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We propose a class of left-right symmetric models (LRSMs) with spontaneous D-parity breaking, where
SU(2), breaks at the TeV scale while discrete left-right symmetry breaks around 10° GeV. By embedding
this framework in a nonsupersymmetric SO(10) grand unified theory (GUT) with Pati-Salam symmetry as
the highest intermediate breaking step, we obtain gz/g; ~ 0.6 between the right- and left-handed gauge
couplings at the TeV scale. This leads to a suppression of beyond the Standard Model phenomena induced
by the right-handed gauge coupling. Here we focus specifically on the consequences for neutrinoless
double beta decay, low-energy lepton flavor violation, and LHC signatures due to the suppressed right
handed currents. Interestingly, the reduced g allows us to interpret an excess of events observed recently in
the range of 1.9 to 2.4 TeV by the CMS group at the LHC as the signature of a right-handed gauge boson in
LRSMs with spontaneous D-parity breaking. Moreover, the reduced right-handed gauge coupling also
strongly suppresses the nonstandard contribution of heavy states to the neutrinoless double beta decay rate
as well as the amplitude of low-energy lepton flavor violating processes. In a dominant type-II seesaw
mechanism of neutrino mass generation, we find that both sets of observables provide stringent and

complimentary bounds which make it challenging to observe the scenario at the LHC.
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I. INTRODUCTION

The current low-energy data from solar, atmospheric, and
reactor neutrinos [1] established the oscillation hypothesis
with very small masses (< 1 eV) for the three generations of
light neutrinos. Depending on whether neutrinos are Dirac
[2] (having distinct antiparticles) or Majorana [3] (they are
their own antiparticles) fermions, these masses originate
from the corresponding Dirac or Majorana mass terms. The
goal of the current experimental neutrino program is to
determine the nine degrees of freedom of the neutrino
sector: three light neutrino masses (m,m,,ms), three
mixing angles (6;,,0,3,6013) and potentially up to three
CP phases: one Dirac phase (§) and two Majorana phases
(a, ). The oscillation experiments allowed us so far to
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measure the two mass squared differences and the three
mixing angles, but we are yet to determine the absolute mass
scale, the presence of CP violation and whether neutrinos
are Dirac or Majorana fermions.

