Connecting neutrinoless double-beta decay
and lepton flavor violation in discrete flavor

symmetric left-right symmetric model

In this chapter, we study the possibility of simultaneously addressing lepton number violation
and lepton flavor violation in the framework of a minimal left-right symmetric model. LRSM
is a very simple extension of the standard model gauge group where parity restoration is
obtained at a high energy scale and the fermions are assigned to the gauge group SU(3). X
SU(2) x SU(2)g x U(1)p_r which can be tested in present-day experiments. We build
a A4 flavor symmetric model within the minimal LRSM framework which is combined
with Z, symmetry to constrain the unwanted couplings in the Yukawa Lagrangian. The
structures of mass matrices arising from minimal LRSM blended with A4 symmetry give

rise to correct neutrino mixing with a non-zero reactor mixing angle. Within this model, we
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have realized both type-I and type-II dominance cases and conducted a detailed analysis
of different contributions to the NDBD process which is the LNV process coming from
extended particle content of the LRSM and studied different LFV processes such as 4 — 3e

and u — ey and correlated with neutrino mass.

2.1 Introduction:

The importance of the LRSM [80, 82, 150, 81] in generating light neutrino mass and ex-
plaining different neutrino phenomenology was discussed in many previous works. LRSM is
an interesting framework which can be an alternative to conventional seesaw mechanisms.
Type-1[57, 61, 60, 59] and type-II [58, 66, 87, 67] seesaw mechanisms arises naturally within
the framework of LRSM. Although it is an extension of the SM by a gauge group SU (2), it
has the advantage of mass scale which is around the TeV scale and is accessible in future
accelerator experiments. In our work, we have considered a minimal LRSM where the scalar
sector of SM is extended by two scalar triplets and a Higgs bidoublet.

In this chapter, we present a detailed study of the LNV process i.e. NDBD in the
framework of LRSM. As already mentioned, symmetry realization of both type-I and type-II
dominance cases in the LRSM is done with A4 and Z, flavor symmetry. Additional flavor
symmetry will constrain the structure of mass matrices, which further have an impact on
different phenomenology under consideration. We have constructed all the mass matrices
involved in LRSM using flavor symmetry which leads to correct neutrino mixing and non-zero
reactor mixing angle. In LRSM, there will be many new contributions to the LNV process
due to the presence of extended particle content. The impact of additional flavor symmetry
on these contributions is studied in detail within the model. We have also considered different
CLFV processes such as 4 — 3e and 4 — ey and checked the consistency of the model
with the constrained mass matrices for relevant experiments. The correlation of the LFV

process with neutrino mass is also analyzed in this work. Parameter space of different
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neutrino oscillation parameters such as CP violating phase 8, atmospheric mixing angle
6,3 and Majorana phase o are also determined from the correlation plot with effective
mass considering different experimental bound coming from experiments such as Planck
collaboration, KamLand-ZEN, GERDA, etc.

This chapter is structured as follows. In Section 2.2, present the A4 flavor symmetric
LRSM considering both type-I and type-1I dominant cases. The construction of different
mass matrices is also discussed in this section. We have discussed different new physics
contributions to the amplitude of the NDBD process along with the decay rate of the process
in section 2.3. In Section 2.4, we briefly discussed different LFV processes and in section
2.5, we present our numerical analysis and results, and then in Section 2.6, we conclude by

giving a brief overview of our work.

2.2 A left right flavor symmetric model:

In particle physics, symmetry plays a very significant role. The flavor structure of a particular
model in particle physics can be controlled by non-abelian discrete flavor symmetry. In our
work, we have used A4 flavor symmetry to construct relevant mass matrices. A4 is a group of
permutations of four objects. It is isomorphic to the symmetry group of a tetrahedron. A4
has three singlets and one triplet irreducible representations denoted by 1, 1/, 17, 34 and 3
respectively. Where A and § stand for the anti-symmetric and symmetric terms. Our model
contains the usual particle content of LRSM. The lepton doublets transform as triplets under
A4 while Higgs bidoublet and scalar triplets transform as 1 under A4. Two flavon triplet fields
%' and %" are included in the model which transforms as triplet under A4. The Z, symmetry
excludes the non-desired interactions of the particles in the Lagrangian. Additionally, a
flavon singlet € is used to allow for required charged lepton masses. The particle content and
the charge assignments are in the table 2.1.

