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Abstract

We study the new physics contributions to neutrinoless double beta decay (OvBg) in a TeV scale left-
right model with spontaneous D-parity breaking mechanism where the values of the SU (2)7, and SU(2)g
gauge couplings, g7 and gg are unequal. Neutrino mass is generated in the model via gauge extended
inverse seesaw mechanism. We embed the model in a non-supersymmetric SO (10) GUT with a purpose of
quantifying the results due to the condition g; # gr. We compare the predicted numerical values of half
life of OvBB decay, effective Majorana mass parameter and other lepton number violating parameters for
three different cases; (i) for manifest left-right symmetric model (g7, = gg), (ii) for left-right model with
spontaneous D parity breaking (g7, # gR), (iii) for Pati-Salam symmetry with D parity breaking (g7 # gRr)-
‘We show how different contributions to Ov8S decay are suppressed or enhanced depending upon the values
of the ratio g—’z that are predicted from successful gauge coupling unification.
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1. Introduction

The immediate question that followed the discovery of neutrino mass and mixing by os-
cillation experiments [1-9] and still remains unanswered is: ‘“Whether neutrinos are Dirac or
Majorana particles?” Even more gripping is the question, ‘What gives them such a tiny mass?’,
since it is believed Higgs mechanism can’t be the one responsible. The seesaw mechanism
[10-19] which is the minimal approach to explain non-zero neutrino mass presumes them as
Majorana fermions. If neutrinos are Majorana fermions [20] they can initiate a very rare process
in nature called neutrinoless double beta decay (0vBB): X — %.,Y + 2¢~, which clearly vi-
olates lepton number by two units [21]. Therefore this process if observed unambiguously can
confirm the Majorana nature of neutrinos and total lepton number violation in nature. The detec-
tion of this rare phenomena is the main aim of several ongoing experiments that are trying to put
a bound on the half life of particular nuclei from which limits on the effective Majorana mass
can be obtained easily.

At present, KamLLAND-Zen experiment gives the bound on half-life as Tlo/"2 > 1.6 x 10%

yrs using 13©Xe [22] while GERDA gives TIO/"2 > 8.0 x 10% yrs at 90% C.L. using "°Ge [23].
Translating these limits into effective mass bound it turns out to be 0.26 — 0.6 eV, whereas the
Planck collaboration puts a tight limit on the sum of light neutrino masses to be < 0.23 eV at
95% C.L. [24]" and as per KATRIN the upper bound on lightest neutrino mass, m g <2eVat
95% C.L. [28]. Moreover KATRIN is targeted to advance the sensitivity on mg down to 0.2 eV
(90% C.L.) in the near future [29-33]. Which means any positive signal of Ov8S decay at the
experiments would definitely indicate some new physics contribution to the process.

One possible way to have new physics contributions to Ov88 decay process other than the
standard mechanism is to study the process in Left-Right Symmetric Model (LRSM) [34-38],
which obeys the gauge symmetry SU(2)r x SU2)g x U(1)p—r x SU3)c. The presence of
right-handed neutrino, doubly charged Higgs scalar, and the possibility of left-right mixing can
facilitate new decay channels for the process. LRSM has already been exhaustively studied [39-
47] in order to explain neutrino mass, lepton number violation, lepton flavor violation, dark
matter and baryon asymmetry of the universe. Even rich collider phenomenology is expected
when left-right symmetry breaks at TeV scale [48-61].

However a different scenario arises when the discrete parity symmetry (D-parity) of a left-
right symmetric theory breaks at a high scale and the local SU (2) g symmetry breaks at relatively
low scale [62,63]. This decoupling of D parity breaking and SU (2) g symmetry breaking intro-
duces a new scale and as an immediate effect, the gauge couplings for SU(2); and SU(2)g
gauge groups become unequal, i.e. gr # gg. In ref. [64] a TeV scale left-right model with
D-parity breaking has been studied and in ref. [65] such a model has been embedded in a non-
SUSY S0O(10) GUT with Pati-Salam symmetry as the highest intermediate breaking step. The
same idea has been extended in ref. [66] to study baryon asymmetry of the universe, neutron-
antineutron oscillation and proton decay. But the effect of g7 # gg has not been emphasized
in these above mentioned works while studying OvBg decay. This deviation (g, # gr) brings
a noticeable difference in the OvBp decay sector which is the main essence of this work. We
show how different contributions to OvBp decay are suppressed or enhanced depending upon
the values of the ratio g—’z that appears in Feynman amplitudes and g—; that appears in half-life

' However, the current cosmological upper limit on the sum of the neutrino masses is a bit tighter than Planck collab-
oration, ranging from 0.19 eV to 0.12 eV. For more detail discussion on this one may refer refs. [25-27].
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estimation. In order to quantify the results due to unequal g; and gr we consider two differ-
ent symmetry breaking chains from non-SUSY SO(10) GUT; one with Pati-Salam symmetry
as the highest intermediate step, another without Pati-Salam symmetry [67]. The importance of
Pati-Salam symmetry as the highest intermediate step in a S O (10) symmetry breaking chain has
already been discussed in ref. [63,68,69].

The rest of the paper is organized as follows. We start our discussion with the basic differences
between generic LRSM and asymmetric LRSM and present the symmetry breaking steps in
section 2. Next in section 3 we explain how neutrino mass is generated via low scale extended
inverse seesaw mechanism in the model. We perform the numerical estimation of different OvB8
contributions in section 4 followed by a comparative study of the process in symmetric and
asymmetric left-right case in section 5. We summarize our results and conclude in section 6.
In appendix A we discuss the new physics contributions to Ov88 decay process that arise in a
left-right model with spontaneous D parity breaking. We derive upper limits for different lepton
number violating parameters in appendix B. We discuss the role of Pati-Salam symmetry in
predicting half-life of OvBB decay and other LNV parameters and show the gauge coupling
unifications in appendix C.

2. Left-right model with spontaneous D-parity breaking

In this section we discuss the properties of left-right model with spontaneous D-parity break-
ing mechanism and state how it differs from the manifest left-right model.

