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minimal left-right symmetric model (MLRSM). Considering all possible new physics con-

tributions to 0νββ and charged lepton flavour violation µ → eγ, µ → 3e in MLRSM, we

constrain the parameter space of the model from the requirement of satisfying existing ex-

perimental bounds. Assuming the breaking scale of the left-right symmetry to be O(1) TeV

accessible at ongoing and near future collider experiments, we consider the most general

type I+II seesaw mechanism for the origin of tiny neutrino masses. Choosing the relative

contribution of the type II seesaw term allows us to calculate the right handed neutrino

mass matrix as well as Dirac neutrino mass matrix as a function of the model parameters,

required for the calculation of 0νββ and LFV amplitudes. We show that such a general

type I+II seesaw structure results in more allowed parameter space compared to individual

type I or type II seesaw cases considered in earlier works. In particular, we show that the

doubly charged scalar masses M∆ are allowed to be smaller than the heaviest right handed

neutrino mass MN from the present experimental bounds in these scenarios which is in

contrast to earlier results with individual type I or type II seesaw showing M∆ > MN .
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1 Introduction

Observations of non-zero neutrino masses and mixing [1–6] has been one of the most com-

pelling evidences of the existence of beyond standard model (BSM) physics. Although the

recently observed Higgs boson is believed to be responsible for the masses of all the known

fundamental particles, it can not account for observed neutrino masses due to the absence

of any renormalizable couplings between the Higgs and neutrino fields. The recent neutrino

experiments MINOS [7], T2K [8], Double ChooZ [9], Daya-Bay [10] and RENO [11] have

not only confirmed the earlier observations of tiny neutrino masses, but also measured

the neutrino parameters more precisely. The 3σ global fit values of neutrino oscillation

parameters that have appeared in the recent analysis of [12] and [13] are shown in table 1.

Although the 3σ range for the leptonic Dirac CP phase δ is 0 − 2π, there are two

possible best fit values of it found in the literature: 306o (NH), 254o (IH) [12] and 254o

(NH), 266o (IH) [13]. There has also been a hint of this Dirac phase to be −π/2 as reported

by [14] 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
∑

i|mi| < 0.23 eV [15]. This bound has become even more strict∑
i|mi| < 0.17 eV from the latest analysis by Planck collaboration [16].

The easiest way to account for non-zero neutrino masses is to introduce at least two

right handed neutrinos into the standard model (SM). This will allow a Dirac coupling

between neutrino and the Higgs, similar to other fermions in the SM. However, the cor-

responding Yukawa couplings have to be very small (around 10−12) in order to generate

neutrino mass of order 0.1 eV. Such highly unnatural fine-tuned values suggest a richer

dynamical mechanism behind the origin of tiny but non-zero neutrino masses. This type
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Parameters NH [12] IH [12] NH [13] IH [13]
∆m2

21

10−5eV2 7.02− 8.09 7.02− 8.09 7.11− 8.18 7.11− 8.18
|∆m2

31|
10−3eV2 2.317− 2.607 2.307− 2.590 2.30− 2.65 2.20− 2.54

sin2 θ12 0.270− 0.344 0.270− 0.344 0.278− 0.375 0.278− 0.375

sin2 θ23 0.382− 0.643 0.389− 0.644 0.393− 0.643 0.403− 0.640

sin2 θ13 0.0186− 0.0250 0.0188− 0.0251 0.0190− 0.0262 0.0193− 0.0265

δ 0− 2π 0− 2π 0− 2π 0− 2π

Table 1. Global fit 3σ values of neutrino oscillation parameters [12, 13].

of fine-tuning can be avoided in the so called seesaw mechanisms of neutrino masses, the

most popular BSM framework explaining the origin of neutrino mass. Although seesaw

mechanisms can be implemented in a variety of ways, the basic idea is to introduce ad-

ditional fermionic or scalar fields heavier than the electroweak scale, such that the tiny

neutrino masses result from the hierarchy between electroweak and seesaw scale. Such

seesaw mechanisms broadly fall into three categories namely, type I [17–21], type II [22–

28] and type III [29]. These generic seesaw mechanisms give rise to tiny neutrino masses

of Majorana type by introducing new interactions with lepton number violation (LNV)

through heavy fields. The same heavy fields can also give rise to lepton flavour violation

(LFV) in the charged fermion sector. Therefore, these seesaw mechanisms offer different

possible ways for experimental verification, from discovery machines like the Large Hadron

Collider (LHC) to low energy experiments looking for LFV, LNV signals. Some earlier

references on such LHC searches can be found in [30–32]. Such models are expected to

undergo further scrutiny at other particle collider experiments which are being planned at

present. Some recent works discussing the sensitivity and discovery potential of experi-

ments like the Future Circular Collider (FCC), the Circular Electron Positron Collider –

Super Proton-Proton Collider (CEPC/SppC), the International Linear Collider (ILC) and

the Compact Linear Collider (CLIC) to similar new physics effects can be found at [33–35].

In the present work, we consider the latter possibility as a probe of these seesaw models.

In particular, we study the possibility of observable signatures at experiments looking for

charged lepton flavour violation like µ− → e−e−e+, µ− → e−γ and lepton number violating

processes like neutrinoless double beta decay, often referred to as 0νββ where a heavier

nucleus decays into a lighter one and two electrons (A,Z)→ (A,Z+2)+2e−. For a review

on 0νββ, please refer to [36]. The strength of LFV processes in the SM remain suppressed

much below the sensitivity of experiments [37–39] due to the smallness of neutrino mass.