The Yukawa Lagrangian can be written as:
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Table 2.1 Fields and their respective transformations under the symmetry group of the model.

2.2.1 Type-I dominance:

The VEV of Ay, (vr) is considered to be negligible in the case of type-I dominance case. So,
the terms involving Ay are omitted from the Lagrangian. The Yukawa matrices from the

eq(2.2) can be written as-

Ye =yi0

o O =
o = O
- O O

I L)
Yn=yu|-xt —xb 24
x5 20 Al

0 -x
Yo=yo|-x0 2 0
X0 —x

Now, Dirac neutrino mass matrix Mp and charge lepton mass matrix M; are given by-
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M; =Y +vi¥ . Mp=vY +wY (2.2)

Where, v; and v, are vev of the Higgs bidoublet and (Y,Y) are Yukawa coupling which is

given by:

Y=Ye+Yu+Yp,Y =Ye+Y 1+ Y0 (2.3)

Majorana mass matrix can be given as-

Mp = VRrYR (24)
Where Yy is the Majorana coupling.
100 20 -5 -0
1% 1%
Mp=-5 0 0 1|+ | gy 2yt 2.5)
010 - - 2

where A is the cut-off scale of the theory. The flavon alignments in our model are taken

to be, ' — (1,0,0), 3" — (1, ®, ®*). Now, the diagonal charged lepton mass matrix is-

a+2b 0 0
Ml: 0 a+(c—b) 0
0 0 a—(b+c)

Where a = Vayio + ViYio/A, b = voyi + viyi1 /A and ¢ = oy + viyi /A.

Now, the Dirac neutrino mass matrix(Mp) can be simplified into the form given below-

1 0 O
MD:A 0 r O
0 0 m

~ \4 VoY) \% A\
where A = vyy;0 + Vayio /A, r1 = —ly”ﬂ\ 21 and ry = —1”2;\ 212
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The Majorana mass mtrix is:

2241 —w*z —oz
Mg=ag| —0*; 20z 1-—z
—wz 1—z 20z
Where ar = % and z = y% Now, the relevant mass generation formula for type-I

dominance-

—my = MEMg ' Mp (2.6)

The light neutrino mass matrix will be:

z+1 Ozr| w?zr)
m 3z+2)13 —322+1
My = wzr PV 31+_1)r2 (z 3§_+3 )rir
3Z+1 2 z z 2
wz (Z—sZ +1)r1r2 (Dz(3z+2)r2
) 1-3; 3z-1

2.2.2 Type-II dominance:

In case Type-II dominance to break the u — 7 symmetry of the resulting mass matrix we need
to introduce another flavon &’. This flavon transforms as 1’ under A4. Now, Lagrangian for

the neutrino sector will become-

1 - / _ /
Eyv = X(ZCR<Y1(Q)8 + Ylng)iszRlR + ch(YIg)S + YIE/%V)Z'TQALZL) 2.7
So, we can write-

my = VLY, Mg = VRYR (2.8)

where v and Vg are the vev of Ay and Ag respectively. Y7 and Yr are Majorana Yukawa
couplings. In the LRSM, both Y7 and Y are taken to be equal. Now, the Majorana mass

matrix can be written as:
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y 00 1) 200 -1 X%
Mg = RI{RO 01 0|+ RTyR a2 - (2.9)
1 00 X X 24
Using the chosen flavon alignment we get-
27 -0’z l—-owz
Mgr=ar| —0’z 142wz —z
l-wz -z 20%2