2.1. Symmetric left-right model

The symmetric left-right model is based on the gauge group SU(2)r, x SU2)gr x U(1)p—L %
SU@3)c plus a discrete left-right parity symmetry. In these models, the discrete parity and
SU(2)r gauge symmetry break simultaneously and thus the gauge couplings for SU (2);, and
SU(2)r gauge groups remain equal i.e., g = gg. The fermions and Higgs scalars are related in
this model as,

Fermions: ‘(!/LE<ZZ>CP><Z§)EI/[R7 QL:(Z;;) éQR: <Z:>
+ ++ 0 +
Scalars: Ap g = (SL(’SIQ/I:/E —8?};?&) o= (zll ¢20> : (1

The symmetry breaking of the left-right symmetric theory down to Standard Model and further to
G13=U(1)y x SU(3)c is achieved by the scalars Ag 1 and ® respectively. For a more detailed
discussion on spontaneous symmetry breaking of left-right symmetry one may refer [39]. The
vacuum expectation values (vev) of the scalars are given by,

weo=(,0 o) @=(% 2)

The invariant Yukawa Lagrangian under the symmetric left-right theory is
Lyuk = hijv (Q)Njr + hijv (Q)N R + fij [NiT1eC<AR)NjR + V,TLC(AL)V,'L] +hec.

ChiFi @ik +hi B v + fi [U] CinArdr + R L] +he. @
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with ¢ = 12¢*15. The discrete left-right symmetry also results in equal Majorana couplings for
left-handed and right-handed neutrinos. With these Yukawa terms the neutrino mass formula can
be written as,

1
my =My —Mp—MDb=m!l +m!, (3)
Mg

where Mp is the Dirac neutrino mass matrix, My = fvr = f (AL)induced (MR = fURr =
f (AR)) is the Majorana mass term for left-handed (right-handed) neutrinos.

The seesaw relation in this case is found (from minimization of scalar potential consists of
®, Az r)tobe,

v R = yk?, €]

where k = ,/k% —i—k% and y represents the function of various scalar coupling parameters in
potential.

This means if one assign low mass to vy, i.e. around eV scale, then vg has to lie at a very
heavy scale, say 10'3 to 10'* GeV which is well beyond the reach of current experiments. In
order to bring down the right-handed scale to TeV, parity and SU (2) g have to be broken at TeV
scale and also the Higgs couplings have to be finetuned to order of y < O(10710).

2.2. Asymmetric left-right model

Left-right theory with spontaneous D-parity breaking mechanism [62,63] is based on the idea
that the discrete left-right symmetry (D parity) breaking scale and local SU (2) g breaking scale
are decoupled from each other, i.e., D-parity breaks at an earlier stage as compared to SU (2) g
gauge symmetry, thereby introducing a new scale. It should be noted here that, D-parity should
not be confused with the Lorentz parity as latter one acts only on the fermionic content of the
theory while D-parity interchanges the parity of the fermion as well as the SU(2)r x SU(2)r
Higgs fields. It results in an asymmetric LR model for which the SU(2);, and SU (2)g gauge
couplings become unequal i.e., g7 # gr. This spontaneous breaking of D-parity occurs when
singlet scalar o takes vev which is odd under D-parity. The asymmetric left-right model then
breaks down to SM symmetry with the help of right-handed triplet Higgs scalar Ag. Further
SM symmetry breaks down to U (1)er, theory with the help of scalar bidoublet . The complete
symmetry breaking can be sketched as follows,

o SUQ). x SUQ& x UM)g_1 x SUB)e x D 25 SUQ),. x SUQ@)g x U)p_y x
SUQB)c

o SUQ)L X SUQ2)g x U)g_r. x SUB)e 28 SU@). x U1y x SUB)e
o SUQ)L x Uy x SUB)e 25 U(1)em x SUB) e

As SU (2) g breaking scale and parity breaking scale are different, there is no effect of left-
handed scalar A; at low energy and the fermion masses can be derived from the Yukawa
Lagrangian. However, one can write an induced VEV for Ay from the seesaw relation as

_ BkPug
2M M p
where Mp is D-parity breaking scale, 8 is a Higgs coupling constant of O(1) and M >~ Mp.

(&)

vL
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This asymmetric left-right gauge theory can also emerge from high scale Pati-Salam theory
having gauge group SU((2); x SU(2)r x SU@4)¢c x D, i.e. Gooap. Hence, we cite here two
separate models implemented with spontaneous D-parity breaking mechanism, both having TeV
scale asymmetric left-right model as an intermediate breaking step.

M M M M
L SO(10) =% Gni3p —> G013 — Gsm —> G13

M M M M M
1. SO(10) =% Gaoap —> Gana —> Gm13 —> Gsm —> G13 (6)

Here, My represents the unification scale (GUT scale), Mp, Mc, Mg and Mz correspond to D-
parity breaking, SU (4)c — SU(3)c x U(1)p—_r breaking, LR-breaking and SM breaking scale
respectively.

3. Neutrino masses and mixing via extended inverse seesaw mechanism

In manifest left-right symmetric models where neutrino mass is generated via type-I+type-II
seesaw mechanism [49,50,53,54,57,70,71], one has to add either extra symmetry or do struc-
tural cancellation in order to align the right handed scale at TeV range. However the canonical
seesaw contribution can be exactly canceled out in case of extended type-II seesaw [72] or in-
verse seesaw mechanism [73-75] and a large value of Dirac neutrino mass matrix, Mp can be
obtained. These choices of seesaw allow large light-heavy neutrino mixing which facilitate rich
phenomenology. However, generic inverse seesaw mechanism as proposed in ref. [76,77] gives
negligible contribution to neutrinoless double beta decay as the associated sterile neutrino mass
matrix g lies in keV range to account for neutrino mass mechanism. Thus one has to extend the
inverse seesaw mechanism with a large lepton number violating parameter in N — N sector as
My while keeping the same keV value of g in the S — S sector. Hence, the corresponding see-
saw mechanism is termed as “extended inverse seesaw mechanism (EISS)” where the neutrino
mass is governed by the standard inverse seesaw formula.

Henceforward we consider the model discussed in ref. [65] for our comparative study through-
out the paper. In this model, gauged inverse seesaw mechanism is implemented by adding one
extra fermion singlet S; (i = 1, 2, 3) per fermion generation. The extended seesaw mechanism is
further gauged at TeV scale for which the VEV of the RH-doublet ( X]%) = v, provides the N — §
mixing matrix M.

