sk exchange are
dominant over the standard light neutrino exchange con-
tribution at values of the lightest neutrino mass

m1ð3Þ ∼ ð10−4–10−2Þ eV: jmνþjNþSj
ee j > ð≫Þjmν

eej, where

mνþjNþSj
ee is the generalized effective Majorana mass

(GEMM) which accounts for all contributions to the
0νββ decay amplitude [Eqs. (4.12), (4.13), and (4.15)],
and mν

ee is the effective Majorana mass associated with the
standard light neutrino exchange contribution [Eq. (4.16)].
The effective Majorana mass jmS

ββ;Rj associated with Sk
exchange contribution was shown to be practically inde-
pendent of the Majorana phases α and β, while that due to
exchange of Nj, jmN

ββ;Rj, exhibits strong dependence on α

and β similar to jmν
eej.

For NO spectrum and α ¼ β ¼ 0, the inequality

jmνþjNþSj
ee j > ð≫Þjmν

eej always holds in the interval of
2Hence the term “double or cascade seesaw mechanism of

neutrino mass generation.”
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values of 10−4 eV≲m1 ≲ 8 × 10−3 eV where the
nonstandard contributions are significant. In this

interval and for MN
0ν=M

ν
0ν ¼ 76.3ð22.2Þ, jmνþjNþSj

ee j≳
0.009ð0.007Þ eV. With the exception of a very
narrow interval around m1 ≅ 4.0ð2.5Þ × 10−3 eV at which

the quoted minimum of jmνþjNþSj
ee j takes place, we

have jmνþjNþSj
ee j ≳ 0.010 eV. In most of the considered

intervals of values of m1 the 0νββ decay half-life

TνþjNRþSLj
1=2 ≲ 1028 yrs.
In the case of NO spectrum, α ¼ π, β ¼ 0 and

MN
0ν=M

ν
0ν ¼ 76.3ð22.2Þ, we find that jmνþjNþSj

ee j≳
0.010 eV, and TνþjNRþSLj

1=2 ≲ 1028 yrs, at m1 ≲ 2.0ð1.5Þ×
10−3 eV. For the minimal value of jmνþjNþSj

ee j we get

minðjmνþjNþSj
ee jÞ ≅ 9ð3Þ × 10−4 eV. It takes place at

m1 ≅ 9.0ð8.0Þ × 10−3 eV. We note that jmν
eej goes through

zero at m1 ≅ 2.26 × 10−3 eV, while jmνþjNþSj
ee j ≅

18.8ð5.3Þ × 10−3 eV at this value of m1. Thus, the strong
suppression of the 0νββ decay rate at m1 ∼ 2.26 × 10−3 eV
and in the intervalm1 ≅ ð1.5–8.0Þ × 10−3 eV in the case of
only standard contribution due to the exchange of light
Majorana neutrinos νi (Fig. 4, upper left panel) is avoided
due to the new nonstandard contributions.
For the IO spectrum, we find that jmνþjNþSj

ee j≳ 0.015 eV

for m3 < 9 × 10−3 eV, where jmνþjNþSj
ee j > jmν

eej for any
of the considered values of MN

0ν=M
ν
0ν and of α and β.

The approximate equality jmνþjNþSj
ee j ≅ jmν

eej holds at
m3 ≳ 10−2 eV. For all considered values of the parameters

the predicted half-life TνþjNRþSLj
1=2 ≲ 1028 yrs, while in the

case of α ¼ β ¼ 0, we have TνþjNRþSLj
1=2 ≲ 2 × 1027 yrs.

It follows from our results that in most of the parameter
space of the considered model, the predictions for the
0νββ decay generalized effective Majorana mass and half-
life are within the sensitivity range of the planned next
generation of neutrinoless double beta decay experiments
LEGEND-200 (LEGEND-1000), nEXO, KamlAND-Zen-
II, CUPID, and NEXT-HD (see [130,131] and references
quoted therein).
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APPENDIX: DERIVATION OF NEUTRINO
MASSES AND MIXINGS IN LEFT-RIGHT

DOUBLE SEESAW MODEL

A. LRDSM mass matrix

We discuss here the implementation and derivation of
double seesaw mechanism in the considered left-right
symmetric model. The neutral fermions needed for the
left-right double seesaw model (LRDSM) are active
left-handed neutrinos, νL, active right-handed neutrinos,
NR and sterile neutrinos, SL. The relevant mass terms are
given by

