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ABSTRACT: We study neutrinoless double beta decay in left-right symmetric extension of
the standard model with type I and type II seesaw origin of neutrino masses. Due to the
enhanced gauge symmetry as well as extended scalar sector, there are several new physics
sources of neutrinoless double beta decay in this model. Ignoring the left-right gauge boson
mixing and heavy-light neutrino mixing, we first compute the contributions to neutrinoless
double beta decay for type I and type II dominant seesaw separately and compare with
the standard light neutrino contributions. We then repeat the exercise by considering the
presence of both type I and type II seesaw, having non-negligible contributions to light
neutrino masses and show the difference in results from individual seesaw cases. Assuming
the new gauge bosons and scalars to be around a TeV, we constrain different parameters of
the model including both heavy and light neutrino masses from the requirement of keeping
the new physics contribution to neutrinoless double beta decay amplitude below the upper
limit set by the GERDA experiment and also satisfying bounds from lepton flavor violation,
cosmology and colliders.
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1 Introduction

The Standard Model (SM) of particle physics is still the most successful theory of elemen-
tary particles and their interactions except gravity. After the discovery of its last missing
piece, the Higgs boson at the large hadron collider (LHC) in 2012, no convincing sign of
new physics has appeared until the 8 TeV run of LHC. Though these null results are adding
more feathers to the SM cap, the particle physics community is becoming desperate to dis-
cover some new physics beyond the SM (BSM). This is due to the severe inadequacies in
the SM as it fails to explain many experimentally observed phenomena and address some
theoretical questions. One such observed phenomena is the tiny but non-zero neutrino
masses and large neutrino mixing [1-5]. Due to the absence of right handed neutrinos, one
can not write down a Dirac mass term for the neutrinos whereas the Majorana mass term
for the neutrinos are disallowed by the gauge structure of SM. This keeps the neutrinos
massless in SM with zero mixing among them which is ruled out by the recent neutrino
experiments T2K [6], Double ChooZ [7], Daya-Bay [8] and RENO [9] . These recent exper-
iments have not only made the earlier measurements of neutrino parameters more precise
but also led to the discovery of non-zero reactor mixing angle 613 which was considered
to be (very close) zero earlier. The 30 global fit values of neutrino oscillation parameters
that have appeared in the recent analysis of [10] and [11] are shown in table 1 and 2 re-
spectively. Although the 30 range for the leptonic Dirac CP phase § is 027, there are
two possible best fit values of it found in the literature: 306° (NH), 254° (IH) [10] and



Parameters | Normal Hierarchy (NH) | Inverted Hierarchy (IH)
Ny
BT | s v 250
10—3eV? ) ) ) )
sin? 012 0.270-0.344 0.270-0.344
sin? O3 0.382-0.643 0.389-0.644
sin 03 0.0186-0.0250 0.0188-0.0251
0 027 027

Table 1. Global fit 3¢ values of neutrino oscillation parameters [10].

Parameters | Normal Hierarchy (NH) | Inverted Hierarchy (IH)
1‘2‘322 7.11-8.18 7.11-8.18
10=50v2 2.30-2.65 2.20-2.54
sin? 615 0.278-0.375 0.278-0.375
sin” 03 0.393-0.643 0.403-0.640
sin? 013 0.0190-0.0262 0.0193-0.0265

o 02w 027

Table 2. Global fit 3¢ values of neutrino oscillation parameters [11].

254° (NH), 266° (IH) [11]. There has also been a hint of this Dirac phase to be —7/2 as
reported by [12] recently. Although the absolute mass scale of the neutrinos are not yet
known, we have an upper bound on the sum of absolute neutrino masses from cosmology,
given by the Planck experiment »_,|m;| < 0.23eV [13].

This observation of non-zero but tiny neutrino masses and mixing have led to a sig-
nificant number of research activities in the last few decades in the form of several well
motivated BSM frameworks. The fact that the neutrino masses are found to lie at least
twelve order of magnitude lower than the electroweak scale, and the pattern of neutrino
mixing with large mixing angles is very different from quark mixing with small mixing
angles, gives the hint that their origin must be different from the physics at electroweak
scale. The most popular BSM framework explaining the tiny sub-eV neutrino masses
is the seesaw mechanism which broadly fall into three categories namely, type I [14-18],
type II [19-25] and type III [26], all of which involve the introduction of additional heavy
fermion or scalar particles into the SM. In generic seesaw models, there exists a hierar-
chy between the electroweak scale and the scale of heavy fermions or scalars required to
arrive at the suppression for neutrino masses. Therefore in typical seesaw models with
order one dimensionless couplings, the additional massive fermion or scalar fields lie at a
scale much beyond the energies accessible to present experiments like LHC. Bringing these
additional particles to the TeV ballpark involves the fine-tuning of Yukawa couplings so as



to keep the neutrino masses at sub-eV scale. In TeV scale type I seesaw, the Dirac Yukawa
couplings have to be fine tuned to at least 1076-107?, thereby reducing their production
cross sections at colliders. TeV scale type II and type III seesaw have slightly better scope
of having collider signatures due to the presence of electroweak gauge interactions of the
additional particles. Although the ongoing LHC experiment is still hunting for such new
physics signatures, it is equally important to look for some independent probe of these
seesaw models. One such promising arena is the neutrinoless double beta decay (NDBD).
For a review, please see [27].