The asymmetric low-scale Yukawa Lagrangian can be written as,

Lyk =Y NR®+ f NG, NRAR + FNg S xr + ST usS +hec. (7

which gives rise to the 9 x 9 neutral lepton mass matrix in the basis of (vL Nr S )T after
electroweak symmetry breaking

0 Mp O
M= Ml Mrp MT |, (8)
0 M pus

where Mp = YX(®), Mg = f(A%), M = F(x%). The Dirac neutrino mass matrix Mp is de-
termined from the high scale symmetry and fits to charged fermion masses at GUT scale using
RG evolution equations. In principle the N — S mixing matrix M can assume any arbitrary form
though we have taken it as diagonal. We have also treated the heavy RH Majorana neutrino mass
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matrix Mg to be diagonal throughout this work. One essential outcome of extended inverse see-
saw mechanism is that type-I seesaw contribution is exactly canceled out, type-II contribution is
also damped out and thus inverse seesaw is the only viable contribution to light neutrino masses

Mp Mp\"
=|— — ) . 9
ny, < i ) s ( i ) (€))
The heavy sterile neutrinos and heavy RH neutrinos with their mass matrices can be noted as,
Ms=ps—MMg'M", My = Mg +---.
As stated earlier, these block diagonal mass matrices m,, Mg and My can further be diago-

nalized to give physical masses to all neutral leptons by respective unitary mixing matrices: U,
Us and Uy where

Um, Uy =m = diag [my,, myy, mo, ]
Ui Mg Ui = M§ = diag[Ms,, Ms,, Ms,]
Ul My Uy, =M%, = diag [My,, My,, My, ] (10)

The complete mixing matrix [65,78-80] diagonalizing the resulting 9 x 9 neutrino mass matrix
turns out to be

pvv VVS VVN
V= VSV VSS VSN
VNV VNS VNN

(1-3xx"U, (X —$zYT)Us ZUy
= -x"u, (1-3HxX'x+yy)us (v- %XTZ) Uy (11)
Y XU, —Y'Us (1-5Y7Y) Uy

where the symbols are expressed in terms of model parameters as X = Mp M~ Y =M M;l,

Z=Mp Mﬁl, and y=M -1 ws. With this mixing matrix, one can write the relevant charged
current interactions of leptons valid at TeV scale asymmetric LR gauge theory (with g7, # gg) in
the flavor basis as

g - —
Lec=—F% ), [eaL VuvaL W) +€o R VuNa R Wf;] +he.

“/E a=e,u,T
The flavor eigenstates can be expressed in terms of mass eigenstates (v;, S;, N) as
Ve L ~ Vot vi + V33 S+ Vil Ni,
NaRNVO]lViVW—}-ngSSj-FVéVIQNNk, (12)
where i, j,k=1,2,3.

4. Numerical estimation of OvBf contributions

We omit a detailed discussion on fermion mass fitting at GUT scale and derivation of Mp,
My at TeV scale since this has been already done in ref. [65]. We simply use the derived model
parameters of ref. [65] and extend the numerical estimation of non-standard contributions to
OvBp decay. Our major aim is to elucidate how unequal couplings i.e. g7, # gg enhance the rate
of OvBp transition in Wg — Wg and Wy, — Wg channels.
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Table 1
Different mass ranges of light active neutrinos vy , heavy RH neutrinos (N ) and sterile neutrinos Sy, for extended inverse
seesaw (EISS) scheme.

EISS scheme A B C

(M1, My, M3) (30, 150, 2989) GeV (100, 100, 4877) GeV (50,200, 1711) GeV
(Mpy1, Mn2, Mp3) (500, 1000, 10000) GeV (500, 5000, 10000) GeV (1250, 3000, 5000) GeV
my1 0.001268eV 0.001268eV 0.001269eV

myy 0.00879eV 0.00879eV 0.0088eV

my3 0.049eV 0.049eV 0.0492eV

Mg 1.8GeV 1.99GeV 1.9GeV

Mgy 22.05GeV 2.0GeV 13.27 GeV

M3 827.87GeV 2000 GeV 532GeV

Here we present the numerical values of all the model parameters (Table 1). The Dirac neu-
trino mass matrix Mp derived at TeV scale (including RG corrections) has the form [65],

0.02274 0.09891 — 0.01603;  0.1462 — 0.3859i
Mp = 0.09891 + 0.01603i 0.6319 4.884 +0.0003034i | GeV. (13)
0.1462 +0.3859i  4.884 — 0.0003034i 117.8

The N — § mixing matrix M = diag[10.5, 120, 2500] GeV, and heavy RH neutrino mass
matrix My = diag[115, 1785, 7500] GeV provide mass eigenvalues to heavy sterile neutrinos
Mg = diag[1.06, 8.6, 887.6] GeV. As an immediate outcome, we get two mixing matrices for
light-light neutrinos and light-sterile neutrinos as

—0.35953 — 0.049486i  0.67140 — 0.03401 i 0.645155 + 0.000121

0.81494 + 0.000021 0.55801 —0.000019i —0.12659 —0.091913
VW= . 14
0.447078 — 0.057247i —0.48392 —0.03934i  0.74554 — 0.000095 i

0.002165 0.00065 — 0.0001 i 0.00008 — 0.0002 i
V'S = [ 0.0094 +0.00152i 0.0052 0.0019+1.16 x 1077 | . (15)
0.0139+0.0367i  0.0406 —2.49 x 10~ 0.0457

respectively.
Another key parameter is the mixing matrix for light and heavy RH Majorana neutrinos which
is estimated to be

0.000198 0.000055 — 8.980 x 10~%;  0.000019 — 0.0000514 i
VUN = 0.00086 + 0.00014 i 0.000354 0.00065 + 4. x 1078
0.0012768 +0.00337;  0.002736 — 1.68 x 10~7 i 0.0157
(16)
0.00113266 — 0.0017284 0.00145509 — 0.00195787 i 0.00171826 — 0.00288543 i
P = ( 0.00149292 +7.97906 x 1076 0.00174197 +5.26880 x 10~6; 0.00244734 + 1.45034 x 1076 ) .
0.00781003 + 0.0000451934i  0.0088384 +0.0000296147;  0.0130124 +7.49586 x 1075
(17

Also the mixing matrix between heavy RH Majorana neutrinos and light-sterile neutrinos can be
estimated as,
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Table 2

Range of gg for different breaking chains.