If neutrinos are Dirac fermions then lepton number is an
exact symmetry of the low-energy effective theory. On the
other hand, if neutrinos are Majorana fermions, there will be
a violation of lepton number by two units. The latter would
necessarily predict neutrinoless double beta decay (Ovff),
i.e., the nuclear decay (A,Z) — (A,Z +2) + 2e~ of vari-
ous nuclei. The experimental nonobservation currently
provides lower bounds on the half-life of this process in
various isotopes, of the order T ;, 2 2 x 10% yr [4-8]. This
can be translated to a bound on the so-called effective Ovff
mass parameter as m., < 0.2-0.6 eV, with a large uncer-
tainty due to the theoretical error on the relevant nuclear
matrix elements. Future experiments aim to improve the
sensitivity on the Ovff by about an order of magnitude, with
a corresponding improvement in m,, by a factor of 3. Thus
the Majorana nature of light neutrinos will be probed at
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future Ouvpp experiments which will not only shed light on
the absolute mass scale of the left-handed (LH) neutrinos
but may also indicate the mass hierarchy and mass mecha-
nism for LH active neutrinos (for details, see Ref. [9]). If we
assume that the SM light Majorana neutrinos are only
contributing to this rare Oyfpf decay, then the present
experimental bound on the Ovff half-life can be saturated
with a quasidegenerate (QD) pattern of light neutrinos,
while normal hierarchy (NH) and inverted hierarchy (IH)
patterns of light neutrinos remain unreachable within the
sensitivities of current experiments. On the other hand,
Planck [10] and other astrophysical observations give a
stringent bound on sum of masses of the light neutrinos, i.e.,
> im; £0.23 eV (95% C.L.) which is in tension with the
QD nature of the neutrinos and hence does not support the
idea of light neutrinos being QD which saturate the present
Ovpp experimental bound. Hence, if this rare decay process
were to be observed with currently running experiments, it
would indicate new physics contributions to Ovff decay.
At present various seesaw mechanisms exist which could
elegantly explain the small Majorana masses of three active
neutrinos without fine tuning. In the type-I seesaw mecha-
nism [11] three right-handed (RH) neutrinos, which are
singlets under the SU(2); gauge group, are added to the
Standard Model (SM). Integrating out the RH neutrinos
with heavy Majorana masses of the order My ~ 10'* GeV,
the light neutrinos masses are generated as m, ~ My, /Mp.
Generally, the Majorana masses of the singlet RH neutrinos
are free parameters of the model and hence can vary from
the GUT scale down to TeV scale or even lower. On the
other hand, in the type-II seesaw mechanism [12] one adds
a scalar triplet A with hyper charge 2 to the SM spectrum.
After electroweak phase transition, A acquires an induced
vacuum expectation value (VEV) and generates a Majorana
mass matrix m, = f(A) for the three active neutrinos
through its symmetric coupling fALL to the lepton doublet
in the SM. Note that the masses of the RH neutrinos and the
scalar triplet are not controlled by the SM gauge group.
A well motivated framework of beyond the Standard
Model physics is the left-right symmetric model (LRSM)
which is based on the gauge group SU(2), x SU(2), %
U(1)g_; [13]. In this case the masses of RH neutrinos and
scalar triplets are governed by the scale of SU(2), x
U(1)g_; breaking. The neutrino mass matrix receives
contributions from both type-I and type-II seesaw mecha-
nisms. If the breaking scale of SU(2) x U(1)g_y is at the
TeV scale, the RH neutrinos, the scalar triplet, and the RH
gauge bosons acquire TeV scale masses. This leads to many
interesting phenomena in the low-energy effective theory. In
particular, here we will focus on O3, lepton flavor violation
(LFV) and collider signatures of these TeV scale particles.
There are many studies [14-33] of various TeV scale
models and their phenomenological consequences. With
respect to neutrinoless double beta decay, LRSMs can gen-
erate a large number of different nonstandard contributions
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to Oypp involving purely LH and RH currents as well as
diagrams involving both LH and RH currents and a heavy
triplet Higgs. In combination with the light neutrino masses
arising in the corresponding seesaw mechanisms, this
provides stringent bounds on LRSMs. In addition, analyses
made over the recent years explore the correlation between
Ovpp, LFV, and collider signatures in certain TeV scale
LRSMs involving purely RH currents via heavy neutrino
plus Higgs triplet exchange by assuming either a purely
type-1I seesaw dominance or a type-I and/or type-II seesaw
dominance; see, for example, [21] and [22,27], respec-
tively. The studies of Oypf decays in LRSMs put con-
straints on the heavy RH gauge bosons and RH neutrino
masses which have to be compatible with the direct search
limits from accelerator experiments like the LHC [34] and
from low-energy LFV searches. All these studies so far
assumed an explicitly symmetric structure of the left-right
model at TeV scales, i.e., g, = gg. Although these models
provide a rich phenomenology while keeping a low scale of
left-right symmetry breaking, it is difficult to justify them
while being consistent with gauge coupling unification in a
nonsupersymmetric framework.

However, there exists another class of LRSMs with
spontaneous D-parity breaking [35-37] where a discrete
left-right symmetry called D parity is broken at a higher
scale compared to the SU(2), symmetry breaking scale. As
a result, an asymmetry is generated between the left- and
RH Higgs fields making the coupling constants of SU(2),
and SU(2); evolve separately under the renormalization
group from the scale of D-parity breaking down to the TeV
scale where the SU(2), gauge symmetry is allowed to
break. Consequently, the corresponding gauge couplings
strengths are no longer equal, g; # gz at the TeV scale
which crucially affects low-energy and LHC processes.
Hence the effect of g; # gr should be examined carefully
while deriving important conclusions at TeV scales.