Neutrinoless double beta decay is a process where a nucleus emits two electrons thereby
changing its atomic number by two units

(A, Z) = (A, Z +2) + 2

with no neutrinos in the final state. Such a process violates lepton number by two units
and hence is a probe of Majorana neutrinos, which are predicted by generic seesaw models
of neutrino masses. There have been serious experimental efforts to detect such a process
in the last few years. The latest experiments that have improved the lower bound on
the half-life of NDBD process are KamLAND-Zen [28] and GERDA [29] using Xenon-
136 and Germanium-76 nuclei respectively. The light SM neutrino contribution to the
half-life of NDBD can be as small as the lower bound set by these experiments only for
quasi-degenerate type light neutrino spectrum. Such a mass spectrum of light neutrinos is
however, tightly constrained from the Planck upper bound on the sum of absolute neutrino
masses mentioned above. A future observation of NDBD with a half-life close to the
present lower bound could therefore be a sign of new physics as the Planck upper bound
on Y ;|m;| may not allow light SM neutrino explanation for the same. Here we consider
a combination of type I and type Il seesaw mechanisms as the new physics part which,
apart from giving rise to light neutrino masses, can also give additional contributions to
NDBD half-life. We also extend the SM gauge symmetry to that of Left-Right Symmetric
Models (LRSM) [30-34] where such type I+II seesaw arises naturally. Several earlier
works [19, 35-37] have calculated the new physics contributions to NDBD within this
model. More recently, the authors of [38-40] studied the new physics contributions to
NDBD process for TeV scale LRSM with dominant type II seesaw. There have also been
several works [41] where type I seesaw limit was also included into the computation of
NDBD in LRSM. Some more detailed analysis incorporating left-right gauge mixing were
discussed in the works [42-47], both in minimal as well as non-minimal versions of LRSM.

In the present work, we consider a scenario where both type I and type II seesaw terms
can be equally dominating which to our knowledge, was not discussed previously in the
context of NDBD. Such a combination of type I and type II seesaw together can also explain
non-zero reactor mixing angle 613 as well as CP phases, as discussed in the works [48-53].
Making use of the presence of two equally dominating seesaw terms in the neutrino mass
formula, we consider the possibility where either type I or type II or both type I and type
IT mass matrices can be arbitrary while structural cancellation [54] between them can give
rise to the correct light neutrino mass matrix. Instead of considering completely arbitrary
type I and type II mass matrices, we consider a specific type I seesaw mass matrix: tri-
bimaximal (TBM) type which gives 613 = 0 [48-53]. The type II seesaw mass matrix is then



constructed in such a way that the correct light neutrino mass matrix is obtained. Assuming
the left-right symmetry breaking scale to be within the TeV range, we then constrain the
parameters of the model as well as the relative contribution of individual seesaw terms to
light neutrino mass formula from the requirement of keeping the NDBD amplitude below
the upper bound set by experiments. We find that the new physics contribution can be
quite close to or even above this upper bound for some region of parameter space even if
the light neutrino spectrum is not quasi-degenerate type. This not only allow us to rule
out some region of parameter space but also increases the possibility of detecting such a
process in successive run of double beta decay experiments like GERDA.

This paper is organized as follows. In section 2, we briefly discuss the left-right sym-
metric model and then summarize the origin of neutrino masses in this model in section 3.
In section 4, we briefly point out the possible new physics sources to neutrinoless double
beta decay amplitude and discuss them in the limit of type I seesaw dominance, type II
seesaw dominance and equal dominance of both type I and type II seesaw. In section 5
we briefly discuss the existing experimental bounds on the masses of new particles in the
model. In section 6, we discuss our numerical analysis and finally conclude in 7.

2 Left-Right Symmetric Model

Left-Right Symmetric Model [30-34] is one of the most popular BSM framework where the
gauge symmetry of the SM is extended to SU(3). x SU(2)r x SU(2)g x U(1) p_r. The right
handed fermions which are singlets under the SU(2)y of SM, transform as doublets under
SU(2)r, making the presence of right handed neutrinos natural in this model. The Higgs
doublet of the SM is replaced by a Higgs bidoublet to allow couplings between left and right
handed fermions, both of which are doublets under SU(2);, and SU(2)p respectively. The
enhanced gauge symmetry of the model SU(2)r x U(1)p_r, is broken down to the U(1)y
of SM by the vacuum expectation value (vev) of additional Higgs scalar, transforming as
triplet under SU(2) g and having non-zero U(1) g_, charge. This triplet also gives Majorana
masses to right handed neutrinos, responsible for type I seesaw. The left handed Higgs
triplet on the other hand, can give tiny Majorana masses to the SM neutrinos through type
IT seesaw mechanism.
The fermion content of the minimal LRSM is

ur, 1 URr * 1
QL ( dL > <37 ) ) 3) ) QR ( dR ) <3 ) ) ) 3) )

zL:<”L>~(1,2,1,—1), £R=<”R>~(1,1,2,—1)
€r €R

Similarly, the Higgs content of the minimal LRSM is

0 ¢+
o = WP (1,2,2,0)

bra A2
5+/\/2 s+t 5-4—/\/2 Stt
AL: L L ~ (173>1>2)a AR: R R ~ (1717372)
( TN NI



where the numbers in brackets correspond to the quantum numbers with respect to the
gauge group SU(3). x SU(2), x SU(2)g x U(1)g—r. In the symmetry breaking pattern, the
neutral component of the Higgs triplet Agr acquires a vev to break the gauge symmetry of
the LRSM into that of the SM and then to the U(1) of electromagnetism by the vev of the
neutral component of Higgs bidoublet ®:

SU(Q)L X SU(Q)R X U(l)B,L (AR SU(Q)L X U(l)y @ U(l)em

The symmetry breaking of SU(2)r x U(1)p_ into the U(1)y of standard model can also
be achieved at two stages by choosing a non-minimal scalar sector [56].

3 Neutrino mass in LRSM
The relevant Yukawa couplings which lead to small non-zero neutrino mass are given by
ﬁlI,I = yij&L@EjR + yngiL(i)EjR + h.c.
—|—fl'j (&TR C iUgARij + (R <~ L)) + h.c. (3.1)

where ® = 7®*75. In the above Yukawa Lagrangian, the indices i,j = 1,2, 3 correspond
to the three generations of fermions. The Majorana Yukawa couplings f is same for both
left and right handed neutrinos because of left-right symmetry (fz = fr). These couplings
f give rise to the Majorana mass terms of both left handed and right handed neutrinos
after the triplet Higgs fields Ay g acquire non-zero vev. These mass terms appear in the
seesaw formula as discussed below. The resulting seesaw formula in this minimal model
can be written as

M, = M1+ M! (3.2)

where the usual type I seesaw term M/ is given by the expression,
ML = —mprMgEpm] g. (3.3)