Breaking chain gR I9 § = %

Case I 0.632 0.632 1

Case II 0.589 0.632 0.93

Case IITIA 0.39 0.632 0.62

Case IIIB 0.414 0.632 0.65
VNN — diag[0.995832, 0.99774, 0.94444] (18)
PNS — diag[—0.0913043, —0.0672269, —0.33333] (19)

Here we focus only on those scenarios where mass of neutrinos is either small or greater than
the typical momentum exchange scale in Ovgg transition i.e. (p?) ~ 190 MeV?. The estimated
effective mass parameter for standard contribution is found to be 0.0044 eV for NH (Normal
Hierarchy), 0.048 eV for IH (Inverted Hierarchy) and 0.35 eV for QD (Quasi Degenerate) nature
of light neutrinos while the bound provided by KamLLAND-Zen experiment is 0.23 eV. A strin-
gent limit on sum of the light neutrino masses by Planck collaboration i.e. Z?: 1y, $0.23
constraints the QD nature of light neutrinos while other hierarchical nature of light neutrinos can
not be probed at present. Hence, one should explore possible new physics contributions in order
to saturate the recent OvBf8 experimental bound. We numerically estimate how the half-lives of
the isotopes is enhanced due to different new contributions arising in the model and present a
comparative study of the same in symmetric and asymmetric case.

Using the values of Mp, M, My and the corresponding mixing between light active neutrinos
vz, heavy RH neutrinos (Ng) and sterile neutrinos S along with other known parameters, the
model predictions for different LNV dimensionless parameters and their experimental limits are
presented in Table 6. In order to estimate these LNV parameters, we have fixed My, = 83.187
GeV, My, 2 3.1 TeV [81-84], gp 2 0.39 — 0.632, g7, 2 0.632, m, = 0.51 MeV and m, =935
MeV. The limits on these LNV parameters have been derived from the recent KamLAND-ZEN
experiment [22].

For the four different cases (as discussed in Appendix C) the range for gg is tabulated in
Table 2. However, for the calculations in the rest of the paper we consider three cases I, II and III
since for case IITA and IIIB the values of § = g—f are nearly equal.

5. Comparative study of OvB contributions with D-parity breaking mechanism

Predictions on neutrinoless double beta decay in LR model with Spontaneous D-parity break-
ing and half-life with proper nuclear matrix element and normalized lepton number violating
effective mass parameters have been discussed in the appendix section. In this section we present
a comparative study of different contributions to neutrinoless double beta decay process arising
due to mediation of either one W or two W, gauge bosons in terms of half-life and effective
mass parameters within the frameworks of symmetric and asymmetric left-right model. In an
asymmetric left-right model, when we express non-standard contributions for OvB8 via Wg — Wg
and W; — Wg channels which involves SU (2) g gauge coupling transitions in terms of known
parameters like Fermi coupling constant G% then these expressions carry a overall factor like
‘;—’z in Feynman amplitudes and g—z in half-life estimation. Depending upon the value of g7, gr
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Table 3
Effective mass parameters for the present asymmetric TeV scale LR model with spontaneous D-parity breaking where
SU (2) g and discrete parity breaks at different scale and its comparison with those quantities in symmetric LR model.

Effective mass parameter Effective mass parameter Suppression factor
(symmetric LR model) (asymmetric LR model (Case II)) méz) /Mee

mY, = 0.0044eV m2P =0.0044ev 1

m$, | =104.93eV m3;? =104.93ev 1

ml | =0.0033eV m); P =0.0033eV 1

mY p =0.040eV m'R = 0.030ev (§—§)4 ~0.75
mok =174 x 10720 ev mak P — 130 x 10720ev (%)4 ~0.75
mb’ = 1.142eV m" P = 0.988eV (%)2 ~0.86
mlS =0.0035eV mS P = 0.0030eV (g—f)z ~0.86
miN =4.486 x 1078 eV miS P =3.858 x 108 ev (g—f)z ~0.86
ml, =2.16eV mL? =2.16ev 1

Table 4

Effective mass parameters for the present asymmetric TeV scale LR model with spontaneous D-parity breaking (after
introducing Pati-Salam symmetry) where SU (2) g and discrete parity breaks at different scale and its comparison with
those quantities in symmetric LR model.

Effective mass parameter Effective mass parameter Suppression factor
(symmetric LR model) (asymmetric LR model (Case III)) mg: /Mee
mY, = 0.0044eV m2%P =0.0044ev 1
mS, | =104.93eV m Y =104.93ev 1
mY | =0.0033eV m?P = 0.0033ev 1
’ ’ 4
N _ N,D _ 8R\ ~
m  =0.040eV m)® =0.0052eV (42) =013
Ap —20 AR, D —21 g\t
mok =174 x 10720 ev mak P — 258 10721 ev (E) ~0.13
2
mb’ = 1.142eV mi" P —0411ev (%ﬁ) ~0.36
2
m’S =0.0035eV miS P =0.0013ev (g—ﬁ) ~0.37
2
ml" =4.486 x 108 ev m5P = 1615 x 1078 eV (82) =036
ml, =2.16eV m%? =2.16ev 1

and the ratio g—f, there are different contributions which are either suppressed or enhanced as

compared to the OvBg transition derived in a symmetric left-right theory.

We have presented the numerical estimation of effective mass parameters comparing the
symmetric (case-I) as well as asymmetric (case-II) LR model (without introducing Pati Salam
symmetry) in Table 3. For a non-SUSY SO (10) GUT where Pati-Salam symmetry with D-parity
occurs as the highest intermediate symmetry breaking step, the RG evolution of gauge cou-
plings predicts g7 = 0.65 and gg = 0.39 at TeV scale. This particular set up gives the ratio

(i—’z) = 0.6. The numerical values of effective mass parameter in symmetric and asymmetric

cases are compared in Table 4. Estimated value of half-life for OvB8 transition due to different
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Table 5

Estimated value of half-life for Ov8g transition due to different nuclei and corresponding experimental limits.