In this paper we make an attempt to study the effect of
g1, # gg in Ovpp decay, LFV and collider processes involv-
ing RH currents in a class of TeV scale LRSMs with
spontaneous D-parity breaking. We ensure that the masses
of RH particles are of the order of the TeV scale by
extending the left-right gauge group SU(2), x SU(2)g X
U(1)g_;, with a D parity and make sure that the discrep-
ancy between the SU(2), coupling g; and the SU(2)g
coupling gy, is indeed sufficiently large. By embedding this
framework in a nonsupersymmetric SO(10) grand unified
theory (GUT) with Pati-Salam symmetry at the highest
intermediate breaking step, we obtain gp/g; ~ 0.6 at th
TeV scale. Below the GUT scale, the D parity breaks first at
a high scale ~10° GeV below which g; and g evolve
differently. Moreover, the breaking creates a large mass
splitting between the LH and RH scalar particles. We
assume that the LH scalar particles are heavy leaving the
RH scalar particles at TeV scales. Subsequently, SU(2)g
breaks to U(1), at a scale of 10 TeV [38,39], and the RH
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Wpg boson acquires a TeV scale mass. In the next step,
U(1)g x U(1)g_; breaks at a scale of O(TeV), leading to
RH Zj boson and neutrino masses potentially accessible at
the LHC. Consequently, the heavy RH states can all be as
light as the TeV scale. Moreover, the suppressed gauge
coupling g allows us to interpret an excess of events
observed in the range of 1.9 to 2.4 TeV by the CMS group
[40] at LHC as the signature of a right-handed gauge boson
of LRSMs with spontaneous D-parity breaking as pointed
out in [41] and in subsequent works [42,43].

The plan of the paper is sketched as follows. In Sec. II,
we briefly outline the TeV scale LRSM invoked with
spontaneous D-parity breaking, embed the framework of a
TeV scale LRSM in a nonsupersymmetric SO(10) model
with Pati-Salam symmetry at the highest intermediate
breaking step and discuss the one-loop renormalization
group evolution for gauge coupling unification. The neu-
trino mass generation of three active light neutrinos via the
dominant type-II seesaw mechanism and the relation
between light and heavy neutrinos are presented here as
well. In Sec. III, we analyze the possible contributions to
Ovpp decay within our left-right model, i.e., with g; # gg
and with special emphasis on Wy — Wy mediated dia-
grams. We then discuss the possible flavor violating effects
and collider signatures of this particular TeV scale left-
right model in Secs. IV and V, respectively. Finally, we
summarize our results and conclude in Sec. VL

II. LEFT-RIGHT SYMMETRIC MODELS WITH
SPONTANEOUS D-PARITY BREAKING

The purpose of this section is twofold: (i) first, we briefly
discuss the left-right symmetric model with spontaneous
D-parity breaking (LRSM ) while keeping Wy, Zy gauge
boson masses around the TeV scale in order to have
dominant nonstandard contributions for Ouvff decay, lepton
flavor violation, and associated collider signatures, (ii) and,
second, we provide type-II seesaw dominance for the light
neutrino mass generation mechanism and yield a direct
relation between the light and heavy neutrino mass eigen-
values so that one can easily deduce the complementary
relation between the Ovpf, LFV, and collider processes
including new physics contributions.