Here mpr = yv1 + y'vg is the Dirac neutrino mass matrix, with vy 9 are the vev’s of the
neutral components of the Higgs bidoublet. It should be noted that in the framework of
LRSM, Mpgp arises naturally as a result of parity breaking at high energy and both the type
I and type II terms can be written in terms of Mgrr. In LRSM with Higgs triplets, Mgrgr
can be expressed as Mrr = vgfr. The first term MZEI in equation (3.2) is due to the vev
of SU(2), Higgs triplet. Thus, M = frv; and Mrr = frug, where vr, r denote the vev’s
and fr g are symmetric 3 x 3 matrices. The left-right symmetry demands fr = fr, = f as
mentioned above. The induced vev for the left-handed triplet v, can be shown for generic
LRSM to be )
MZV%:
with My ~ 80.4 GeV being the weak boson mass such that

|UL’ < My <« |UR‘
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Figure 1. Feynman diagrams for Neutrinoless double beta decay due to v-Wp, N-Wg, Ar-Wg
contributions.

In general v is a function of various couplings in the scalar potential of generic LRSM.
Using the results from Deshpande et al., (fifth reference in [30-34]), v is given by

_ Bov? + Brvivg + Bav3
(2p1 — p3)(vi + v3)

(3.4)

where (3, p are dimensionless parameters of the scalar potential. Without any fine tuning
~v is expected to be of the order unity (v ~ 1). However, for TeV scale type I+II seesaw, ~y
has to be fine-tuned as we discuss later. The type II seesaw formula in equation (3.2) can
now be expressed as

M, = v(Mw /vr)*Mrr — merMgpmi g (3.5)

4 NDBD in LRSM

Due to the presence of several additional vector, scalar and fermionic fields not present in
the SM, one can have several new physics contributions to the neutrinoless double beta
decay in LRSM. The corresponding Feynman diagrams are given in earlier works, for
example [41]. Here we consider only three contributions into account, as shown in figure 1.
Before discussing these three contributions in detail, we first briefly summarize the different
possible contributions to NDBD in LRSM below.

1. The SM contribution comes from the Feynman diagram where the intermediate par-
ticles are W, bosons and light neutrinos. The amplitude of this process depends

upon the leptonic mixing matrix elements and the light neutrino masses.

2. The light neutrino contribution can come also from the Feynman diagram mediated
by Wj bosons. The amplitude of this process depends upon the mixing between
light and heavy neutrinos as well as W, mass.



3. The light neutrino contribution can also come from the Feynman diagram medi-
ated by both W and Wj. The amplitude depends upon the mixing between light
hand heavy neutrinos, leptonic mixing matrix elements, light neutrino masses and
Wp mass.

4. The heavy right handed neutrino vy contribution can come from the Feynman dia-
grams mediated by W, bosons. The amplitude depends upon the mixing between
light and heavy neutrinos as well as masses of vp.

5. The heavy right handed neutrino contribution can also come from the Feynman
diagrams mediated by Wy bosons. The corresponding amplitude depends upon the
elements of right handed leptonic mixing matrix and masses of vg.

6. The heavy right handed neutrino contribution can come from the Feynman diagram
where the intermediate particles are W, and Wy simultaneously. The amplitude
depends upon the right handed leptonic mixing elements, mixing between light and
heavy neutrinos as well as heavy neutrino masses.

7. The triplet Higgs scalars Aj and Agr can also contribute to neutrinos double beta
decay through W, and W, mediation respectively. The amplitude depends upon
the masses of Ap r scalars as well as their couplings to leptons.

For the purpose of this work we consider only two contributions to NDBD in addition
to the standard light neutrino contribution through W, exchange mentioned at point 1
above. These two corresponds to the ones mentioned at point 5 and point 7 above. We
ignore the Feynman diagrams involving W, — W, exchange as well as light and heavy
neutrino mixings. We also ignore the mixing between W, and W bosons, as it is tightly
constrained from electroweak precision data. Among the triplet exchange diagrams, we only
consider the one mediated by Wy and Ap as the couplings. The other possible contribution
through Ar, W, is suppressed by the type II seesaw contribution to light neutrino masses
and hence neglected here. The amplitude of the light neutrino contribution (first Feynman
diagram in figure 1) considered here is

A, x Z m;U? M, (0) (4.1)

where M, (1) (following the notation of [55]) is the nuclear matrix element (NME) which
is a function of the mediating neutrino mass (u) for the NDBD of different nuclei. The
NME above is written as M, (0) as it is independent of neutrino mass for light neutrino
exchange. In the above expression, Uy, is the leptonic mixing matrix which appears in left-
handed charged current interactions and m; are the masses of light neutrinos for ¢ = 1,2, 3.
The contribution from the heavy neutrino and W exchange (second Feynman diagram in
figure 1) can be written as

My,
My,

4
) S MU M, (M) (4.2)

i

ARR X ZMZUEZeZMfR(MZ) = <



4
where ./\/lll,%R = <m> M, Ug is the right handed lepton mixing matrix and M; are the

My,
masses of right handed neutrinos for ¢ = 1,2,3. The contribution from W, Ag exchange
(third Feynman diagram in figure 1) is given by the amplitude

Mw, \"* p°
A o Mg M2 () ~ (1) o MM, 0) 43)
MWR MAR
where ]\fj is the additional suppression coming from the scalar propagator with p being
AR

the average momentum exchange for the process. In the above expression, Mgy = UIQMMZ-
is the (11) element of the right handed neutrino mass matrix. Thus, the standard light
neutrino contribution can be written as

M, (0)2

FIV\IDBD ‘MV(O)P 2 2 )2
n2 = GF mg ’ULeimi‘ = GFTg‘mg } (4.4)

where G is the Fermi coupling constant. Similarly, the new physics (NP) contributions
considered in this model can be written as

4 4
DNPep _ ¢, MeOF | Mivy iy MoOL) o My, UM
In2 TmZ M, T M,(0) M, M3,

which can further be simplified to get

4 4 2
FEEBD = Gr |M,,(0)|2 2MWL UI*%26'£ 2MWL UIQ%eiMi (4 5)
In2 m2 M{}VR M; M{}VR MiR )
or in a shorter notation it can be written as
N MO o T2
o = G5 M + i (4.6)

e

where mle,ff, mﬁ\f,f,meAHR are the effective neutrino masses corresponding to light neutrino

(vr = v), heavy neutrino (vg = N) and triplet (Ag) contributions respectively to neutri-
noless double beta decay.