Similarly, the SM contribution to 0νββ also remains much below the current experimental

bounds [40–42] unless the lightest neutrino mass falls in the quasi-degenerate regime, which

is already disfavored by Planck data [15, 16]. However, in the presence of additional new

particles around the TeV corner, current as well as future experiments can be sensitive

to such processes. Here we consider TeV scale type I and type II seesaw as the origin of

neutrino mass and study the consequences for LFV and LNV processes. We study them
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within the framework of minimal left-right symmetric model (MLRSM) [43–47] which im-

plements these two seesaw mechanisms naturally. This model which can be realised within

the framework of grand unified theories like SO(10) also relates the origin of neutrino mass

to the spontaneous breaking of parity. Several earlier works [22, 48–51] have calculated

the new physics contributions to 0νββ within the framework of MLRSM. More recently,

the authors of [32, 52, 53] studied the new physics contributions to 0νββ process for TeV

scale MLRSM with dominant type II seesaw. There have also been several works [54–57]

where type I seesaw limit was also included into the computation of 0νββ in MLRSM.

Some more detailed analyses incorporating left-right gauge mixing were discussed in the

works [58–62]. Recently, some more works appeared connecting lepton number violation

responsible for 0νββ with collider observables [63, 64]. In particular, MLRSM and heavy

neutrinos have been studied with respect to the Large Hadron Electron Collider (LHeC)

in [65, 66].

In almost all the works discussing LFV and 0νββ in MLRSM, calculations were done by

assuming either type I or type II seesaw dominance at a time. It is therefore straightforward

to relate the parameters involved in either type I or type II seesaw term directly with the

light neutrino ones. However, if both the seesaw terms are sizeable then one has more

freedom to tune the individual seesaw terms in a way that their combination gives the

effective light neutrino masses and mixing. In a recent work [56], we considered equally

dominant type I and type II seesaw, with the type I seesaw mass matrix possessing a µ− τ
symmetry, or, more specifically, Tri-Bimaximal or TBM type mixing. We then studied the

new physics contributions to 0νββ amplitude by taking experimental constraints on LFV

process µ→ 3e, masses of triplet scalars, new gauge bosons and right handed neutrinos. In

another recent work [57], scalar triplet contributions to LFV processes µ→ 3e, µ→ eγ as

well as 0νββ were studied for either type I or type II dominant cases. The authors showed

that the current experimental bounds still allow light scalar triplet mass in MLRSM which

was earlier thought to be around ten times heavier than the heaviest right handed neutrino

mass [32]. To be more specific, the authors of [57] showed that for heaviest right handed

neutrino mass as low as 400 GeV, the triplet scalars are allowed to be as low as around

800 GeV for right handed charged gauge boson mass 3.5 TeV. Here we extend both these

works [56, 57] by considering more general type I and type II seesaw terms with comparable

strength and study their implications in LFV processes µ→ 3e, µ→ eγ and LNV process

like 0νββ. Instead of considering any specific mass matrix structure for either type I or

type II seesaw mass matrix, we consider a very general mass matrix for one of the seesaw

terms. The other seesaw mass matrix then gets automatically fixed from the neutrino mass

formula by demanding agreement with light neutrino data. We call it democratic type I –

type II seesaw scenario. One can also assume some specific structure of one of these mass

matrices as was done in [56] to reduce the number of free parameters. However, in the

absence of additional flavour symmetries, such realisations are ad-hoc to some extent and

hence we intend to do a more general study in this work.

This paper is organised as follows. In section 2, we first briefly discuss the left-right

symmetric model and then summarise the origin of neutrino masses in this model in sub-

section 2.1. In subsection 2.2, we briefly point out the possible new physics sources to

– 3 –



J
H
E
P
0
7
(
2
0
1
6
)
0
2
2

neutrinoless double beta decay amplitude. In section 2.3 we briefly discuss charged lepton

flavor violation in the model and then comment on the existing collider constraints in sub-

section 2.4. In section 3, we outline the details of type I+II seesaw structure. In section 4,

we discuss our numerical analysis and finally conclude in 5.

2 Minimal left-right symmetric model

Left-Right Symmetric Model [43–47] is one of the best motivated BSM frameworks which

is based on the idea that Nature is parity symmetric at high energy scale and low energy

parity violation in electroweak interactions occurs due to spontaneous breaking of parity.

The model is made parity symmetric by extending the gauge symmetry of the SM from

SU(3)c×SU(2)L×U(1)Y to SU(3)c×SU(2)L×SU(2)R×U(1)B−L such that the right handed

fermions have similar SU(2) gauge interactions with equal strength gR = gL. The U(1)B−L
gauge anomaly cancellation conditions require the inclusion of right handed neutrinos as

part of SU(2)R fermion doublets. This ensures the presence of seesaw mechanism as origin

of light neutrino masses. The right handed neutrinos responsible for type I seesaw as well as

the additional gauge bosons acquire heavy masses when the enhanced gauge symmetry of

the model SU(2)R×U(1)B−L 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)R and having

non-zero U(1)B−L charge. The left handed Higgs triplet on the other hand, can give tiny

Majorana masses to the SM neutrinos through type II seesaw mechanism.