The basic gauge group of left-right symmetric model is
SU(2), x SU(2)g x U(1)g_, x SU(3). The matter sec-
tor of the model includes leptons and quarks transforming
under the left-right symmetric group SU(2), x SU(2)g x
U(l)p_, as

¢ = (”L> =2 1,-1), fp= (”R> = (1,2,-1),

er €Rr
uj 1 Upg 1
= =1(2,1,-1, = =11,2,=|.
w= ()= (rs) w= () =(23)
(1)
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It is quite clear that the RH charged lepton of each family
which was an isospin singlet under the SM gauge group
gets a new partner vg. The two form an isospin doublet
under SU(2), of the left-right symmetric gauge group
SU2), x SU(2)g x U(1)g_,. Similarly, in the quark sec-
tor, the right-handed up and down quarks of each family,
which were isospin singlets under the SM gauge group,
combine to form the isospin doublet under SU(2)g. As a
result and before the left-right symmetry breaking, both left-
and right-handed leptons and quarks enjoy equal strength of
interactions. This explains that parity is a good quantum
number in the LRSM in contrast to the SM where the LH
particles are preferential under the electroweak interaction.
The LRSM is supplemented by a discrete left-right sym-
metry relating left-handed sector with the right-handed
sector. This discrete left-right symmetry can be realized
in two novel ways: Lorentz parity P and charge conjugation
C. In the present model, we denote discrete left-right
symmetry as D parity (similar to charge conjugation C),
which is a subgroup of SO(10) grand unified theory relating
left-handed fields with the right-handed fields. The fermions
and gauge bosons transform under D parity as

P {WL,C]L,fL} g {WRv‘IvaR}
C: AW, q..0L} < {—W;, (qr)"s (€R)}- (2)

An immediate consequence of this discrete left-right sym-
metry is that both the gauge couplings for SU(2); and
SU(2)g are the same,

gL = 9r-

To implement the spontaneous breakdown of D parity, the
Higgs sector of the present model consists of a SU(2)
singlet scalar field ¢ which is odd under the discrete D
parity, two SU(2), triplets A; and €, , two SU(2) triplets
Ag, Qp, and a bidoublet ® which contains two copies of the
SM Higgs. Under SU(2), x SU(2)g x U(1)g_,, the quan-
tum numbers of the these Higgs fields are given as

LZ(&Z/ﬂ o, >E(3’1,_2)’
8  —5[/V2
AR:<5’§/\E % )E(1,3,—2),
&  —0k/V2
QL:< vl “”T/ﬁ)z(s,l,o),
wp/V2 -l
oy w%/ﬁ>
Qp = =(1,3,0),
’ (Wﬁ H ) =030
<1>:< i 1+>=(220)
¢y @3
o=(1.1,0). (3)
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The Higgs scalars and vector bosons of the present model
transform under the operation of D parity as

q) —> (I)T, AL.R —> A;F?,L’

QL,R —> QZ,L’ o — —0O. (4)
The VEVs assigned for different Higgs scalars are given
below:

o=y o) el )
wa-35(2 D) -5 1)

@)= (0 ) e =m (5)

The LRSM gauge group breaks as SU(2), x SU(2) x

U(1)p_y x D25 5U(2), x SUQ2)p x U(1);_, since the

discrete left-right symmetry (D parity) breaks spontane-
ously after the scalar field o, odd under D parity, is assigned
a VEV without breaking SU(2)g. The subsequent step of
symmetry breaking from SU(2); x SU(2)z x U(1)p_, to
the standard model gauge group SU(2), x U(1)y is done
via two steps: first, the SU(2), breaks down to U(1)g
without breaking rank of the group by giving a VEV to the
RH Higgs triplet Qp with zero (B — L) charge at scale Mg
and, second, U(1)g x U(1),_, breaks down to U(1), by
assigning a VEV to (A%(1,1,-2,1)) ~ vg/+/2 at a latter
stage Mpg_;. The SM gauge group SU(2), x U(1), breaks
to U(1),, by giving a VEV to the SM Higgs doublet
contained in the bidoublet ®. After spontaneous symmetry
breaking, the RH charged gauge boson Wj gets its mass
from Qp VEV at around 6-10 TeV, while the extra neutral
RH gauge boson Zj obtained its mass from VEV of A
around 4-5 TeV. Thus, it is clear that the origin of mass of
Wpg completely decouples from the Zp mass origin and,
hence, the collider studies of these extra gauge bosons and
the corresponding mass bounds should be revived again.