LLRDSM ¼ LMD
þ LMRS

þ LMS
;

LMD
¼ −

X
α;β

ναL½MD�αβNβR þ H:c:;

LMRS
¼
X
α;β

SαL½MRS�αβNβR þ H:c:;

LMS
¼ 1

2

X
α;β

ScαL½MS�αβSβL þ H:c. ðA1Þ

The flavor states for active left-handed neutrinos ναL, right-
handed neutrinos NβR and sterile neutrinos SγL are defined
as follows:

ναL ¼

0B@νeL

νμL

ντL

1CA; NβR ¼

0B@N1R

N2R

N3R

1CA; SγL ¼

0B@S1L
S2L
S3L

1CA:

ðA2Þ

Similarly, their mass states can be written as

νiL ¼

0B@ν1L

ν2L

ν3L

1CA; Nc
jR ¼

0B@Nc
1R

Nc
2R

Nc
3R

1CA; SkL ¼

0B@S1L
S2L
S3L

1CA:

ðA3Þ
The 9 × 9 neutral lepton mass matrix in the basis

ðνL; Nc
R; SLÞ is given by

MLRDSM ¼

26664
0 MD 0

MT
D 0 MRS

0 MT
RS MS

37775; ðA4Þ

where each elements of the matrix is a 3 × 3 matrix. Here
MD is the Dirac neutrino mass matrix connecting νL − NR,
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MRS is the mixing matrix in the NR − SL sector, MS is the
Majorana mass matrix for sterile neutrino SL.
In order to diagonalize the above mass matrix we have

used the following mass hierarchy,

MD < MRS < MS: ðA5Þ
The diagonalization of MLRDSM after changing it from

flavor basis to mass basis is done by a generalized unitary
transformation as

jΨiflavor ¼ VjΨimass ðA6Þ

or;

0B@ ναL

Nc
βR

SγL

1CA ¼

0BB@
Vνν
αi VνN

αj VνS
αk

VNν
βi VNN

βj VNS
βk

VSν
γi VSN

γj VSS
γk

1CCA
0BB@

νi

Nc
j

Sk

1CCA ðA7Þ

V†MLRDSMV� ¼ M̂LRDSM

¼ diagðmi;mNj
; mSkÞ

¼ diagðm1; m2; m3; mN1
; mN2

; mN3
;

mS1 ; mS2 ; mS3Þ: ðA8Þ

Here the indices α, β, γ run over three generations of light
left-handed neutrinos, heavy right-handed neutrinos and
sterile neutrinos respectively, whereas the indices i, j, k run
over corresponding mass states.

B. Block diagonalization of double seesaw mass matrix
in LRDSM

Let us write the matrix in Eq. (A4) as

MLRDSM ¼ Mν ¼
�
ML MD

MT
D MS

�
; where

ML ¼
�

0 MD

MT
D 0

�
; MD ¼

�
0

MRS

�
;

MS ¼ MS: ðA9Þ

The complete block diagonalization is achieved in two
steps by recursively integrating out the heavier modes as

W†
1MνW�

1 ¼ M̂0
ν and W†

2M̂
0
νW�

2 ¼ M̂ν; ðA10Þ

where M̂0
ν is block diagonalized 9 × 9 matrix after inte-

grating out the heaviest mode and M̂ν is the block
diagonalized 9 × 9 matrix after integrating out the next
heaviest mode. The transformation matrix W1 can be
written as a general unitary matrix in the form

W�
1 ¼

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − BB†

p
B

−B†
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − B†B

p
!
; ðA11Þ

where B is a 6 × 3 dimensional matrix,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − BB†

p
¼ 1 −

1

2
BB† −

1

8
ðBB†Þ2 þ � � �

B ¼
X

Bi: ðA12Þ

At leading order it looks like

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − BB†

p
≃ 1 −

1

2
BB† −

1

8
ðB1B

†
2 þ B2B

†
1Þ: ðA13Þ

The form of mixing matrix B†
1 and B1 is given by

B†
1 ¼ M−1

S ·MT
D ¼ M−1

S ·
�
0 MT

RS

�
¼
�
0 M−1

S ·MT
RS

�
;