Nucleus Model prediction for Tlo/“2 (yrs) Current limits Future limits
76Ge 1.3 x 1025-4.13 x 10?7 >8.0 x 102 yrs >6.0 x 1027 yrs
136 1.03 x 10%5-6.13 x 10?7 > 1.6 x 1020 yrs >8.0 x 1027 yrs
Table 6

Estimated values of lepton number violating (LNV) parameters within the framework of TeV scale asymmetric left-right
model with g7 # gRr.

LNV Estimated Estimated value Estimated value Experimental
parameters value (Case I) (Case II) (Case III) limit

N 8.73 x 1079 8.73 x 1079 8.73 x 1079 <2.66 x 1077
N 245 x 10710 2.45 x 10710 2.45 x 10710 <2.55 %1077
ek 1.932 x 1071 1.445 x 10719 250 x 10720 $2.66 % 1077
oy 1.09 x 1077 8.154 x 10710 1.41 x 10710 <2.55x 1077
npk 1.63 x 10711 1.22 x 10711 241 x 10712 $2.55% 1077
y 2.65x 1079 2.65x 1079 2.65x 1079 <1.13x 1077
m, 1.51 x 1077 1.31 x 1077 5.43 % 1078 <218 x 1077

nuclei and their current experimental bounds as well as future sensitivity have been tabulated in

4
Table 5. The suppression factor in effective mass parameters is found to be (i—f) ~ (.13 in the
Wgr — Wg channel via exchange of heavy RH neutrinos and heavy RH Higgs triplets while in

2
the W; — Wg channel it is found to be (‘Z—f) 2~ (.36. Similarly, new contributions involving
right-handed charged current interaction are enhanced and the enhancement factor is found to

8
be (g—;) >~ 59.29 in the Wr — Wpg channel via exchange of heavy RH neutrinos and RH Higgs

2
triplets while it is (g—;) ~ 7.7 in the W; — Wg channel. The same is shown in Table 8. If we
do not introduce the Pati Salam symmetry in the unification scenario, we will get negligible en-
hancement of half-life estimation for asymmetric LR model as compared to symmetric one. The
result of such estimation has been tabulated in Table 7.

6. Results and conclusion

One important outcome of extended inverse seesaw scheme is that type-I seesaw contribution
is exactly canceled out thereby allowing the possibility of large left-right mixing in the neutrino
sector. The occurrence of Pati-Salam symmetry at the highest scale gives large value to Dirac
neutrino mass matrix Mp and thus the mixed helicity A and 5 diagrams contribute dominantly
to the OvBB transition. At the same time, the Wr — Wgr mediated diagrams due to exchange
of heavy RH neutrinos also deliver dominant contributions to the process. In addition, another
important contribution comes from purely left-handed currents via Wy, — W mediation due to
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Table 7
Expression for half-lives governing Ovgf transition in TeV scale symmetric and asymmetric left-right models. [T?b] b

stands for half-life expression in case of a LR model with spontaneous D-parity breaking while [T?yz] stands for half-life

expression in symmetric LR model.

Half-life Half-life Enhancement factor
(Case I) (Case I) [T]O/vz][) / [Tlo/vz}
[195],, =1/ (KouImiP?) [1902],, =1/ (Kol o) () ~178
[195],, =1/ (Kovlmee® ) [190],, p =1/ (KoulmP) () ~178
[19,], =1/ (KouImk?) [195], , =1/ (Kouimi p12) () =13
Table 8

Expression for half-lives governing Ovgp transition in symmetric and asymmetric left-right models. Case-I is for sym-
metric left-right model (g7, = gg), Case-III is where D-parity breaking in Pati-Salam symmetry leads to g7, # gg.

Half-life Half-life Enhancement factor
(Case I) (Case III) [TIO/VZ]D / [Tlo/vz}
[19%,],, =1/ (KoumiX ) [19] =1/ (Koulm®. o) (4 =592
], om0, vl (%) e
[195,], =1/ (KovIm? ?) (182, =1/ (Kovimi,, p12) () =77

exchange of heavy sterile neutrinos. We have also discussed that LR model with spontaneous
D-parity breaking mechanism gives different analytic expressions for different OvSS contri-
butions in the Wg — Wgr and Wy — Wg mediated channels since the theory predicts unequal
gauge couplings for SU (2)1, and SU (2)g gauge groups. We have embedded the model in non-
supersymmetric SO (10) GUT and discussed different symmetry breaking chains, i.e. with and
without Pati-Salam symmetry for showing how the enhancement factor (g—;) for half-life predic-

tion of neutrinoless double beta decay changes for different cases. When Pati-Salam symmetry

8
is not included in the symmetry breaking chain, we get the enhancement factor (g-;) ~1.78

4
for Wr — Wg channel while for the W; — Wx channel the enhancement factor is (g—;) ~1.33.
However the enhancement factor increases significantly when Pati-Salam symmetry appears in

the symmetry breaking chain. In this case, the enhancement factor becomes (g—;) =~ 59.29 for

4
Wgr — Wg channel and for Wi — Wx channel the enhancement factor becomes (g—;) ~7.7.

Pati-Salam symmetry also plays an important role in predicting values of SU(2); and SU(2)g
gauge couplings for which we get the values; g; = 0.632 and gg ~ 0.39.

We have shown various plots to infer how half-life of Ov88 decay due to different channels
varies with the ratio f,—’z i.e. § and mass of Wg. From Fig. | we see that the cyan shaded region
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1032
. — W, -W, mediation (v exchange)
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é

Fig. 1. Half life of OvBp process due to all possible channels in the model vs § (= $&). The orange horizontal line
represents recent KamLAND-Zen bound while the blue line represents GERDA bound on half life of the process. The
cyan shaded region shows the allowed range for half life. (For interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.)
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Fig. 3. The plot in the left panel shows effective Majorana mass parameter due to heavy neutrino, N exchange in purely
right-handed currents vs Wr mass, where Wg mass varies from 1 to 3 TeV. The plot in the right panel shows effective
Majorana mass parameter due to W; — Wg mixing (A diagram) with v exchange vs Wg mass. In both the plots three
different values of § are considered: §=0.63, 0.93, 1.