Where ap = % and 7 = yyﬁ

Similarly, we can compute the light neutrino mass matrix which is given by-

27 —0*; 1—-wz
my=ay| —w*z 14207 —z
l—-wz —z 2037

Where a; = % and 7 = yyﬁ

2.3 Neutrinoless double beta decay(NDBD)in LRSM:

There are many new contributions to the NDBD process arises due to the presence of

extended scalar sector with particle such as triplet scalars and Higgs bidoublet in the scheme

of LRSM [80, 82, 150, 81, 151]. NDBD process implies lepton number violation, which

is directly related to the issue of the nature of the neutrinos. Because of this reason, the

phenomenological importance of the NDBD process in neutrino physics is very high. In our

work, we have studied different contributions to the NDBD process coming from different

particles of LRSM in a flavor symmetry-based model realized by A4 X Z,. Many earlier

works [152—-157] have extensively studied the NDBD process within LRSM in a model

independent manner. The effective mass which governs the NDBD process mediated by light

neutrino is given by-

vV _ 772 .
Mee = UeimVl

(2.10)
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where, U,; are the elements of the first row of the Upynvs. Upyns 18 the mixing matrix which
is dependent on parameters such as mixing angle 0;3,601,,0,3 and Dirac CP-violating phase

0 along with Majorana phases o and 3. The light neutrino mass matrix, m, is diagonalized

by Upmns
diag)y,T
my = UPMNSM\(/ )UPMNS (2.11)
(diag) .
where, M, = diag(my,my,m3) and,
—id
c12€13 $12€13 s13€
Upmns = | —c23512 — s23813¢12€0  —cp3¢10 — s33512513€0  sx3¢13 | P (2.12)
1) i&
§23512 — €23513C12€'0  —s23C12 — €23513512€'°  €23C13

where P is a diagonal matrix containing Majorana phases o and B and given as P =
diag(1,e®, P ). We can parameterize the effective Majorana mass in terms of the elements

of diagonalizing matrix and the mass eigenvalues as,
2 2 2 2 i 2 2i
my, = micircts +masircize’™® +masiye’ (2.13)

Within the framework of LRSM, the NDBD process receives an additional contribution
from extended scalar, vector, and fermionic fields along with the standard contribution
coming from light Majorana neutrino exchange. Many of the earlier works [158-161] have
explained these contributions to the NDBD process explicitly. We have summarized various
contributions to the NDBD transition rate below-

1) Standard contribution to NDBD rate with W;~ Bosons and light neutrinos as mediator
particles. The leptonic mixing matrix elements and light neutrino masses determine the
amplitude of this process.

2) Heavy right-handed neutrinos contribute to the NDBD process through W;~ Bosons.
In this process, the amplitude is determined by the mixing between light and heavy neutrinos

as well the mass of the heavy neutrinos.
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Fig. 2.1 Neutrinoless double beta decay contribution from light and heavy Majorana neutrinos
from two Wy, exchange.

3) Light neutrino contribution to the NDBD process, mediated by W, Bosons. The
amplitude is directly related to the mixing between light and heavy neutrinos as well as the

mass of the right-handed gauge boson, Wy boson.

Fig. 2.2 Neutrinoless double beta decay contribution from light and heavy Majorana neutrinos
from two Wg exchange

4) The contribution to NDBD comes from heavy right-handed neutrinos where the
mediator particles are the W~ Bosons. The amplitude of this process can be calculated from
the elements of the right-handed leptonic mixing matrix and the mass of the Wy boson as
well as the mass of the heavy right-handed Majorana neutrinos.

5) There is also a contribution to the NDBD process from light neutrino mediated by
gauge bosons, W, and Wy . The amplitude of this process can be calculated from mixing
between light and heavy mixing, leptonic mixing element, and mass of the light neutrino and
W, and W, Boson.

6) New contribution to the NDBD process comes from heavy neutrino mediated by gauge

bosons, W;~ and Wy . The amplitude of this process can be calculated from mixing between
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Fig. 2.3 Neutrinoless double beta decay contribution from light and heavy Majorana neutrino
intermediate states from both left and right-handed gauge bosons exchange at each vertex.

light and heavy mixing, right-handed leptonic mixing element, and mass of heavy neutrino

and W, and W Boson.

7) The contribution to the NDBD process from left-handed triplet Higgs A\; is mediated
by W, bosons. The amplitude of the process can be evaluated from masses of the W,

bosons, left-handed triplet Higgs, /\; as well as their coupling to leptons.

v
e

Fig. 2.4 Neutrinoless double beta decay contribution from the charged Higgs intermediate
states from Wy and Wg exchange.

8) The contribution to the NDBD process from right-handed triplet Higgs Ag is mediated
by Wy bosons. The amplitude of the process can be evaluated from masses of the W,

bosons, right-handed triplet Higgs, /Ag as well as their coupling to leptons.