After some simple algebra, one can derive the analytic
expressions for various Higgs scalar masses as well as
gauge boson masses as

R
We ~ 2 ’ w, ~ 4 s
1 M3,
) (951 + 9x)( %) Z 026y,

M3, = uz, —Mo)M,
Mg, ~ pg, — A (oYM,

MiL ~ IuiL + oYM,
Mg, = pg + V()M (6)

where v = \/v2 + v} =246 GeV, is the electroweak
scale, Oy 1is the Weinberg mixing angle such that
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sin® @y, = 0.23116. The other parameters like A and 1’
are the trilinear Higgs coupling and (6), M, M’ are of the
order of D-parity breaking scale. The LH fields, i.e., A,
and Q;, remain heavy when SU(2), gauge symmetry
breaking scale decouples completely from the D-parity
breaking scale [35]. As a result, the low-energy Lagrangian
has an invariance under left-right gauge group but not under
D parity.

A. SO(10) GUT embedding

We note that the gauge coupling g corresponding to
the gauge group SU(2); is a free parameter within the
low-energy asymmetric left-right model due to spontaneous
D-parity breaking. However, we can calculate it by
embedding the left-right gauge group in a nonsupersym-
metric SO(10) GUT and examine the renormalization
group (RG) evolution of the gauge couplings at the one-
loop level. The gauge coupling unification then predicts the
value of gp at TeV scales.

Here we make an attempt to embed the model in a non-
SUSY SO(10) GUT by considering the Pati-Salam sym-
metry at the highest intermediate breaking step (see [30,44]
for details) as

M M M M
SO(10) — Groyp — Gang — Goniz —> G113
M. M

The breaking of SO(10) to the Pati-Salam group and
D-parity invariance, SO(10) — G,yp, can be achieved
by giving a VEV to Gy, singlets residing in a {54} ,-plet
Higgs of SO(10) which is even under D parity. The Gyoy
multiplet (1,1,1) c {210}, being odd under D parity, is
responsible for the second stage of symmetry breaking:
Gyup = Gyy. We denote this scale by M p where D-parity
invariance breaks. This stage is crucial as it results in
different masses for the fields A;, Q; and Ag, Qp, and,
therefore, the SU(2), and SU(2), gauge couplings evolve
differently from this scale downwards, yielding g; # gg.
The key role of the Pati-Salam symmetry with or without its
embedding in the SO(10) model is to give the ratio gz /g; a
drastically different value from unity.

The next stage of symmetry breaking G,y — Gyoj3 i
achieved by assigning a VEV to Pati-Salam multiplet
(1,1,15) c {210}y where SU(4). breaks to U(1)z_, x
SU(3)c at a scale Mc. The breaking of Pati-Salam
symmetry occurs around 10°—10° GeV and thus, the di-
quark Higgs scalars and leptoquark gauge bosons get their
masses around the same scale. The model has potential to
predict neutron-antineutron oscillation via the exchange of
di-quark Higgs scalars with a mixing time 7,,_; with mixing
time very close to limits derived by recent ongoing search
experiments [45].

The subsequent stage of symmetry breaking
G113 = Gyyi3, where SU(2), breaks to U(1), without
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breaking the rank of the group, is generated by the VEV of
the G,,13 component under the Pati-Salam gauge group,
Qr(1,3,0,1) c (1,3,15) c {210},. The corresponding
scale is denoted as Mg and which is of the order 6—
10 TeV. As a result we get the RH charged gauged boson
mass My, around 2-3 TeV. Subsequently, the RH triplet
Higgs field Ap C Ag(1,3,—2,1) belonging to the Higgs
representation 1264 acquires a VEV and thus breaking
Gj113 = Gy, where U(1)g x U(1)g_, breaks to U(1)y.
This is another important stage of symmetry breaking
which results in TeV scale masses for extra neutral gauge
boson Zp, the RH neutrinos and RH Higgs triplets. The
final stage of symmetry breaking Ggy — SU(3). x
U(1)y, occurs via the VEV of the SM doublet ¢ C 104.