The fermion content of the MLRSM is

QL =

(
uL
dL

)
∼
(

3, 2, 1,
1

3

)
, QR =

(
uR
dR

)
∼
(

3∗, 1, 2,
1

3

)
,

`L =

(
νL
eL

)
∼ (1, 2, 1,−1), `R =

(
νR
eR

)
∼ (1, 1, 2,−1)

Similarly, the Higgs content of the minimal LRSM is

Φ =

(
φ0

11 φ
+
11

φ−12 φ
0
12

)
∼ (1, 2, 2, 0)

∆L =

(
δ+
L /
√

2 δ++
L

δ0
L −δ+

L /
√

2

)
∼ (1, 3, 1, 2), ∆R =

(
δ+
R/
√

2 δ++
R

δ0
R −δ+

R/
√

2

)
∼ (1, 1, 3, 2)

Here the numbers in brackets denote the transformations of respective fields under the

gauge symmetry of the model that is, SU(3)c × SU(2)L × SU(2)R × U(1)B−L. This gauge

symmetry gets broken down to the symmetry of the standard model when the neutral

component of the Higgs triplet ∆R acquires a vev at a high energy scale. Consequently,

the symmetry of the SM gets broken down to the U(1) of electromagnetism by the vev of

the neutral component of Higgs bidoublet Φ:

SU(2)L × SU(2)R ×U(1)B−L 〈∆R〉−−−→ SU(2)L ×U(1)Y 〈Φ〉−→ U(1)em
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The symmetry breaking of SU(2)R × U(1)B−L into the U(1)Y of standard model can also

be achieved at two stages by choosing a non-minimal scalar sector which for example, was

shown in [67].

2.1 Neutrino mass in MLRSM

The gauge symmetry of the MLRSM allows the following Yukawa terms relevant for tiny

neutrino masses can be written in Weyl spinor notations as,

LIIν = yij`iLΦ`jR + y′ij`iLΦ̃`jR + h.c.

+fij
(
`TiR C iσ2∆R`jR + (R↔ L)

)
+ h.c. (2.1)

where Φ̃ = τ2Φ∗τ2. In the above Yukawa Lagrangian, the indices i, j = 1, 2, 3 correspond

to the three generations of fermions. The Majorana Yukawa couplings f are the same for

both left and right handed neutrinos because of the in built left-right symmetry (fL = fR).

These couplings f give rise to the Majorana mass terms of both left handed and right

handed neutrinos after the triplet Higgs fields ∆L,R acquire non-zero vev. These mass

terms appear in the seesaw formula of MLRSM that can be written as

Mν = M II
ν +M I

ν (2.2)

where the usual type I seesaw term M I
ν is given by the expression,

M I
ν = −mLRM

−1
RRm

T
LR. (2.3)

Here mLR = (yv1 + y′v2)/
√

2 is the Dirac neutrino mass matrix, with v1,2 are the vev’s

of the neutral components of the Higgs bidoublet. It is worth mentioning that in the

framework of MLRSM, MRR arises naturally as a result of left-right symmetry breaking

at high energy scale and it appears both in type I and type II seesaw terms. In MLRSM,

MRR can be expressed as MRR =
√

2vRfR. The first term M II
ν in equation (2.2) is due to

the vev of SU(2)L Higgs triplet. Thus, it can be written as M II
ν =

√
2fLvL in a way similar

to MRR =
√

2fRvR, where vL,R denote the vev’s and fL,R are symmetric 3 × 3 matrices.

The left-right symmetry demands fR = fL = f as mentioned above. The induced vev for

the left-handed triplet vL can be shown for MLRSM to be

vL = γ
M2
WL

vR

with MWL
∼ 80.4 GeV being the charged electroweak vector boson mass and vR being the

high energy scale at which left-right symmetry gets broken spontaneously such that

|vL| �MWL
� |vR|

In general, γ is a dimensionless parameter which can be written in terms of the vev’s v1, v2

and several dimensionless couplings in the scalar potential of MLRSM. Without any fine

tuning γ is expected to be of the order unity (γ ∼ 1) following the results from Deshpande

et al. [47]. However, for TeV scale type I+II seesaw, γ has to be fine-tuned as we discuss

later. The type II seesaw formula in equation (2.2) can now be expressed as

Mν = γ(MWL
/vR)2MRR −mLRM

−1
RRm

T
LR (2.4)
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νL

e−R

e−R
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WR

νL

e−L

e−R

Figure 1. Feynman diagrams for Neutrinoless double beta decay due to νL−WL−WL, νL−WR−
WR, νL −WL −WR contributions.
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e−L
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n p

WR

WR
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e−R
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Figure 2. Feynman diagrams for Neutrinoless double beta decay due to νR−WL−WL, νR−WR−
WR, νR −WL −WR contributions.
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e−L

e−R
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Figure 3. Feynman diagrams for Neutrinoless double beta decay due to ∆L,R and WL−WR mixing

contributions.
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2.2 0νββ in MLRSM

As the MLRSM contains several new fields which are not present in the SM, there can

enhancement to neutrinoless double beta decay and charged lepton flavour violation am-

plitude. The corresponding Feynman diagrams given in earlier works, for example [54]

have been reproduced here, as shown in figure 1, 2, 3 including the one with the standard

light neutrino contribution. The complete list of MLRSM contributions to 0νββ can be

listed as follows:

1. The light neutrino contribution comes from the Feynman diagram where the inter-

mediate particles are WL bosons and light neutrinos. The amplitude of this process

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

This corresponds to the first diagram in figure 1.

2. The light neutrino contribution can come from the Feynman diagram mediated by

WR bosons such that the interaction between light neutrinos and WR boson is pro-

portional to the mixing between light and heavy neutrinos. This corresponds to

the second diagram in figure 1. Such a mixing between light and heavy neutrinos

is usually suppressed from the constraints on non-unitarity of the leptonic mixing

matrix [68].