Although there are a total of eight contributions to the NDBD process in the LRSM, we
will consider only three of the above-mentioned contribution in our work. The first one is

the standard light neutrino contribution via exchange of W, and the other two are the new
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contribution to the NDBD process through exchange of W and Ag respectively. In this
work, we have assumed that the mass of the heavy particles is in the same range i.e. at the
TeV scale (Mg ~ My, ~ AF R M AG A TeV), which is experimentally verifiable. Under
this approximation, the light and heavy contribution remain very negligible as the amplitude
of the process is proportional to TTZDR (As, my ~ ﬁ—é ~ (0.01 —0.1)eV, mp =~ (10° — 10%)eV
which implies 7\172 ~ (1077 —107%) eV). Thus, we can overlook the contribution coming
from light-heavy mixing to the NDBD process in this assumption. The mixing between Wy,
and Wg bosons also gets suppressed under the same approximation as the amplitude of the
process becomes more negligible. From a theoretical point of view, Az mediated process can
contribute to the mass of Wy in the TeV scale. Considering the LFV constraints, it is found
that almost all the parameter space AMLIZ < 0.1 and thus contributions from Ag can be ignored.
However, we have considered the case My =~ Mj. In the next section, we discussed lepton
flavor violation in the framework of LRSM and after that, we present a detailed analysis of
our work and we have divided it into different subsections, firstly the standard light neutrino
contribution to NDBD and then the new physics contribution to NDBD considering both

type-I and then type-II dominant cases. And we have also tested our model by incorporating

LFV constraints coming from different relevant experiments.

2.4 Lepton flavor violation:

LFV [162-164] and its phenomenological implications have been one of the most focused
areas of research in the field of high energy physics both theoretically and experimentally.
The most discussed and prominent low-energy LFV decay channels are u — ey, u — 3e, and
W — e conversion in the nuclei. These decays are experimentally analyzable in the current
standard. The analytical expression of branching ratios(BR) [161] of these decays can be

given as-
L(u* —e'y)

r, (2.14)

BR,Ll—)e}/ =
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C(u~ +AN,Z) — e +A(N,Z
BR._,, = (= A r)Z W.2) (2.15)
capt
T(ut — ete—et
BRy = ) (2.16)
v

In our model, we have considered p — ey and 4 — 3e decays. The SINDRUM experiment
[165] has put the constraint branching ratio of the process i — 3e to be < 1.0 x 107!, This
bound is expected to improve by four orders in Mu3e collaboration [121]. The constraint
on the process i — ey is < 4.2 x 10713 given by the MEG collaboration [41]. Considering
different contributions coming from heavy right-handed neutrinos and Higgs scalars, the
expected branching ratios and conversion rates of the LFV processes are calculated from the
model for analysis in this work.

For the process u — 3e, branching ratio is given by-

1 mw4 mw4
BRu_s30 = ~|hueh? \2< L} R ) (2.17)
H=r3e ™ o ITHe T ee M1L++ M2;+

where /;; stands for lepton Higgs coupling in the LRSM, given by-

3

M,

hii=Y V,V; <—" >,i,j:e,u,r (2.18)
13 r; mvn MWR

Now, the branching ratio of g — ey process is given by-

4
_ 1TeV
BRy ey = 1.5x 10 7\glfv\2(M ) (2.19)
Wr
where g, 7, is defined as-
MgrMp,
= i ViV (—M” | — (2.20)
glfv - = unven MWR - MWR .

This equation is summed over heavy neutrino. V is the right-handed neutrino mixing matrix

and MX; are the mass of doubly charged boson.



2.5 Numerical analysis and Results: 59

2.5 Numerical analysis and Results:

In our present work, we have constructed a flavor symmetric model for both type-I and type-II
dominance and studied LNV (NDBD) for standard as well as non-standard contributions for
the effective mass as well as the half-life governing the decay process along with different
LFV processes in the framework of LRSM. We also checked the consistency of the model
by varying different neutrino oscillation parameters with the light neutrino contribution to
the effective mass coming from the model for both type-I and type-II dominant cases. In
this section, we present a detailed analysis of our work and we have divided it into different
subsections, firstly the standard light neutrino contribution to NDBD and then the new physics
contribution to NDBD considering both type II and then type I dominance case. We have
also studied lepton flavor violating processes such as 4 — 3e and u — ey and correlated

with neutrino mass within the model.