Our goal in this work is to point out the new physics contribution to NDBD when type
I and type II seesaw both can be equally dominating. This can be very different from the
type I or type II dominance cases discussed in earlier works, for example [41]. To show this
difference we have adopted the simplified approach of earlier work [41] where the Wr-Wp
and v-N mixing were neglected, resulting in the contributions to NDBD mentioned in
equation (4.5) being dominant. We leave a more general discussion including all possible
contributions to a subsequent work.

Depending on the seesaw mechanism at work, these new physics sources can have
different contributions to the neutrinoless double beta decay. We discuss type I dominance,
type II dominance and equally dominant type I and type II seesaw mechanism below with
reference to their contributions to neutrinoless double beta decay.



4.1 Dominant type I seesaw

For dominant type I seesaw, the first term on the right hand side of equation (3.5) can be
neglected. The light neutrino mass can then be written as

1T
_mLRfR Mir _
UR

1 _
MV = _7mLRURfdi;gU1€ng (47)
UR
where Up is the diagonalizing matrix of Mrr = fruvr. Multiplying both sides of M, by
Urg in the above equation, we get

1 _
ULM,Up = —%UgmLRURfdi;gUgngUR

The most general Dirac neutrino mass matrix mpg is usually diagonalized by a bi-unitary

transformation milgg = ULTm .rUR. Assuming Uy, = Ug gives

1 : : .
T o diag p—1 _ diag __ diag
UpM,Ur = _%mLR fdiagmLR =M,

Thus the light and heavy neutrino mass matrices diagonalized by the same unitary matrix
Ur in this approximation. Also the light neutrino masses are given by

diag 2

e — <mLR )m (4.8)
(2 MZ .

Thus, in the type I seesaw limit, we can replace the Ur matrix in equation (4.5) by the usual
neutrino mixing matrix Uy. For diagonal charged lepton mass matrix, the neutrino mixing
matrix Uy, is same as the leptonic mixing matrix, which is known from experimental data.
The masses of W, Ag can be fixed within a few TeV, allowed by experimental constraints.
One of the right handed neutrino masses M; can be fixed within a TeV whereas the others
can be expressed as ratios of light neutrino masses due to the proportionality m; o Mil in
the type I seesaw limit. For simplicity, the hierarchies of Dirac Yukawa couplings between
different fermion generations can be neglected so that the heavy neutrino mass ratios can
be written as mass ratios of light neutrinos, following from equation (4.8).

4.2 Dominant type II seesaw

If the type I seesaw term is negligible, then the light neutrino is given by the first term on the
right hand side of equation (3.5). Since the light neutrino mass matrix M, is proportional to
the heavy neutrino mass matrix Mgg in this case, the same unitary matrix can diagonalize
both M, and Mpgg. Also, in this case the light neutrino masses are directly proportional
to heavy neutrino masses m; o« M; due to the proportionality between respective mass
matrices. This allows us to express two heavy neutrino mass ratios in terms of light neutrino
mass ratios. Thus, similar to the type I seesaw dominance case, here also we can write the
new physics contribution to NDBD in terms of leptonic mixing matrix elements, one of the
heavy neutrino masses, right handed gauge boson and right handed scalar triplet masses.



4.3 Combination of type I and type II seesaw

The new physics contribution to NDBD can be different from the above two cases if type
I and type II seesaw contributions to light neutrino masses are comparable. Some simple
relations relating different mass matrices involved in the formula for light neutrino masses
in LRSM given by equation (3.5) were discussed in [57]. One useful parametrization of the
Dirac neutrino mass matrix in the presence of type I4+1I seesaw was studied by the authors
of [58]. In another work [59], relations between type I and type II seesaw mass matrices
were derived by considering the Dirac neutrino mass matrix to be known. If the Dirac
neutrino mass matrix mrg is not known, then we can still choose at least on of the type I
and type II seesaw mass matrices arbitrarily due to the freedom we have in choosing mppg
that appears in the type I seesaw term. After choosing one the seesaw mass matrices, the
other gets completely fixed if the light neutrino mass matrix is completely known.

Instead of choosing arbitrary type I and type II seesaw mass matrices, it is really
appealing for us to consider one of these seesaw mass matrices to possess pu-7 symmetry
or more specifically, Tri-Bimaximal or TBM type mixing. TBM mixing is a good ap-
proximation to observed neutrino mixing at leading order predicting the mixing angles as
012 ~ 35.3%, O3 = 45° and 013 = 0. This TBM mixing matrix discussed widely in the
literature [60-65] can be written as

2 1L 9
3 V3
— 1 1 1
Urem=| -% 75 ¥ (49)
1 1 1
% TV

This TBM type mixing can be accommodated within several discrete flavor symmetry
models [66—69]. Since our intention in the present work is to do a phenomenological study
of equally dominant type I and type II seesaw in the context of NDBD, we do not investigate
the UV complete flavor symmetry framework of this scenario. The required correction to
TBM type neutrino mass matrix in order to generate non-zero but small reactor mixing
angle 613 can originate from other seesaw terms or corrections from charged lepton sector.
Here we consider a diagonal charged lepton mass matrix such that the leptonic mixing
matrix is same as the diagonalizing matrix of the light neutrino mass matrix M,,. Although
either type I or type II seesaw mass matrix can give rise to TBM type neutrino mixing,
here we consider the type I seesaw mass matrix to be of TBM type mixing whereas type
II seesaw mass matrix gives rise to the deviations from TBM in order to generate non-
zero 013. Since, type II seesaw term is proportional to the right handed neutrino mass
matrix Mpgr in LRSM as shown in equation (3.5), one can construct Mprp as a deviation
from TBM form of type I seesaw mass matrix. One can perform this exercise the other
way round as well that is, assuming the type II seesaw to give rise to TBM type neutrino
mass matrix whereas type I seesaw gives the necessary correction. Although both of these
approaches will produce the same light neutrino masses and mixing, they will have different
implications in neutrinoless double beta decay. Here we consider only the former case, that
is type I seesaw mass matrix of TBM type leaving the other possibility to future works.