3. The light neutrino contribution can also come from the Feynman diagram mediated

by both WL and WR. The amplitude depends upon the mixing between light and

heavy neutrinos, leptonic mixing matrix elements, light neutrino masses and WR

mass. This is shown as the third diagram in figure 1.

4. The heavy right handed neutrino νR contribution can come from the Feynman di-

agrams mediated by WL bosons such that the interaction between heavy neutrinos

and WL boson is suppressed by the mixing between light and heavy neutrinos. This

is shown in the first panel of figure 2.

5. The dominant heavy right handed neutrino contribution comes from the Feynman

diagrams mediated by WR boson. The corresponding amplitude depends upon the

elements of right handed leptonic mixing matrix and masses of νR. This corresponds

to the second diagram in figure 2.

6. The heavy right handed neutrino contribution can come from the Feynman diagram

where the intermediate particles are WL and WR simultaneously. The amplitude

depends upon the right handed leptonic mixing elements, mixing between light and

heavy neutrinos as well as heavy neutrino masses. This is the third diagram in

figure 2.

7. The triplet Higgs scalars ∆L and ∆R can also contribute to neutrinos double beta

decay through WL and WR mediation respectively. The amplitude depends upon the

masses of ∆L,R scalars as well as their couplings to leptons. These corresponds to

first and second diagrams in figure 3.

– 7 –



J
H
E
P
0
7
(
2
0
1
6
)
0
2
2

8. Heavy neutrino contribution can also come from the Feynman diagram with WL−WR

mixing as shown in the third panel of figure 3. Such WL −WR mixing is usually

suppressed by electroweak precision data as well as direct searches at colliders. Using

the limits from direct searches for the same-sign dilepton signal at the LHC [69, 70],

the authors of reference [62] estimated such a mixing to be ≤ 7.7× 10−4.

The amplitude of the light neutrino contribution (first Feynman diagram in figure 1)

considered here is

AνLL ∝ G2
F

∑
i

miU
2
ei

p2
(2.5)

with p being the average momentum exchange for the process. In the above expression,

mi are the masses of light neutrinos for i = 1, 2, 3. GF = 1.17× 10−5 GeV−2 is the Fermi

coupling constant and U is the light neutrino mixing matrix. In fact, this mixing matrix U

is a part of the full 6× 6 mixing matrix, including heavy and light neutrinos. This mixing

matrix can be written in terms of 3 × 3 matrices U, V, S, T as(
U S

T V

)
=

(
1− 1

2RR
† R

−R† 1− 1
2R
†R

)(
UL 0

0 UR

)
(2.6)

such that UL, UR are the diagonalising matrices of light and heavy neutrino mass matices

Mν ,MRR respectively. Here R = mLRM
−1
RR. Simplifying the above equation gives rise to

U = UL −
1

2
RR†UL, S = RUR

T = −R†UL, V = UR −
1

2
R†RUR

The contribution from W−R ,∆R exchange (third Feynman diagram in figure 1) is given

by the amplitude

AR∆ ∝ G2
F

(
MWL

MWR

)4∑
i

V 2
eiMi

M2
∆++

R

(2.7)

where Mi are the masses of right handed neutrinos for i = 1, 2, 3. There exists a mirror

diagram similar to this where W−R ,∆R are replaced by W−L ,∆L and the corresponding

amplitude is given by

AL∆ ∝ G2
F

(M II
ν )ee

M2
∆++

L

(2.8)

Here M∆++
L,R

are the masses of ∆++
L,R scalars. The contribution from the heavy neutrino and

W−R exchange (first Feynman diagram in figure 2) can be written as

ANRR ∝ G2
F

(
MWL

MWR

)4∑
i

V ∗2ei
Mi

(2.9)

The contribution from N −WL exchange shown by the first diagram in figure 2 is given by

ANLL ∝ G2
F

∑
i

S2
ei

Mi
(2.10)

– 8 –
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The contribution from ν−WR exchange shown by the second diagram in figure 2 is given by

AνRR ∝ G2
F

(
MWL

MWR

)4∑
i

miT
∗2
ei

p2
(2.11)

The so called λ contributions come from the first two diagrams in figure 3 and are given

respectively by

AνLR ∝G2
F

(
MWL

MWR

)2∑
i

UeiT
∗
ei

p
(2.12)

ANLR ∝G2
F

(
MWL

MWR

)2∑
i

SeiV
∗
ei

p

M2
i

(2.13)

out of which only the first one dominates whereas the second contribution can be neglected

due to p
M2

i
suppression. The η diagram (shown in the last diagram of figure 3) contribution

is given by

Aη ∝ G2
F tan ξ

∑
i

UeiT
∗
ei

p
(2.14)

where the WL −WR mixing parameter ξ is given by

tan 2ξ =
2v1v2

v2
R − v2

L

(2.15)

which is constrained to be ξ ≤ 7.7× 10−4 [69, 70] as mentioned above. Here v1,2, vL,R are

the vev’s of the neutral components of the scalar bidoublet and scalar triplets mentioned

in subsection 2.1. Using the expression for Dirac neutrino mass matrix for LRSM in terms

of light neutrino and heavy neutrino mass matrices Mν ,MRR given in [71]

mLR = MRR

(
γ
M2
W

v2
R

−M−1
RRMν

)1/2

(2.16)

one can write down all the above expressions in terms of Mν ,MRR, γ. Combining all the

contributions, one can write down the half-life of neutrinoless double beta decay as