2.5.1 Standard light neutrino contribution:

The effective mass governing the process is as given in equation (2.10) for NDBD mediated
by the light Majorana neutrinos. We first evaluated the effective light neutrino mass within
the standard mechanism using the formula (2.10) where Uy; are the elements of the first row
of the neutrino mixing matrix. Upysys is the mixing matrix i.e the diagonalizing matrix of

my,

my = UppnsMy ) UpyysT (2.21)

where M@ﬁag = diag(my,my,m3). For three generations of neutrino, there are two possible
neutrino mass hierarchy
1) Normal Hierarchy (NH) stands for m; < mp << mj3 ;Am%2 << Am%3

1) Inverted Hierarchy (IH) is nothing but m3 << m; =~ m3;Am%2 << |Am%3\
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Fig. 2.5 The light neutrino contribution to neutrinoless double beta decay process for
typel(left) and typell(right) considering both NH and IH cases. The band of two black
solid line and the red solid line represents the KamLAND-Zen bound on the effective mass
and the Planck bound on the sum of the absolute neutrino mass respectively. And, the blue
line represent the future sensitivity on effective mass in Legend-1k reach [166].

2

Am?, = Am?, for both the mass ordering. Am3; = Am2,, in case of NH and for

IH, |Am%3 | = AmZZm

The neutrino masses mj and m3 are connected with the lightest mass m in case of NH

by the relation,

Y ) 2 . _ 2 2 2
mp = my + Amsolar’m3 - \/ml + Amsolar + Amdlm

In the case of IH, the lightest mass is m3 and can be related to m and m;,

— 2 2 . — 2 2 2
my = \/m3+ Amg,, ;mp = \/m3 +Am, +Amg,,

We have computed the light neutrino mass matrix from the model described at the

beginning for both type-I and type-II cases, which are-

z+1 wzr| ®3z7ry
oy 223242)r3  (z=32+1)rim
my(type—1I) = z—— | 01 O =5 =32
T (z—3 2—i—l)r r wz(3z+2)r2
w22r2 z—3z 12 2

1-3z 3z—1
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Fig. 2.6 Variation of ¢, 6,3 and 0 with effective mass for type-II dominance case.

2z —0*; 1-o0z
my(type —1II) = ay, —w?’z; 1420wz —Z
l-wz -z 20%

As discussed before, the structures of the different matrices involved are formed using
the discrete flavor symmetry A4 X Z, and we obtain the resulting light neutrino mass matrix.
The light neutrino mass matrix arising from the model is consistent with non-zero 0;3 as A4
product rules lead to the light neutrino mass matrix in which the yt — 7 symmetry is explicitly
broken. Using the 30 [36] ranges of the neutrino oscillation parameters we solve for the
different model parameters of the model. Then we calculated the effective mass for both
cases. The effective mass assumes different values depending on whether the neutrino mass
states follow a normal hierarchy (NH) or inverted hierarchy (IH). The variation is shown in
Fig2.5. It is seen from the figure that the light neutrino contribution to the NDBD process

can saturate the bound imposed by KamLAND-ZEN. It is observed that, for type-I and



62

Connecting neutrinoless double-beta decay and lepton flavor violation in discrete flavor
symmetric left-right symmetric model

01

KamLAND-Zen

KamLAND-Zen

=e ™ o olf
- o 1] ‘. 1 o - '::.o v‘:o :l'
% st s oy % . -t Y
T =1 RN T 1
= el = -] L] »
g : g

=
4

* NH

w

=
L

0.2 0E

"

0.675 0700 0.728

B3

0.750 0.778

KamLAND-Zen
(593

-
-
)
sewps
-

Mgy (V)

Fig. 2.7 Variation of «,6,3 and § with effective mass for type-I dominance case.

type-II dominant case, the effective mass governing NDBD is found to be of the order of
103 — 107! eV in case of the NH and for the IH it is found to be 1072 — 10~! eV and
are within and much below the current experimental limit. However, in all the cases, the
light neutrino contribution can saturate the experimental limit for the lightest neutrino mass
(m1/m3) for (NH/IH) of around 0.1 eV.