~10 -



The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix is related to
the diagonalizing matrices of neutrino and charged lepton mass matrices U,, U; respec-
tively, as

Upnins = U U, (4.10)

The PMNS mixing matrix can be parametrized as

0

C12C13 $12C13 s13€
UpmNs = | —s12¢23 — c12823513€™  c1aca3 — s12523813¢°  sascrz | Unay  (4.11)
i i
512823 — C12C23513€" —C12523 — S12C23513¢€" €23C13

where ¢;; = cost;;, s;; = sinf;; and § is the leptonic Dirac CP phase. The diagonal
matrix Unaj = diag(l,em,ei(ﬁJr‘s)) contains the Majorana CP phases «, 8 which remain
undetermined at neutrino oscillation experiments. In the diagonal U;, the leptonic mixing
matrix is Upyns = U, which for U, = Uppgy results in vanishing reactor mixing angle
f13 and the leptonic Dirac CP phase §. Thus, the type I seesaw mass matrix gives rise to
vanishing 613 and § whereas type Il seesaw mass matrix generates non-zero 613 and non-
trivial value of Dirac CP phase. Since the diagonalizing matrix of M, is Upyns and that
of type I mass matrix M/ is Urpy, the formula for light neutrino masses in the presence
of type I and type II seesaw can be written as

Upnins My ®8Ub\ing = MY — UrpmUniay M 28 U, Ul (4.12)

where the Majorana phases are incorporated in the type I seesaw term. In principle, the
two terms on the right hand side of the above equation can have arbitrary strength provided
the difference between them gives rise to the correct sub-eV scale light neutrino masses.
The relative strength of type I and type II seesaw terms can be decided by introducing
a parameter X such that the diagonal type I seesaw mass matrix can be parametrized as
le(diag) = XMJ#8 The parameter X can take any numerical values, provided the two
seesaw terms give rise to correct light neutrino mass matrix, after structural cancellation.
For a particular value of X, one can construct the type Il seesaw mass matrix using the

above equation (4.12). We denote the symmetric type II seesaw mass matrix as

T11 T2 T
M' = | Tis Tao Tos (4.13)
Th3 Tr3 133

and using equation (4.12), the type II seesaw mass matrix elements can be derived as shown
in appendix A.

For normal hierarchy, the diagonal mass matrix of the light neutrinos can be written
as Mye = diag(m1, /m3 + Am2,,/m? + Am2,) whereas for inverted hierarchy it can
be written as M8 — diag(\/mg + Am3; — Am3,, \/m§ + Am3,,m3). The mass squared
differences can be taken from the global fit neutrino oscillation data shown in table 1 and

table 2 shown above, leaving the lightest neutrino mass as free parameter in AM/428_ Thus,
the type II seesaw mass matrix can be written in terms of five free parameters: the lightest

- 11 -



neutrino mass, three leptonic CP phases and the seesaw relative strength factor X. The
right handed neutrino mass matrix can be found from

Y(Mw Jvg)*Mpr = M,

which was also shown in equation (3.5). Thus, fixing the dimensionless parameter X
allows us to calculate the type II seesaw mass matrix in terms of neutrino parameters,
which can then be used to find the right handed neutrino mass matrix Mprg by fixing v
and vp ~ My, /gr.

5 Lepton Flavor Violation and collider bounds

Lepton Flavor Violation (LFV) in LRSM were studied in details in previous works includ-
ing [70]. Within this model, there are several possible LEV processes like p — ey, u — 3e.
Here we consider p — 3e process mediated by doubly charged bosons in LRSM. It turns
out that imposing the experimental bound on this process BR(u — 3¢) < 10 x 10712 [71]
is enough to keep other LF'V processes within experimental limit. The branching ratio for
the y — 3e process induced by doubly charged bosons A}, AEJF is given by [70]

L e (Mg My
BR(M - 36) = §’hﬁehee‘2 (M4L + M4L (51)
Ap Ay

where the couplings h are given by

2
= 3 ) (K (57 52

n

In equation (5.1), Ma, , are the masses of Aj{} and in equation (5.2), Kp is the right
handed leptonic mixing matrix. In a previous work [38], the experimental bound on this

LFV process was incorporated to restrict MIeaviest /Afx where # = M12 + M% . It was
A Ag Ap

found that for most of the parameter space, Mheaviest /N < 0.1 with My, = 3.5TeV.

Assuming Ma, = Ma, = Mjs, the above bound will become MbIeaviest /s < 0.1/1/2.

However, this bound was calculated only with the assumption that Kr = K and hence

may not be applicable in a general case where both type I and type Il seesaw terms

contribute to light neutrino masses.

Apart from LFV bounds on the ratio MPeaviest /M| there exists other experimental
bounds on the new particles of LRSM. The most stringent bound on the additional charged
vector boson Wg comes from the K-K mixing: My, > 2.5TeV [72]. Direct searches at
LHC also put similar constraints on the mass of Wg boson. Dijet resonance search by
ATLAS puts a bound My, > 2.45TeV at 95% CL [73]. This bound can however be
relaxed to My, > 2TeV if gr ~ 0.6g;,. There are other bounds on My, coming from
other searches in LHC experiments, but they are weaker than the dijet resonance bound
and hence skipped here. Similarly, the doubly charged scalars also face limits from CMS
and ATLAS experiments at LHC:

Mazs > 445 GeV (409 GeV) for CMS (ATLAS)
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These limits have been put by assuming 100% leptonic branching factions [74, 75]. The
heavy right handed neutrinos with SU(2) r gauge interactions are also constrained by direct
searches at LHC. For example, the search for Wrp — IN at ATLAS and CMS constrains
the right handed neutrino masses to be around 1TeV [76, 77]. All these experimental
bounds are taken into account in our analysis below.