is sensitive to the current KamLAND-Zen and GERDA bounds. Since the value of the ratio
8R ranges from 0.62 to 1 for three different cases considered in the work, the plot shows only
the contributions from Wy — W channel due to light neutrino exchange and from Wg — Wg
channel due to heavy neutrino exchange lie within the privileged region. Fig. 2 shows how the
effective Majorana mass parameter varies with the ratio §. Only non-trivial My, dependence
occurs for the contribution arise from Wz — W mediation with RH neutrino exchange as well
as from Wy — Wx mediation (A-contribution). So, Fig. 3 shows how the effective Majorana mass
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Fig. 4. Plot in the left panel shows half life due to N exchange in Wgr — Wpg channel vs mass of Wg while plot in the
right panel shows half life due to all A diagrams (v, N, S exchange with W; — Wg mixing) vs mass of Wg. In both the
plots three different values of § are considered: §=0.63, 0.93, 1.

parameter due to these two decay channels vary with the mass of Wg and the variation of half
life with Wg mass has been presented in Fig. 4. For Fig. 3 and 4, the mass range for Wg has been
considered here as, My, € [1, 7] TeV for better transparency.
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Appendix A. Predictions on neutrinoless double beta decay in LR model with
spontaneous D-parity breaking

The importance of neutrinoless double beta decay process in particle physics is far-reaching
in the sense that it is one such process which can confirm the Majorana nature of neutrino and
also provide information about the absolute scale of light neutrino mass. Neutrinoless Double
Beta Decay can be induced by the exchange of a light Majorana neutrino, which is called the
standard mechanism or by some other lepton number violating physics which is called the non-
standard interpretation [39,77,79,85-94]. In the standard mechanism the parent nucleus emits a
pair of virtual W bosons, and then these exchange a Majorana neutrino to produce the outgoing
electrons. At the vertex where it is emitted, the exchanged neutrino is created, in association with
an electron, as an antineutrino with almost total positive helicity, and only its small, O (m, /E),
negative-helicity component is absorbed at the other vertex. In LRSM the process can be me-
diated by heavy right-handed neutrino and some new channels can also appear due to left-right
mixing, i.e. Wi — Wg mixing. In the considered model many diagrams are possible due to the
presence of heavy neutrinos S, N, doubly charged Higgs scalar Ag and Wy — Wx mixing. We
will discuss that in this section, but we start by writing the charged current interaction Lagrangian
for the model in flavor basis.
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dy, VoA uy, dr V4A uRr dr ugr
W, Wr Wr -
R
VA e V+A _
e Y
My
my, My ! > -
N AR
A er _
V-A VA er
Wi Whg Wr
dy, V-A ur, dr V+A UR dr V+A ugr
@) (i) (iit)
dg, V-A urL dy, V-A ur,
Wy, Wy,
V-A B
e
My v
My
eRr
V+A
Wg
dgr VA ur dy,
(iv)

Fig. 5. Relevant Feynman diagrams contributing to neutrinoless double decay process within the framework of left-right
symmetric models.

8L = n 8R = n
Lcec=—+ Z Lo L VuvarL W; + — Z LoRVuNagr Wi +he.
ﬁ a=e,u,T \/§ a=e,iu,T

8L 8R
Z_ELVﬂVeLW£+_

V2 V2

= % [z Ly Vv VIS S+ VN N Wg] +he.

L3 [ER Yu VNV v 4 VNS 5 4 YN N,-}W,’é} +he. (A1)

V2

Since we have considered that the left-handed and right-handed charged gauge bosons mix with
each other the physical gauge bosons can be expressed as linear combinations of Wy, and Wy, as,

eRVulNer Wl’é +h.c. only for first generation

Wi = cosé W +siné Wg (A2)
Wy = —sin&é Wy + cosé Wp ’
with mixing angle &, we have
kiky ko gk (M
tan 26| ~ 202 28R [T ) g4 (A3)

2 2 2
vp ki gf MWR

Different types of Feynman diagrams contributing to the OvB8 process are [65] shown in Fig. 5.
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dL ur, dr, ur, dL ur,
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— > CL — > “L —— ©L
1z Si N;
eL eL eL
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W, Vei
dr, ur, dr, ur, dr, ur,

(i (i) (i)

Fig. 6. Relevant Feyman Diagrams due to W, — W, channel.

(i) Feynman diagrams in W, — W~ channel (with two left-handed currents)

(ii) Feynman diagrams in W, — W channel (with two right-handed currents)

(iii) Doubly charged Higgs scalar exchange with right-handed currents (this can also be possible
with left-handed currents)

(iv) Neutrino and Wg exchanges with Dirac mass helicity flip in Wi — W channel (A mecha-
nism)

(v) Neutrino and W exchanges with Dirac mass helicity flip and W; — Wg mixing in the
Wi — Wg channel (n mechanism)

A.l. Mass-dependent mechanisms due to W, — W, channel and Wy — Wy channel

Now, let’s write the amplitudes for these processes and the corresponding particle physics
parameter involving lepton number violation. The Feynman amplitude for the processes having
both left-handed electrons is proportional to

P MS,' MN'

1

2 2
Vmg o VT vy
~ (2 2 i
ALL ~ Gy (1+2tans+tan 5)2( o — el e, (A4)
l

where, m;, Ms,, and My, are the masses of light neutrino v and heavy neutrinos S and N respec-
tively and tan & represents left-right gauge boson mixing. The diagrams are separately shown in
Fig. 6.

Similarly, the Feynman amplitudes for the processes involving W, — W mediation via ex-
changes of either light or heavy neutrinos where both the emitted electrons are right-handed is
proportional to,

4 4 2 2
My 8R Myw &R 2
Arr ~ G} [(—L> (—) +2<—L) (— tan§ + tan”§
F My, 8L My, 8L
2 2 2
VN m; VNS pNN )

e
XZ( p2 Ms. MN-

i i

(A5)

The suitably normalized dimensionless parameters that describe lepton number violation are
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2 4 4 N 2
= | Zeem ) |=(g_R> (MWL> o
LL me ' RR 8L MWR me '
52 4 4 NSZ
s Z VV s _ 8R MWL Zi Vei
Inzol=|— s Ingel=\— - mp )
Mi 8L MWR MS[
N2 4 4 NN2
N | _ 2i Ve N | _[8R Mw, 2.i Vei
Inppl=|—mp o Angrl = - mp
My, 8L My My,

(A.6)
A.2. Triplet exchange mechanisms

Fig. 5 (iii) is mediated by SU (2) g scalar triplet Ag and for this the amplitude is given by