1

T 0ν
1/2

= G0ν
01

(
|M0ν

ν (ηLν + η∆L
+ ηRν ) +M0ν

N η
L
N |2 + |M0ν

N (ηRN + η∆R
)|2

+ |M0ν
λ ηλ +M0ν

η ηη|2
)

(2.17)

where

ηLν =
∑
i

miU
2
ei

me
, η∆L

=
(M II

ν )ee
M2

∆++
L

mp

ηRν =

(
MWL

MWR

)4∑
i

miT
∗2
ei

me
, ηLN = mp

∑
i

S2
ei

Mi

ηRN = mp

(
MWL

MWR

)4∑
i

V ∗2ei
Mi

, η∆R
= mp

(
MWL

MWR

)4∑
i

V 2
eiMi

M2
∆++

R

ηλ =

(
MWL

MWR

)2∑
i

UeiT
∗
ei, ηη = tan ξ

∑
i

UeiT
∗
ei
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Isotope G0ν
01 (yr−1) M0ν

ν M0ν
N M0ν

λ M0ν
η

Ge− 76 5.77× 10−15 2.58− 6.64 233− 412 1.75− 3.76 235− 637

Xe− 136 3.56× 10−14 1.57− 3.85 164− 172 1.92− 2.49 370− 419

Table 2. Values of phase space factor and nuclear matrix elements used in the analysis.

Here me,mp are masses of electron and proton respectively. Also, the nuclear matrix

elements involved are denoted by M the numerical values of which are shown in table 2.

The numerical values of the phase space factor G0ν
01 are also shown in the table 2 for different

nuclei. In the above equation (2.17), the contributions η∆L
, ηRN , η∆R

are directly related

to the type II seesaw term which also decides the right handed neutrino mass matrix, as

seen from equation (2.4). The contribution ηLν is the effective light neutrino contributions

which acquires mass from both type I and type II seesaw. The remaining contributions

arise from the mixing between heavy and light neutrinos through type I seesaw term.

Our goal in this work is to point out the new physics contribution to 0νββ 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 [54]. Depending on

the seesaw mechanism at work, these new physics sources can have different contributions

to the neutrinoless double beta decay. It should be noted that the present experimental

constrains on the 0νββ half-life from the GERDA experiment [41] is

T 0ν
1/2(Ge76) > 3.0× 1025 yr (2.18)

Similar bound from the KamLAND-Zen experiment [40] is

T 0ν
1/2(Xe136) > 3.4× 1025 yr (2.19)

More recently, KamLAND-Zen collaboration has updated their earlier estimates with an

improved lower limit on 0νββ half-life [42]

T 0ν
1/2(Xe136) > 1.1× 1026 yr

2.3 Charged lepton flavour violation in MLRSM

Lepton flavour violation (LFV) in MLRSM were studied in details in previous works includ-

ing [72]. Within this model, there are several possible LFV processes like µ→ eγ, µ→ 3e.

Here we consider µ → 3e process mediated by doubly charged bosons in MLRSM. The

current experimental bound on this process from SINDRUM collaboration [37] is

BR(µ→ 3e) < 10× 10−12 (2.20)

The branching ratio for the µ→ 3e process induced by doubly charged bosons ∆++
L ,∆++

R

is given by [72]

BR(µ→ 3e) =
1

2
|hµeh∗ee|2

 M4
WL

M4
∆++

L

+
M4
WL

M4
∆++

R

 (2.21)
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where the couplings h are given by

hij =
∑
n

(V )ni (V )nj

√(
Mi

MWR

)2

(2.22)

In equation (2.21), M∆++
L,R

are the masses of ∆++
L,R and in equation (2.22), V is the mixing

matrix and Mi are right handed neutrino masses defined in the previous section. In a

previous work [32], the experimental bound on this LFV process was incorporated to restrict

Mheaviest
i /M∆, where 1

M2
∆

= 1
M2

∆++
L

+ 1
M2

∆++
R

. It was found that for most of the parameter

space, Mheaviest
i /M∆ < 0.1 with MWR

= 3.5 TeV. Assuming M∆++
L

= M∆++
R

= Mδ, the

above bound will become Mheaviest
i /Mδ < 0.1/

√
2. However, this bound was calculated

only with the assumption that UR = UL and hence may not be applicable in a general case

where both type I and type II seesaw terms contribute to light neutrino masses. Similarly,

the branching ratio for µ→ eγ is given by [55]

BR(µ→ eγ) =
3αem

2π

(
|GγL|2 + |GγR|2

)
(2.23)

where αem = e2/4π and the form factors GγL,R are given by

GγL =

3∑
i=1

(
S∗µiSeiG

γ
1(xi)− VµiSeiξeiζGγ2(xi)

Mi

mµ

+ (V )µi(V )∗eiyi

[
2

3

M2
WL

M2
∆++

L

+
1

12

M2
WL

M2
∆+

L

])
(2.24)

GγR =

3∑
i=1

(
(V )µi(V )∗ei|ξ2|Gγ1(xi)− S∗µi(V )∗eiξe

−iζGγ2(xi)
Mi

mµ

+ (V )µi(V )∗ei

[
M2
WL

M2
WR

Gγ1(yi) +
2yi
3

M2
WL

M2
∆++

R

])
(2.25)