In light of standard light neutrino contribution to the effective mass, we varied different
neutrino oscillation parameters to check the viability of the model. In Fig2.6 and Fig2.7, we
have shown different variational plots of neutrino oscillation parameters with effective mass
for type-II and type-I dominant cases. From these plots, we can say that the parameters Ma-

jorana phase o, mixing angle 6,3 and CP-violating phase & are well within the experimental

limits.
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Fig. 2.8 The total contribution to neutrinoless double beta decay process considering new
physics contribution coming from heavy neutrino i.e |my_¢//| for type-I(left) and type-
[I(right) considering both NH and IH cases. The band of two black solid line and the red
solid line represents the KamLLAND-Zen bound on the effective mass and the Planck bound
on the sum of the absolute neutrino mass respectively. And, the blue line represent the future
sensitivity on effective mass in Legend-1k reach.

2.5.2 New physics contribution to NDBD:

We have also considered the contribution to NDBD from the right-handed current and triplet
Higgs(Ag). Although the contribution of the Ag can be suppressed if we invoke the constraints
from LFV decays. We will discuss this contribution in certain conditions.

The contribution coming from right-handed current can be written as-

4
N aMw," Ugei™2

Mee
MWR4 M;

(2.22)

< p?>= mgmp%lﬁvﬁ stands for the typical momentum exchange of the process, where
m,, and m, are the mass of the proton and electron respectively and M s is the NME
corresponding to the RH neutrino exchange. We have taken the values My, = 10 TeV, My,
= 80 GeV, My, ~3TeV, the heavy RH neutrino ~ TeV which are within the recent collider
limits. The allowed value of p, the virtuality of the exchanged neutrino is in the range ~

(100-200) MeV and we have considered p ~180 MeV.
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Thus,

M, 4
22 1010y2, (2.23)
Myt

However, equation (2.23) is valid only in the limit M;> > ‘< p? >’ and M? > ‘< p? >|.

The time period governing the NDBD process can be given by

0 1 0 ovpp i’
vV __ _ v v
™=_%=6 (0.2)|M"| - (2.24)
3 e
where
2 2
Y |" = |ml, +m,|”. (2.25)
To evaluate mgg+v) , we need the diagonalizing matrix of the heavy right-handed Majorana

mass matrix Mg, Ug.; and its mass eigenvalues, M;. We have computed the right-handed
neutrino mass matrix from the model described for both type-I and type-II cases. Using the
values of the model parameters, we evaluated the right-handed current contribution to the
NDBD. From this, we calculated the total effective mass for the NDBD process. Variation of
lightest neutrino mass with the total new contribution to effective mass and half-life of NDBD
process are given in Fig 2.8 and Fig 2.9 for type-I and type-II dominant cases respectively.
The total contribution considering new physics contribution from heavy neutrino for type-I
and type-II(NH/IH) dominant case and the half-life (Xe-136 ) of the process shows results

within the recent experimental bound for the lightest mass varying from (0.0001-0.1) eV.

2.5.3 Scalar triplet contribution to NDBD:

The Majorana masses of light and heavy neutrinos come naturally in the left-right model
because of the two triplets Az . The contribution from A; is much suppressed as compared

to the dominant contributions. However, the Ag contribution is controlled by the factor

MLA". In the total contribution, we have not included the contribution due to the triplet
R

Higgs contribution under the assumption MLA" < 0.1, which is obtained from LFV processes.
'R
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Fig. 2.9 The new physics contribution to half-life of neutrinoless double beta decay process
for type-I(left) and type-II(right) considering both NH and IH case. The horizontal line
represents the KamLAND-Zen lower bound on the half-life of NDBD.

However, this approximation though valid in a large part of the parameter space there are some
allowed mixing parameters for which this ratio can be higher. In that case, we need to include
this contribution. We discuss the impact of this contribution in the limit, Ma, = Mpeavies:-
Now, we can write down the contribution of scalar triplet(Ag) to the effective mass as-

My, * 2My
M WR4 M, Ag

mb,| = |p* | (2.26)

We have evaluated the contribution from scalar triplet to the NDBD process and plotted
the contribution of the effective mass due to the triplets with the lightest neutrino mass for
type-I and type-II seesaw cases which are given in the Fig 2.10. Scalar triplet contribution
for type-I(NH/IH) dominant are found to be in the range 102> eV and 1073 eV in the light
neutrino mass range (0.0001-0.1) eV and for type-II(NH/IH) dominant case it is found to be

10~* eV and 1072 eV in the light neutrino mass range (0.0001-0.1) eV .