6 Numerical analysis

We first calculate the standard light neutrino contribution to NDBD (4.4) by evaluating
the corresponding effective neutrino mass

i 2
my, = Ufeimi
where U, = Upnmns is given by equation (4.11). This is effectively the (1,1) (or (ee) in
flavor basis) element of the light neutrino mass matrix M, = Upnins M2 UL Ng given as

mgﬁ

=m,’ = mlc%QC% + m28%20%362ia + m33%362w (6.1)
Using the best fit values of three mixing angle and two mass squared differences as shown
in table 3, one can show the variation of m¢T as a function of lightest neutrino mass
Miightest = M1(NH), m3(IH). This is shown in figure 2 where the Majorana CP phases a, /3
are varied in the range (0 — 27), allowed by neutrino oscillation data. It is to be noted
that the best fit neutrino parameters except J in table 3 are taken from [11]. A value of
Dirac CP phase § = —m/2 has been reported recently by experimental data [12], but the
standard light neutrino contribution to NDBD is independent of ¢ as seen from the above
expression. It can be seen from figure 2 that the light neutrino contribution can saturate
the GERDA bound [29] only for higher values of lightest neutrino masses, disallowed by
the Planck data on sum of absolute neutrino masses [13]. Thus, the Planck constraint on
the parameter space shown in figure 2 is more strict compared to the GERDA data as far
as light neutrino contribution to NDBD is concerned. However, the GERDA limit is strong
enough to rule out many new physics contributions as we discuss below.
For the new physics contribution discussed in this work, the total effective mass is

2 2 4 2
pz MWL Uz*%ei p2 MWL UReiMi
2 ) 4 2
MWR M; MWR MAR

eff
MNIAR —

(6.2)

which, for type I and type II seesaw dominance is calculated following the analysis discussed
in the previous section. These are shown in figure 3, 4, 5 and 6 respectively for two
different values of AJL“} masses. For all these cases, the Dirac CP phase § is varied in
the allowed 30 range (0 — 27). Also, My, = 3.5TeV and Mp}eaviest /Ay = 0.1/+/2. Since
for either type I or type II dominating cases we are considering equality of left and right
handed mixing matrices (as discussed above), the LEV bound Mbheaviest /pre — 0.1/1/2 is
applicable here. It can be seen from figure 3 that for type I seesaw dominance with My =
3.5 TeV, the new physics contribution to NDBD is sizable only when my;ghtest > 0.003 eV
for normal hierarchy. For inverted hierarchy however, the new physics contribution to
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Figure 2. Standard Model light neutrino contribution to effective neutrino mass which appears

0.1

[my©e|

0.01

0.001 ¢

0.0001
le-05

0.0001

Miighest

0.001 0.01

in NDBD.
Parameters | Values (NH) | Values (IH)
A 2
T 7.60 7.60
|Am3, |
T 2.48 2.38
sin? 012 0.323 0.323
sin? 03 0.567 0.573
sin? 013 0.0234 0.024
p 100 MeV 100 MeV
My, 80.4 GeV 80.4 GeV

0.1

Table 3. Numerical values of several parameters used in the calculation of m®® for NDBD.

NDBD is about ten times suppressed compared to the standard light neutrino contribution
shown in figure 2. Similarly, for type II seesaw dominance with Ms; = 3.5 TeV, GERDA
upper limit rules out Mmjghtest less than approximately 2 x 1073eV and 5 x 107°eV for
NH and IH respectively, as seen in figure 4. Of course, these limits are for specific values
of My, M#ea"ie“ /M; mentioned above. We have also assumed M; = My, for the cases
shown in figure 3, 4. Considering a smaller value of Mj say, 1 TeV and hence a smaller
Mheaviest Jifts up the new physics contribution to NDBD as mf\i; AR IS inversely proportional
to their masses, seen from equation (6.2). This is shown in the meﬂ—mhghtest plane in
figure 5 and 6.

Now let us consider the interesting scenario where both type I and type II seesaw
terms are equally dominating. In this case, the simple relation (U, = Ugr) between the
diagonalizing matrices of left and right handed sectors no longer holds, unlike the cases
discussed above. Here we have to diagonalize the right handed neutrino mass matrix

explicitly in order to calculate its eigenvalues M; as well as Ug. In the above equation (6.2),
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Figure 3. New physics contribution to effective neutrino mass which appears in NDBD for the
diagrams shown in figure 1 with type I seesaw dominance and My, = Ma, = 3.5 TeV.

7 Nﬁ = - T T T 7
H
1 j GERDA .............. i
Planck |
0.1 - .
<
+ L ]
Z
E 0.01 |- o
0.001 ]
0.0001 | | |
1e-05 0.0001 0.001 0.01 0.1

Myjghest

Figure 4. New physics contribution to effective neutrino mass which appears in NDBD for the
diagrams shown in figure 1 with type II seesaw dominance and My, = Ma, = 3.5 TeV.
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Figure 5. New physics contribution to effective neutrino mass which appears in NDBD for the
diagrams shown in figure 1 with type I seesaw dominance and My, = 3.5 TeV, Ma, = 1TeV.
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Figure 6. New physics contribution to effective neutrino mass which appears in NDBD for the
diagrams shown in figure 1 with type II seesaw dominance and My, = 3.5 TeV, Ma, = 1TeV.
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Ur is the diagonalizing matrix of Mgrgr which, in terms of type Il seesaw mass matrix can
be written as

1 VR >2 11
Mpr=—-|—"| M 6.3
RR =T (MWL v (6.3)

Thus, the right handed neutrino masses are inversely proportional to the dimensionless
parameter . Therefore, the two new physics contributions in the above equation (6.2)
have different dependence on 7 as can be seen from the equation below.

2 * 4
sl o = | v Uey o M, Ui M: (6.4)
R MZ, M; UM, MZ
oy i
L

Although dimensionless parameter v should be of order one, in TeV scale type I+11 seesaw,
this has to be extremely fine-tuned. It is straightforward to see that for M; ~ 1TeV,
My, = 3TeV, mIVI ~ 0.1eV, the equation (6.3) gives v ~ 10~%. Keeping these parameters
fixed, if we increase -y, then the type II seesaw contribution to light neutrino mass will
exceed the desired range < 0.1eV. This increase can however be compensated by increase
in the strength (parameterized by X) of type I seesaw contribution so that difference
between two large contributions from type I and type II seesaw can still give sub-eV scale
light neutrino masses.