My, \* 4 V2M; LA

~ (2 WL 8R ei i

AAR —GF ( WR) (-) E 5 X F, (A7)
1

8L m° __
AR

and the dimensionless particle physics parameter is

4 4
(M () el "
MWR 8L mzA__
R

A.3. Momentum dependent mechanisms

A
”7R11§

In this case the emitted electrons have opposite helicity, and the amplitude is proportional to

Mw, \* [ gr Mw, \? (gr
ALr >~ G2 < L ) <—> +tan& + ( L> %) tané + tan?
LR F ( My, 8L 5 My, 8L 5 5

vy Nv* vsy,Ns* 1P| wNy,NN* 1P
Z(V VN | —VUSYN 7 — VNN ) (A.9)
and corresponding dimensionless particle physics parameter involving lepton number violation
are
8R 2 MWL 2 Nv* Nv*
ot =4, ) |G, DONGVET|L Il =tanE Y NGV,
R i i
sl = (8 ’ My, 22vaVNS*|p| 5| = tanéZV”SVNS*m
st= gL My, ) &0 Mg | .S '
gr\’| (Mw, NN |p| N NN*|p|
vl =) |5, ZV“ vl . vl = tansZV“ vh :
8L Wg ;

(A.lO)



S. Senapati et al. / Nuclear Physics B 954 (2020) 115000 17

Appendix B. Life time with proper nuclear matrix element and normalized effective mass
parameters

We express the inverse half-life in terms of effective mass parameters with proper normaliza-
tion factors taking into account the nuclear matrix elements [49,95,96] leading to the half-life
prediction

_ ligh h
[77}2) 1=68¥{|M°”| g+ LMY Ping
light h
MO P Ingle 1P+ 1M Plng 1 +|M2“m+M5;“nn|2}. (B.1)

Gg‘f is the phase space factor and matrix elements are ./\/12” (k=v, N, A, n). Also the dimen-
sionless LNV particle physics parameters are

3
1 2 -7
o] = - ;vgf my, <2.66x 1077, (B.2)
3 Vsz 3 V\)N2
Y =m, |- Z —Z ¢ |<255x%1077, (B.3)
i=1 l i

<2.66 x 1077, (B.4)

4
light 1 MWL Nv2
- (2" E VN _
| | nme (MWR> ( > ; “ i)

heavy My, ! : VUSZ Vel\lez -9
Ingg |=mp (MWR) ( ) ' ; s, ; My, <2.55%x 1077, (B.5)
iy = <MWL>2<5’_R)2 ZSIVUNVNN <218 x 1077 (B.6)
Mwy 8L im1 R R , .
3
=g S0 < 113107 ®

where, m, (m;)= mass of electron (light neutrino), and m , = mass of proton. Besides different
particle physics parameters, it contains the nuclear matrix elements due to different chiralities of
the hadronic weak currents such as (Mg”) involving left-left chirality in the standard contribu-
tion, and (/\/lg") involving right-right chirality arising out of heavy neutrino exchange, (ME\)")
for the A diagram, and (Mg") for the n diagram. It is to be noted here that the current bound on
these LNV parameters are derived based on half-life limit from the KamLAND-Zen experiment
neglecting interference terms.

The numerical values of these nuclear matrix elements as discussed in ref. [49,95,96] are
given in Table 9.

Using the expression for inverse half-life of OvB8 decay process due to only light neutrinos,

1 2
[Tl%] = Gg‘l’ |./\/l8"| |7,|%, we can arrive at a suitable normalization factor for all types of
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g;tz)llsz 9space factors and nuclear matrix elements with their allowed ranges.

Isotope Gy MY MYy MY MY
76Ge 5.77 x 10713 2.58-6.64 233-412 1.75-3.76 235-637
136xe 3.56 x 10714 1.57-3.85 164-172 1.92-2.49 370-419

contributions. Using the numerical values given in Table 9, we rewrite the inverse half-life in
terms of effective mass parameter as,

ov (2
MY

e

Im2|? = 1.57 x 107 P yrs 1 eV 2im’ |> = Ko, [m”|?

—1
0 0
[T1/v2] = Gof

2 . . . R
wherem), =) ; (Ve”l" ) m,y,. Then the analytic expression for all other contributions taking into
account the respective nuclear matrix elements turns out to be

—1
0 2 S,N |2 S,N 2 A2 n 2
[Tl/vz] = Ko [Imgel + Img L |7+ Imgg 17+ Mg | + [mee| }4_
2 S N 2 S N 2
=IC0V |:|mge| +|mee,L+mee,L| +|mee,R+mee,R|
A, ALS AN 2 aY N N2
+Img” +mee” +me 7+ mes” + meg” + me; |}+~~- (B.8)

where the ellipses denote interference terms and all other subdominant contributions. Also the
individual effective LNV parameters can be expressed as

3
me =) "Viim, (B.9)
i=1
3
s Ny PP B.10
mee,L_Z ei E (B.10)
i=1 i
3
NNz PP B.11
mee,L_Z ei My (B.11)
i=1 i
3 4 4 2
N mw, R NN2 [p|
V= B8R\ N (B.12)
ek §<me) <8L> My,
o) () 1 [y
AL -2 Wi R D
mg" =10 — ) Ipl Upvmns —— - - (B.13)
* (MWR) 8L ; My e
2 2 3 3
1.8 —2 [ Mmwy R vSy,Ns [Pl
m-S =1072 (222 ) (22 PUSYNs 12 (B.14)
woor () (5) X
3
ee My gL pr ei M]z\/[
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3
Mp
"
m{. =tan¢rr |pl ) [UPMNS— :
i=1 My

. ] (B.16)
ee
where (p)? = —m,m » /\/l?\}’ /MO ~ 200 MeV|2. It is to be noted that the suppression factor

1072 arises in the A diagram because of normalization w.r.t. the standard mechanism.
Appendix C. The role of Pati-Salam symmetry

We know that both the gauge couplings for SU(2); and SU(2)r are exactly equal at a
scale when either Pati-Salam symmetry with discrete left-right symmetry SU (2)r x SU(2)r X
SUM@4)c x D = Gypap or manifest left-right symmetry SU(2); x SUR)g x U(1)p_L X
SU@(3)c x D = Gyi3p appears as an intermediate symmetry breaking step. This equality is
sustained as long as D-parity remains unbroken. Once the spontaneous breaking of D-parity oc-
curs, it immediately results in g; # gg and the ratio g—z deviates from unity depending upon
the breaking scale. In the considered model we have found this ratio £ to be ~ 1.5 which will
be supportive in predicting new non-standard contributions to neutrinoless double beta decay.
The deviation of this ratio from unity is enhanced by the occurrence of Pati-Salam symmetry
as an intermediate scale and thus justifies its importance in explaining OvB8, LFV decays as
well as collider processes within the framework of SO (10) GUT based models. The importance
of Pati-Salam symmetry as the highest intermediate step in a SO(10) symmetry breaking chain
has already been discussed in ref. [68]. For quantifying these points, we consider the following
non-SUSY S O(10) chain, as an example.