2.5.4 Correlating LFV and neutrino mass

We have correlated lightest neutrino mass and LFV constraints for both type-I and type-11
dominant cases considering 4 — ey and u — 3e processes. The BR of these processes has a

strong dependency on flavor and heavy neutrino mixing. 4 — ey process dependent on lepton
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Fig. 2.10 The scalar triplet contribution to neutrinoless double beta decay process for type-
I(left) and type-Il(right) considering both NH and IH case.The band of two black solid line
and the red solid line represents the KamLAND-Zen bound on the effective mass and the
Planck bound on the sum of the absolute neutrino mass respectively. And, the blue line
represent the future sensitivity on effective mass in Legend-1k reach.

and Higgs coupling whereas . — 3e is controlled by right-handed neutrino mixing. We have
used the expression given in (2.17) and (2.19) to calculate the BR. The lepton Higgs coupling
h;; can be computed explicitly for a given RH neutrino mass matrix by diagonalizing the RH
neutrino mass matrix and obtaining the mixing matrix element, V; and the eigenvalues M;.
The variation of BR with the lightest neutrino mass for both type-I and type-II dominant cases
are shown in the Fig (2.12) and Fig(2.11) respectively. From these plots, it can be inferred
that the type-I dominant case shows results that are more consistent with the experimental

bounds.

2.6 Summary

In this chapter, we have contemplated the implications of NDBD in the LRSM framework
which is realized through A4 x Z, flavor symmetric model. Because of the presence of
new scalars and gauge bosons in this model, various additional sources would give rise to
contributions to the NDBD process, which involves RH neutrinos, RH gauge bosons, scalar

Higgs triplets as well as the mixed LH-RH contributions. We have realized LRSM for both



2.6 Summary 67

BR{u~3¢)
BR(ju~3¢)

10— 10 102 10

Miichtest(eV)

H
hd

H
i

BR(pu—ey)
BR(u-vey)

104 . . RN

10-1¢ 10716

L L L L
104 104 102 10—+ 104 102

Miightese(eV) Miightese(eV)

Fig. 2.11 Total contribution to lepton flavour violation shown as a function of the lightest
neutrino mass for in case of type-II dominance case for both u — 3e and u — ey .The blue
and red horizontal line shows the limit of BR as given by the SINDRUM experiment and the
recently proposed limit of 4 — 3e experiment respectively

type-1 and type-II dominant cases. For a simplified analysis, we have ignored the left-right
gauge boson mixing and heavy light neutrino mixing. We have assumed the extra gauge
bosons and scalars to be of the order of TeV and evaluated all the contributions to the NDBD
process under this simplified approximation. The evaluated results are validated with the
experimental bounds provided by KamLAND-ZEN and GERDA experiment. In light of
standard light neutrino contribution to the effective neutrino mass, we varied different neutrino
oscillation parameters to check the viability of the model. Different neutrino oscillation
parameters are analyzed with effective neutrino mass calculated from the model for type-II
and type-I dominant cases. From these results, we can say that the parameters Majorana
phase o, mixing angle 6,3, and CP-violating phase & are well within the experimental limits.
We have also checked the consistency of the model by investigating different LFV processes

such as 4 — ey and 4 — 3e in light of SINDRUM and MEG collaboration. We have analyzed
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Fig. 2.12 Total contribution to lepton flavour violation shown as a function of the lightest
neutrino mass for in case of type-I dominance case for both 4 — 3¢ and u — ey .The blue
and red horizontal line shows the limit of BR as given by the SINDRUM experiment and the
recently proposed limit of 4 — 3e experiment respectively

the branching ratios of these processes with the lightest neutrino mass for both type-I and
type-II dominant cases considering both NH and IH. From the results, it can be inferred that
the type-I dominant case shows results that are more consistent with the experimental bounds

than the type-II dominant case.
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