Since the two new physics contributions have opposite dependences on v as seen from
the equation (6.4) above, it is interesting to see the effects of its variation on meff. We
first vary the parameters (-, X )continuously and calculate the effective neutrino mass for
the specific parameter values given in table 3. For each chosen value of My, we consider
three possible values of Ms namely, My ,,vr and M;**. It is to be noted that the physical

2

mass of the doubly charged component of Ap is given by M7, | ~ 2,021)%,/ where po is a
R

19
dimensionless coupling in the scalar potential. Thus, the maximum mass squared of this
doubly charged boson is 2p§naxvl2% = (Mg’f_f‘)z where ppax = V47 is the maximum value
of dimensionless coupling allowed by perturbative unitarity bound. Also, the Wx boson
mass is given by Mi%VR R~ @. Thus, given a specific choice of My, the value of vg can
be found out from this formula. We also assume equality of gauge couplings g; = gr in
accordance with the left-right symmetry.

We impose the GERDA bound on the new physics contribution to m*®f, Planck bound
on the sum of absolute neutrino masses and LFV bound on BR(x — 3e). We explicitly
calculate BR(u — 3e) using the expression given in equation (5.1) without any assumptions
about the right handed lepton mixing matrix and hence about the couplings h;; given in
equation (5.2). We compute these couplings explicitly for a given right handed neutrino
mass matrix given by equation (6.3). Since we are calculating the right handed neutrino
masses for a specific combination of (v, X'), we also impose the constraint that the heaviest
right handed neutrino mass is f™*vg where f™® = \/47, the perturbative upper bound
on dimensionless couplings. After imposing these four bounds, we finally show the allowed
parameter space in (v, X) plane. Figure 7 shows the allowed parameter space for My, =
3.5 TeV with two different values of Ms = vg, M;"**. It is clearly seen that only a few points
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Figure 7. Constraints on dimensionless parameters X and « from GERDA, Planck, LFV and
perturbative bound for My, = 3.5 TeV and Ms = vg, M§*** respectively.
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Figure 8. Constraints on dimensionless parameters X and v from GERDA, Planck, LFV and
perturbative bound for My, = 7TeV and Ms = vg, M§"** respectively.

with inverted hierarchy are allowed by the constraints imposed. Thus the contribution to
NDBD will be dominated mostly by the standard light neutrino contribution in this case.
We see that more and more regions of parameter space are allowed if we consider larger
values of Myy, namely, 7TeV and 10 TeV. They are shown in figure 8 and figure 9 for two
possible values of Ms = vg, M;"** like before. It can be seen from these plots that higher
values of « are allowed by the constraints only if the parameter X is taken to be high.
This is equivalent to increasing the strength of type I seesaw term in the neutrino mass
formula (3.5).

After finding the allowed parameter space in terms of (7, X) for three different choices
of Myy,,, we show the variation of m®% (for new physics contributions) with lightest neutrino
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Figure 9. Constraints on dimensionless parameters X and « from GERDA, Planck, LFV and
perturbative bound for My, = 10TeV and Ms = vg, M§"** respectively.

mass for a particular combination of (v, X). For example, we calculate mef for v =
1079, X = 10 with My, = 7TeV and Ms = M3"**. Its variation with mygptest is shown in
figure 10. It can be seen from this figure that most of the parameter space for NH is ruled
out for mijghtest < 0.01eV whereas most of the parameter space with IH are allowed by
GERDA upper bound on m®®. Similarly, we also calculate m®® with same combination of
(7, X) but for My, = 10TeV and Ms = M;***. This is shown in figure 11. As expected,

the contribution to mef

is suppressed compared to My, = 7TeV case due to heavier
particles mediating NDBD. We choose the other parameter values from table 3. The right
handed neutrino masses are explicitly calculated by diagonalizing the right handed neutrino
mass matrix Mprg. After choosing (v, X) as well as the parameters given in table 3, the
right handed neutrino mass matrix Mpp contains four free parameters (Mmightest, 9, v, 3).
We vary these parameters continuously and calculate meT whose variation with Miightest
can be seen from figure 10 and 11.

Similarly, we can also constrain the right handed neutrino masses, as for each combina-
tion of (y, X), there exists a corresponding Mprpr given by equation (6.3). The lightest right
handed neutrino mass allowed by all these bounds in type I+II seesaw scenario discussed
in this work for three different values of Wr mass My, = 3.5,7,10TeV and Ms = M;"**
are shown in figure 12, 13 and 14 respectively. It should be noted that, these bounds have
been found only by constraining the new physics contribution to NDBD from available

experimental as well as perturbative unitarity bounds.

7 Results and discussion

We have studied the consequences of a combination of type I and type II seesaw on the
amplitude of neutrinoless double beta decay within the framework of a left-right symmetric
model. Due to the presence of additional gauge bosons and scalars, this model has several
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Figure 11. New physics contribution to effective neutrino mass which appears in NDBD for the
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Figure 12. Constraints on the right handed neutrino mass in type I+1I seesaw scenario for My, =
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Figure 13. Constraints on the right handed neutrino mass in type I+1I seesaw scenario for My, =
7TeV and Ms = M.
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Figure 14. Constraints on the right handed neutrino mass in type I+1I seesaw scenario for My, =
10TeV and M;s = M.

new sources of neutrinoless double beta decay. We have considered these extra gauge
bosons and scalars to be near a few TeV to strengthen their contributions to the amplitude
of NDBD. For simplicity, we have assumed zero mixing between right handed and left
handed gauge bosons as well as between heavy and light neutrinos. This results in three
important contributions to NDBD shown in figure 1. Within this simplified setup, we
first show the standard light neutrino contribution to the amplitude of NDBD. After this,
the new physics contributions to NDBD is calculated assuming either type I or type II
seesaw to contribute fully to the light neutrino masses and compare with the standard light
neutrino contribution to NDBD. These are shown in figure 2, 3, 4, 5 and 6 respectively for
different choices of Myy,, Ms. We have also incorporated the LE'V bounds coming from
the experimental search for y — ey, u — 3e in the calculation.