B1 ¼
�

0

MRSM−1
S

�
;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − BB†

p
≃
�
1 0

0 1 − 1
2
MRSM−1

S ·M−1
S MT

RS

�
;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − B†B
p

≃ 1 −
1

2
M−1

S MT
RS ·MRSM−1

S : ðA14Þ

Thus, the first block-diagonalized mixing matrix W1

becomes

W1 ¼

0BBB@
1 0 0

0 1 − 1
2
MRSM−1

S ·M−1
S MT

RS MRSM−1
S

0 −M−1
S MT

RS 1 − 1
2
M−1

S MT
RS ·MRSM−1

S

1CCCA: ðA15Þ

After this diagonalization, M̂0
ν has the following form:

M̂0
ν ¼

�
Meff 0

0 MS

�
; ðA16Þ
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where

Meff ¼ ML −MDM−1
S MT

D

¼
�

0 MD

MT
D 0

�
−
�

0

MRS

�
M−1

S

�
0 MT

RS

�
¼
�

0 MD

MT
D −MRSM−1

S MT
RS

�
: ðA17Þ

Meff can be further diagonalized by W2 as

S†MeffS� ¼
�
mν 0

0 MR

�
; ðA18Þ

where

mν ¼ −MDð−MRSM−1
S MT

RSÞ−1MT
D;

MR ¼ −MRSM−1
S MT

RS: ðA19Þ

The transformation matrix S is

S� ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −AA†
p

A

−A†
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −A†A

p
�

ðA20Þ

such that

A† ¼ ð−MRSM−1
S MT

RSÞ−1MD; ðA21Þ

¼ −M−1T
RS MSM−1

RSMD ¼ X†: ðA22Þ

Thus,

W2 ¼
�
S 0

0 1

�
ðA23Þ

¼

0B@ 1 − 1
2
XX† X 0

−X† 1 − 1
2
X†X 0

0 0 1

1CA: ðA24Þ

C. Complete diagonalization and physical
neutrino masses

After block diagonalization, the mass matrix for the three
types of neutrinos are further diagonalized by respective
unitary mixing matrices Uν, UN , US resulting in physical
masses for the neutrinos as follows:

U9×9 ¼

0BB@
Uν3×3 03×3 03×3

03×3 UN3×3 03×3

03×3 03×3 US3×3

1CCA; ðA25Þ

U†
νmνU�

ν ¼ m̂ν ¼ diagðmν1 ; mν2 ; mν3Þ;
U†

NMNU�
N ¼ M̂N ¼ diagðMN1

;MN2
;MN3

Þ;
U†

SMSU�
S ¼ M̂S ¼ diagðMS1 ;MS2 ;MS3Þ: ðA26Þ

The complete mixing matrix now becomes

V ¼ W1 ·W2 · U

¼

0BBB@
1 0 0

0 1 − 1
2
YY† Y

0 −Y† 1 − 1
2
Y†Y

1CCCA ·

0B@ 1 − 1
2
XX† X 0

−X† 1 − 1
2
X†X 0

0 0 1

1CA ·

0B@Uν 0 0

0 UN 0

0 0 US

1CA

¼

0BBBBB@
Uν

�
1 − 1

2
XX†

�
UNX 0

−UνX†
�
1 − 1

2
YY†

�
UN

�
1 − 1

2
X†X

��
1 − 1

2
YY†

�
USY

UνX†Y† −UNY† US

�
1 − 1

2
Y†Y

�
1CCCCCA; ðA27Þ

where X† ¼ −M−1
RSMSM−1

RSMD, Y ¼ MRSM−1
S and fixing the typical magnitudes for MD ≃ 0.1 MeV, MRS ≃ 1 TeV,

MS ≃ 10 TeV, we get X ≃ 10−6, Y ≃ 0.1. Since Uν, UN and US are ofOð1Þ, the matrix elements of V are approximated to be0BB@
Vνν
αi VνN

αj VνS
αk

VNν
βi VNN

βj VNS
βk

VSν
γi VSN

γj VSS
γk

1CCA ≃

0BB@
Oð1.0Þ Oð10−6Þ 0

Oð10−6Þ Oð1.0Þ Oð0.1Þ
Oð10−7Þ Oð0.1Þ Oð1.0Þ

1CCA ðA28Þ

which generates sizable contribution to neutrinoless double beta decay.
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