In the above expressions, xi ≡ (Mi/MWL
)2, yi ≡ (Mi/MWR

)2, ζ is the phase of vev v2

(taken to be zero here), mµ is the muon mass, S is the light-heavy neutrino mixing matrix

and ξ is the WL−WR mixing parameter defined earlier. In the earlier works, the elements

of S and the mixing ξ were assumed to be negligible. But here we consider them in the

analysis of LFV similar to the way there were included in the 0νββ amplitudes. The loop

functions Gγ1,2 are given by

Gγ1(a) = − 2a3 + 5a2 − a
4(1− a)3

− 3a3

2(1− a)4
ln a

Gγ2(a) =
a2 − 11a+ 4

2(1− a)2
− 3a2

(1− a)3
ln a (2.26)

The experimental bound on this LFV process from MEG collaboration [38] is

BR(µ→ eγ) < 5.7× 10−13 (2.27)

This upper bound is slightly improved in the latest estimate by MEG collaboration to

4.2× 10−13 [39].
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2.4 Collider constraints

Apart from LFV bounds on the ratio Mheaviest
i /M∆, there exists other experimental bounds

on the new particles of LRSM. The most stringent bound on the additional charged vector

boson WR comes from the K − K̄ mixing: MWR
> 2.5 TeV [73]. Direct searches at LHC

also put similar constraints on the mass of WR boson. Dijet resonance search by ATLAS

puts a bound MWR
> 2.45 TeV at 95% CL [74]. This bound can however be relaxed to

MWR
≥ 2 TeV if gR ≈ 0.6gL. There are other bounds on MWR

coming from other searches

in LHC experiments, but they are weaker than the dijet resonance bound. For example,

the CMS experiment at the LHC excludes some parameter space in the M lightest
i −MWR

plane from the search of pp→ l±l±jj processes mediated by heavy right handed neutrinos

at 8 TeV centre of mass energy [75]. Similarly, the doubly charged scalars also face limits

from CMS and ATLAS experiments at LHC:

M∆±± ≥ 445 GeV (409 GeV) for CMS (ATLAS)

These limits have been put by assuming 100% leptonic branching factions [76, 77].

A review of heavy neutrino searches at colliders both in the presence and absence of

additional gauge interactions can be found in [33]. As discussed in [33], direct searches for

WL − νR mediated same-sign dilepton plus dijet at the LHC with 8 TeV centre of mass

energy can constrain the heavy neutrino mixing with muon type light neutrino to be less

than 10−2 − O(1) for heavy neutrino masses from 30 GeV to 500 GeV. The bounds are

slightly weaker for the mixing parameter of electron type neutrino with the heavy neutrinos.

For smaller heavy-light neutrino mixing, the production cross section for such a process can

be enhanced in the presence of additional gauge interactions, like in the MLRSM discussed

above. The heavy right handed neutrinos with SU(2)R gauge interactions are constrained

by direct searches at LHC. For example, the search for WR → lRνR at ATLAS and CMS

constrains the right handed neutrino masses to be around 1 TeV [69, 70]. In fact, right

handed neutrino mass as high as 1.8 TeV can be excluded by 8 TeV LHC data. However,

such bounds are valid for specific WR masses as can be seen from the exclusion plots in

M lightest
i −MWR

plane given in [75]. As discussed in [33], the LHC at 14 TeV centre of

mass energy should be able to prove heavy neutrino masses upto around 3 TeV along with

WR boson mass upto 5 TeV. At this point, it is worth noting that the lower bounds on

the scalar masses (apart from SM Higgs and δ0
R) could be more severe from perturbativity

bounds than the direct search bounds, specially with TeV scale WR [78].

3 Combination of type I and type II seesaw

As mentioned above, almost all the earlier works discussing 0νββ and LFV within MLRSM

have considered either type I or type II seesaw dominance at a time. However, the new

physics contribution to 0νββ can be very different from these two simplest scenarios if type

I and type II seesaw contributions to light neutrino masses are comparable. In this case,

one can not relate the diagonalising matrices of light and heavy neutrino mass matrices.

Some simple relations relating different mass matrices involved in the formula for light

– 12 –
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neutrino masses in MLRSM given by equation (2.4) were discussed in [71]. One useful

parametrisation of the Dirac neutrino mass matrix in the presence of type I+II seesaw was

studied by the authors of [79]. In another work [80], 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 mLR is not known, then we can still choose at

least one of the type I and type II seesaw mass matrices arbitrarily due to the freedom

we have in choosing mLR 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. Interestingly in MLRSM, once we choose the type II seesaw mass

matrix, we can calculate MRR using its relation between type II seesaw mass matrix (2.4)

and from that MRR, the Dirac neutrino mass matrix mLR can be derived using (2.16).

The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix is related to

the diagonalising matrices of neutrino and charged lepton mass matrices Uν , Ul respec-

tively, as

UPMNS = U †l Uν (3.1)

The PMNS mixing matrix can be parametrised as

UPMNS =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

UMaj (3.2)

where cij = cos θij , sij = sin θij and δ is the leptonic Dirac CP phase. The diagonal

matrix UMaj = diag(1, eiα, ei(β+δ)) contains the Majorana CP phases α, β which remain

undetermined at neutrino oscillation experiments. For diagonal charged lepton mixing

matrix, the neutrino mass diagonalisation matrix can be identified with the leptonic mixing

matrix UPMNS = Uν . In that case, the light neutrino mass matrix can be constructed as

Mν = UPMNSM
diag
ν UTPMNS (3.3)

where Mdiag
ν = diag(m1,m2,m3) is the diagonal light neutrino mass matrix. It should be

noted that, here we are ignoring the non-unitary effects due to heavy-light neutrino mixing

and using the parametric form UPMNS as the diagonalising matrix of light neutrino mass

matrix. The actual light neutrino mixing matrix U is non-unitary due to the presence of

heavy-light neutrino mixing, and related to UL = UPMNS through (2.6).