After confirming the results of several earlier works in this seesaw limit, we then move
onto the interesting case where both type I and type II seesaw terms can equally contribute
to light neutrino masses. This allows us to choose the type I and type II seesaw mass
matrices arbitrarily, provided they sum up to give the correct light neutrino mass matrix.
Instead of considering such arbitrary mass matrices, we consider a very specific type 1
seesaw mass matrix which gives rise to tri-bimaximal type neutrino mixing with 619 ~
35.3%, 63 = 45° and 013 = 0. The strength of the type I seesaw term is parametrized
by a dimensionless parameter X. The type II seesaw mass matrix is them evaluated in
terms of light neutrino mass matrix, constructed using the best fit neutrino data and the
TBM form of type I seesaw mass matrix. The type Il mass matrix therefore, is written
in terms of five free parameters: the two unknown Majorana CP phases, one Dirac CP
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phase, the lightest neutrino mass and the dimensionless parameter X. In LRSM, the type
IT seesaw mass matrix is also proportional to the right handed neutrino mass matrix, which
allows us to construct Mgrp in terms of the already derived type Il seesaw mass matrix
upto a constant of proportionality. After choosing the other related parameters as given in
table 3, the constant of proportionality between type Il seesaw mass matrix and Mpgp is v
as seen from equation (6.3). We show from equation (6.3) that for M of the order of light
neutrino masses, and lightest right handed neutrino mass around a TeV, the dimensionless
parameter v has to be fine tuned around 10~8. We scan the parameter space v, X from
the requirement of keeping new physics contribution to m® below the GERDA upper limit
as well as to satisfy the LFV and perturbative bounds. The allowed regions are shown in
figure 7, 8 and 9 for three different values of Wx masses. One can see that larger values of
~ are allowed only when X is also increased. This behavior can be understood by looking
at the formula for m® given by equation (6.4). The first term within brackets on the
right hand side of (6.4) is inversely proportional to right handed neutrino masses. From
equation (6.3), the right handed neutrino mass is inversely proportional to v and directly
proportional to type II seesaw term. Therefore, the N — W, contribution to m® is directly
proportional to v and inversely proportional to type II seesaw term. From the expressions
of type II seesaw mass matrix given in appendix A, it can be seen that M increases with
increasing X. Therefore, m%f is directly proportional to v and inversely proportional to
X and hence increase in v has to be compensated by an increase in X so as to keep m?\f,f
below the GERDA upper limit. Similar analysis can also be made for the second term
within brackets on the right hand side of equation (6.4).

We then consider a pair of benchmark values of the parameters v = 1072, X = 10

= mee of

and calculate the new physics contribution to the effective neutrino mass m®
NDBD. The variations of m®® with lightest neutrino mass are shown in figure 10 and 11 for
My, = 7,10 TeV respectively. This also allows one to discriminate between light neutrino
mass hierarchies. Since a particular choice of (v, X) fixes the right handed neutrino mass
matrix upto the Majorana CP phases, one Dirac CP phase and mijjgntest, one can also find
out the allowed values of right handed neutrino masses for the allowed values of (v, X).
We have shown the allowed values of lightest right handed neutrino mass My with myjgntest
in figure 12, 13 and 14. We note that with respect to the new physics contribution to
NDBD, the allowed region of parameter space for My, = 3.5TeV is very small, implying
that the standard light neutrino exchange contribution dominates. As My, is increased,
the LFV and perturbative bounds become weaker and allows more region of parameter
space in terms of v, X which can give rise to sizable new physics contributions to NDBD.
It should be noted that the purely type I or purely type II seesaw cases discussed earlier
had sizable new physics contributions to NDBD. However, they can not be considered as
limiting cases of the general type I+1I seesaw discussed here. This is due to the fact that,
v = 0 will give type I seesaw dominance but with a TBM type mixing matrix, ruled out
by experimental data.

We also note that the allowed values of the dimensionless parameter « given by equa-
tion (3.4) are very tiny (~ 1078 if only TeV scale type II seesaw dominates. However, in a
framework with both type I and type II seesaw, v can be larger if the strength of type I
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seesaw Xis also increased. Increasing ~ also reduces the right handed neutrino masses as
clear from equation (6.3) which is also equivalent to increasing type I seesaw term, which
is inversely proportional to right handed neutrino masses. Such tiny values of v are un-
natural in most LRSM with TeV scale type II seesaw mechanism, and demands the role
of some new physics behind it. Due to necessity of such unnatural fine-tuning of -, there
have been many studies of LRSM where the terms in the scalar potential leading to the g
terms appearing in the expression for v in equation (3.4) are removed by imposing some
symmetries, leading to v;, = 0 from the minimization of the scalar potential. This will
give rise to a purely type I seesaw framework with TeV scale left-right symmetry. Such
possibilities were discussed in the last reference of [30-34] and also in [78, 79].

We have considered a very simplified picture of neutrinoless double beta decay in
left-right symmetric model ignoring the contributions from left-right mixing as well as
heavy-light neutrino mixing. However, we have pointed out the differences in m®¥ for
individual seesaw dominance and equal dominance of both type I and type II seesaw, and
constrained the model parameters in a way not considered before. However, a more detailed
analysis taking into account all the new physics contributions to NDBD in LRSM should
be pursued to give a more general conclusion. We also did not construct the UV complete
flavor symmetry framework giving rise to the TBM form of type I seesaw mass matrix. It
is undoubtedly a non-trivial exercise to implement discrete flavor symmetries in left-right
symmetric models due to the difference in gauge structure and lepton representations from
that in the standard model. Very recently such a model building work appeared in [80].
We leave such a detailed analysis to a subsequent work.
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A Elements of type Il seesaw mass matrix

2X 1, ;
i = (et 55 ) m = 362 (X = 3staly) ma + st A
1 .
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. 2 X A 2 X )
T33 = <<—812823 + 615813612623> + 6) my + <(012823 + 625812813023> + ) 62mm2
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