M M M M M
S0(10) =% Goup —5 Gazs —> G013 —> Gsm —= Gi3.

It was found that the Gj4-singlets contained in {54}y and {210}y of SO(10) are D-parity
even and odd, respectively. Moreover the neutral components of the G224 multiplet {1, 1, 15}
contained in {210}y and {45}y of SO(10) were also found to be D-parity even and odd, respec-
tively. Here in the first step, VEV is assigned to the ((1, 1, 1)) C {54}y which has even D-Parity
to ensure the survival of LR symmetric Pati-Salam group while in the second step D-parity
is broken by assigning ((1, 1, 1)) C {210}y to obtain asymmetric G4 with g; # gg. Then
the spontaneous breaking of G224 — G2213 is achieved by the VEV ((1, 1, 15)(},) C {210} 4.
The breaking of SU(2)g x U(1)p—r — U(1)y is achieved by (A%) C {126}y while the VEV
( XI%) C {16}y provides the N-S mixing. Finally, as usual, the breaking of SM to low energy
theory U (1)em X SU (3)¢ is carried out by the SM bidoublet ® C {10} .

C.1. Gauge coupling unification

We consider three different cases for gauge coupling unification as follows and we also show
the Higgs spectrum used in different ranges of mass scales under respective gauge symmetries.

Case - I: Symmetric LR model (g, = gr)
M M M
S0(10) =% Gni13p —> Gsu —= Gi3.
Opu=Mz -Mgr:G=SM=03, ¢(2,1/2,1);
XR(]927 _]3 1) @ AL(35 ]12» 1) @ AR(173521 1) @
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487 (1,1,2, h@n(l,1,-2/3,3) @ &(1, 1,4/3,6)
(C.1)
Case - II: Asymmetric LR model (g1 # gr)

50(10)ﬂ>922130 ﬁgzm MR Gom 25613

Opu=Mz—-Mgr:G=SM=03, ¢(2,1/2,1);

({)pu=Mr—My:G =003 P1(2,2,0,1)® P2(2,2,0,)® xr(1,2,-1,1)®
Ar(1,3,2, ) ®687(1,1,2,1) (C.2)

Now, we have introduced the Pati-Salam symmetry in the SO(10) symmetry breaking chain.
We have divided case-III into IIIA and IIIB where IIIA stands for the case where SO (10) and
D-parity break at same scale (My =~ Mp) and in IIIB, we have presented the D-parity breaking
at some lower scale than M.

Case - ITIA:

$010) "2 Gong XS Gois 28 Gowr 25 Gis.

Du=Mz —-MgR:G=SM=03, ¢(2,1/2,1);

(({)u=Mr —Mc:9=0ni3, ©1(2,2,0,1)® P2(2,2,0,)® x(2,1,-1, ) &
xr(1,2, =1, D) AL(3,1,=-2,1)d Ag(1,3,-2,1);

(ii)u=Mc—My:G=Gm, ®1(2,2,1)®P2(2,2,1) D xr(1,2,4) &
AR(1,3,1_0)€BQR(1,3, 156 2(,1,15 6
£(2,2,15®n2,2, 1) ® p(2,1,4). (C.3)

Case - I11B:

50(10)ﬂ>9224D ﬂgzzzt ﬂ>g2213 ﬂ>QSM ﬂ>913-

(Du=Mz—-Mr:G=SM=03, ¢(2,1/2,1);

(({)u=Mr —Mc:G=0ni3, ®1(2,2,0,1)® P2(2,2,0,)® x.(2,1,-1, 1) ®
xr(1,2, -1, 1) AL(3,1,-2,1) 6 Ar(1,3,-2,1);

(ii)p=Mc—Mp:G=0om4, ®1(2.2,1)® P2(2,2,1) ® xr(1,2,4) &
Ag(1,3,10) ® Qr(1,3,15) @
X(1,1,15 ®£2,2,15);

(V)u=Mp —My:G=0np, 1(2,2,1) D P22,2,)® x.(2,1,H) &
xr(1,2,H®ALB,1,10)® Ar(1,3,10) @
Qr(3,1,15 6 Qr(1,3,15 6
(1,1,15®&£2,2,15) do(1,1,1). (C4)

The gauge coupling unification plots for the above four cases are shown in Fig. 7 and Fig. 8
respectively. In the unification plots the different colored lines stand for running of various gauge
groups. The red, blue, pink, magenta and green lines are for SU(2)r, SU2)g, U()y, U(1)p—_1,
SU (3)c gauge groups respectively. For case-IIIB we have added an extra particle £(2, 2, 15)
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Fig. 7. The plot in the left panel shows gauge coupling unification at the scale My = 101645 GeV for the symmetric
LRSM case, i.e. g7, = gg (case-I). The plot in the right panel shows gauge coupling unification at the scale My =
101645 GeV for the asymmetric LRSM case, i.e. g7 # gr without Pati-Salam symmetry (case-II).
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Fig. 8. The left panel plot shows the gauge coupling unification as well as D-parity breaking at My ~ Mp = 10172 Gev
(Case-IITA). In the right panel, we present the unification at about My = 1018-5 GeV after introducing Pati-Salam
symmetry as the highest intermediate symmetry breaking scale with D-parity breaking at around Mp = 1016 Gev
(Case-IIIB). For both the cases, g7 # gRr.

which helps us to unify the SU(2), and SU(2)g gauge couplings at around 10'® GeV (i.e., the
D-parity breaking scale of Gxap), also this extension of the model gives us the advantage to
acquire fermion mass fitting at GUT scale.
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