If the type II seesaw mass matrix gives rise to a mixing matrix UII , then we can write

down the type II seesaw mass matrix as M II
ν = UIIM

II(diag)
ν UTII where M

II(diag)
ν = XMdiag

ν .

Here X is a numerical factor which decides the strength of type II seesaw contribution to

light neutrino masses. In MLRSM, the type II seesaw mass matrix is proportional to the

right handed Majorana neutrino mass matrix

γ(MWL
/vR)2MRR = M II

ν

as seen from equation (2.4). We consider a general diagonalising matrix UII for 3× 3 right

handed neutrino mass matrix MRR. This diagonalising matrix UII can be parametrised in

– 13 –
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Parameters Values (NH) Values (IH)

∆m2
21

10−5eV2 7.60 7.60

|∆m2
31|

10−3eV2 2.48 2.38

sin2 θ12 0.323 0.323

sin2 θ23 0.567 0.573

sin2 θ13 0.0234 0.024

p 100 MeV 100 MeV

MWL
80.4 GeV 80.4 GeV

MWR
3.5 TeV 3.5 TeV

Table 3. Numerical values of several parameters used in the calculation of meff for 0νββ.

a way similar to the PMNS mixing matrix shown above. The matrix UII can have arbitrary

angles and phases, unobserved in light neutrino oscillations. For simplicity, we parametrise

it with three angles φ12, φ23, φ13 only. Once the structure of type II seesaw mass matrix is

chosen, the type I seesaw mass matrix automatically gets fixed by the requirement that their

combination should give rise to the correct light neutrino mass matrix. The eigenvalues of

the right handed neutrino mass matrix can be written as

diag(M1,M2,M3) =
1

γ

(
vR
MWL

)2

XMdiag
ν (3.4)

For normal hierarchy, the diagonal mass matrix of the light neutrinos can be written

as Mdiag
ν = diag(m1,

√
m2

1 + ∆m2
21,
√
m2

1 + ∆m2
31) whereas for inverted hierarchy it can

be written as Mdiag
ν = diag(

√
m2

3 + ∆m2
23 −∆m2

21,
√
m2

3 + ∆m2
23,m3). The mass squared

differences can be taken from the global fit neutrino oscillation data shown in table 1 shown

above, leaving the lightest neutrino mass as free parameter in Mdiag. Thus, the right handed

neutrino mass matrix can be written in terms of five free parameters: the lightest neutrino

mass, three angles φ12, φ23, φ13 and the seesaw relative strength factor X 1
γ

(
vR
MWL

)2
.

4 Numerical analysis

In the present work, we consider equal dominance of type I and type II seesaw contribution

to light neutrino masses. The analysis of 0νββ and LFV for individual seesaw dominance

can be found in several earlier works. As discussed in the previous section, we first choose

the type II seesaw mass matrix M II
ν = UIIM

II(diag)
ν UTII where M

II(diag)
ν = XMdiag

ν . As-

suming UII to be an orthogonal matrix, the parametrisation of M II
ν in this particular way

involves five free parameters: three angles in UII , lightest neutrino mass and X. The right

handed neutrino mass matrix MRR can also be constructed with five free parameters as

discussed above. Once MRR is constructed like this, we can find the Dirac neutrino mass

matrix given given by equation (2.16). Since this involves both MRR and Mν one requires
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Parameters Range

M∆++
L,R

500 GeV —
√

4πvR

Mheaviest
i 100 GeV —

√
4πvR

mlightest 10−6 − 10−1 eV

δ, α, β 0− 2π

φij 0− π/4

Table 4. Range of numerical values of several parameters used in the calculation of T 0ν
1/2 for 0νββ

as well as LFV branching ratios.

three more free parameters: the leptonic CP phases contained in Mν after using the best

fit values of the leptonic mixing angles and mass squared differences. Once mLR,MRR,Mν

are constructed, one can find various mixing matrices U, V, S, T discussed in the previ-

ous section in terms of eight free parameters. Fixing the charged triplet scalar and right

handed gauge boson masses, we then calculate the amplitudes of 0νββ and LFV processes.

We repeat the same calculation for different benchmark values of M∆,MWR
and show the

allowed parameter space after incorporating different experimental constraints.

Once the scale of left-right symmetry is chosen, one can fix the light and heavy neutrino

spectrum by fixing two free parameters: the lightest neutrino mass mlightest and X/γ. The

heaviest right handed neutrino mass can be written in terms of the heaviest neutrino

mass as

Mheaviest
i =

X

γ

(
vR
MWL

)2

mheaviest
i (4.1)

Since the right handed neutrino masses are generated through their couplings with ∆R,

the maximum value of the heaviest right handed neutrino can be Mheaviest ≥
√

4πvR. Here√
4π is the maximum perturbative value of Yukawa coupling involved. Considering the

lowest possible value of Mheaviest to be 100 GeV, we arrive at the following range of allowed

values of the factor X/γ

100

mheaviest
i

(
MWL

vR

)2

≤ X

γ
≤
√

4π
M2
WL

vRmheaviest
i

(4.2)

In the present work, we fix the left-right symmetry scale vR and other parameters shown

in table 3 and then vary the other free parameters in the range shown in table 4. Choice

of parameters in table 3, 4 also fixes the range of X/γ given by equation (4.2). We then

calculate the 0νββ half life as well LFV branching ratios for the entire parameter space. We

also constrain the parameter space from the requirement of fulfilling experimental lower

bound on 0νββ half-life and upper bound on LFV branching ratios. For a comparison

with earlier results, we specifically choose the parameter r =
Mheaviest

i
M∆

≡ MN
M∆

and show its

allowed range. We further show the allowed range of X/γ, the factor which decides the

strength of type II seesaw term.
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Figure 4. Total contribution to neutrinoless double beta decay half-life with type I+II seesaw. The

horizontal lines in the left and right panels of the figure correspond to experimental lower bounds

mentioned in [41] and [40] respectively.
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Figure 5. Total contribution to charged lepton flavour violation with type I+II seesaw. The

horizontal lines in the left and right panels of the figure correspond to experimental lower bounds

mentioned in [37] and [38] respectively.

5 Results and discussion

We have studied the new physics contributions to neutrinoless double beta decay and

charged lepton flavour violating processes µ → eγ, µ → 3e within the framework of a

TeV scale minimal left-right symmetric model. Keeping the right handed gauge boson

masses within a few TeV such that they are accessible at particle colliders, we constrain

the parameter space of the model by incorporating the latest experimental bounds on 0νββ

and LFV amplitudes. Without adopting any specific structure of one of the seesaw mass

matrices (considered in one of our earlier works), here we consider a general structure of

type II seesaw mass matrix that can be diagonalised by a general orthogonal matrix. By

varying the mixing angles of this orthogonal matrix and type II seesaw strength randomly,
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Figure 6. Total contribution to charged lepton flavour violation with type I+II seesaw shown

as a function of r. The horizontal lines in the left and right panels of the figure correspond to

experimental lower bounds mentioned in [37] and [38] respectively.
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Figure 7. Allowed parameter space in r −mlightest plane from constraints on neutrinoless double

beta decay half-life and charged lepton flavour violation with type I+II seesaw.

we calculate the right handed neutrino mass matrix as well as Dirac neutrino mass matrix

for each of these choices. Choosing the best fit values of five light neutrino parameters,

we randomly vary all other parameters affecting 0νββ and LFV and constrain them from

experimental data. The other parameters which are being randomly varied are given in

table 4. The range of type II seesaw strength follows from the range for X/γ given in

equation (4.2). We also take into account the uncertainty in nuclear matrix elements

involved in the calculation of 0νββ half-life. We show the total contribution to 0νββ half-

life and LFV branching ratio as a function of lightest neutrino mass in figure 4 and 5

respectively. It can be seen from these plots that the existing experimental constraints on

0νββ half-life can not rule out any region of lightest neutrino mass 10−5−10−1 eV, in such

a general type I–type II seesaw scenario of MLRSM. However, as seen from figure 5, future
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Figure 8. Allowed parameter space in X/γ−mlightest plane from constraints on neutrinoless double

beta decay half-life and charged lepton flavour violation with type I+II seesaw.
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Figure 9. Allowed parameter space in X/γ− r plane from constraints on neutrinoless double beta

decay half-life and charged lepton flavour violation with type I+II seesaw.

observation of lepton flavour violating processes should be able to confirm some region of

parameter space.

The interesting part of our results is the reopening of more regions of parameter space

for r = MN
M∆

defined earlier. It can be seen from the plots shown in figure 6, 7 and 9 that

this parameter can be larger than unity, implying that the doubly charged scalar masses

can be as small as the heaviest right handed neutrino mass which can keep the scalar

triplet masses well within the reach of LHC. This is in contrast to earlier results of [32]

showing the scalar triplet to be at least ten times heavier than the heaviest right handed

neutrino and the more recent work [57] where r was shown to be close to unity for a very

small range of lightest neutrino mass. As can be seen from the plot in figure 7, we can

have r ≥ 1 for almost all values of lightest neutrino mass in case of inverted hierarchy. For

normal hierarchy, this gets restricted to a range mlightest/eV ∈ [3 × 10−3, 0.1]. Although
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we have varied the masses of scalar triplets in the range 500 GeV to
√

4πvR shown in

table 4 (where vR ≈ 7.6 TeV for MWR
= 3.5 TeV), there is still room for lighter doubly

charged scalar masses, if their branching ratio to leptons is not 100%, assumed by the LHC

searches to put the exclusion limits [76, 77]. We also show the region of allowed parameter

space in X/γ − mlightest and X/γ − r planes in figure 8 as well as 9. The range of X/γ

shown in these plots can be understood from the bound given in (4.2) with our choices of

parameters involved.

With improving sensitivity at experiments like KamLAND-Zen and MEG resulting in

their very recent updates on 0νββ half-life [42] and BR(µ→ eγ) [39], the MLRSM particle

spectrum has a high discovery potential at ongoing as well as future experiments looking

for lepton flavour and lepton number violating decays. On the energy frontier, the ongoing

LHC experiment may also come up with interesting signatures as it has the potential to

scan WR masses upto around 6 TeV at 14 TeV centre of mass energy. This limit can go upto

35.5 TeV for future hadron colliders with 100 TeV centre of mass energy [81]. Furthermore,

linear lepton colliders like ILC and CLIC as well as electron-proton colliders like LHeC,

FCC-eh have promising centre of mass energy reach to probe the TeV scale physics with

high precision. All such planned future experimental setups should tremendously improve

the discovery prospects of TeV scale MLRSM.
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