The general renormalization group equations (RGEs)
can be found in Ref. [46] and we here present the one-loop
RGE:s for the various gauge couplings

-1
da;y’  q;

dat 27’

(8)

where we have denoted the fine structure constants
by a; = ¢?/(4r) with i =2L,2R,4C,1R,BL,3C,Y, the
one-loop beta coefficients by a; corresponding to the ith
gauge group and the log scale of the energy by ¢ =
In(u/py) with respect to an arbitrary reference energy .
The numerical values of a; for the breaking scheme (7) are
given in Ref. [44].

We find that gauge coupling unification is not consistent
with TeV scale Wy, Zp gauge bosons and a reasonably
low D-parity breaking scale around 10%-10° GeV. Few
attempts have already been taken where D parity is broken
at higher scale (> 10'>~10'5 GeV) while keeping W and
Zr masses around a few TeV scale [30,44]. Since our
subsequent analysis will be based on the type-II seesaw
dominance mechanism for light neutrino masses, such large
value (> 10'>-10'5 GeV) for D-parity breaking scale
makes the type-II seesaw contribution of neutrino mass
really suppressed.

Therefore, in addition to the usual Higgs multiplets 104,
126y, 2104, and 54y, necessary for the breaking of
SO(10) to the SM, we have added extra SO(10) Higgs
representations, such as 165 and 126, to bring further
down the scale of D parity while maintaining the gauge
coupling unification. The lowering of D parity also
increases the type-II seesaw contribution of neutrino mass
as the latter is inversely proportional to the scale of D-parity
breaking [36].

The symmetry breaking scales consistent with gauge
coupling unification and TeV scale RH gauge bosons
Wx and Zy are found to be Mp_; ~4-5 TeV, Mg ~
6-10 TeV, M.~ 10-10° GeV, Mp~10°% GeV, and
My ~10'° GeV. This can be easily read from Fig. (1).
The most desirable prediction of the model is the values of
gr, and g at the TeV scale consistent with gauge coupling
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unification as g; ~ 0.63 and g ~ 0.38. The ratio between
these two couplings at the TeV scale is, therefore,

9r
= = 0.60. 9
0 )

In the following sections, we will examine carefully the
effect of g = 0.6g; on the low-energy process like Ovff
decay and LFV processes as well as collider signatures. Our
model is not the only possibility to produce a nonuniver-
sality between the left and right gauge couplings at the TeV
scale. A survey of models based on SO(10) without
manifest left-right symmetry is presented in [47].

B. Neutrino masses

The relevant terms responsible for giving masses to the
three generations of leptons are

Ly = hijf_ufqu) + ilijf_uij‘i)

+ [il(€L)CLiAL + (Cri)CriAR] + Hee., (10)

where ¢] p = (11 g, er ). The discrete left-right symmetry
ensures that the Majorana Yukawa coupling matrix f is the
same for both left- and right-handed neutrinos. The break-
ing of left-right symmetry to U(1),,, results in the complete
6 x 6 neutral lepton mass matrix M, in the (v, N%) basis

given as
(Mo Mo
A\ Mg )’
D R

where the Majorana mass matrix My of the heavy
RH neutrinos is dynamically generated by the VEV
of RH heavy Higgs triplet; i.e., (Ag) = vz while the
Majorana mass matrix of the LH neutrino masses is
generated through the Higgs triplet VEV (A;) = vy,
Mg, = fvgy. The Dirac mass matrix is given by

(11)

Mp = hv, + hv,. The symmetric complex matrix M, is
diagonalized by a unitary mixing matrix ) relating the
neutrino flavor states with the mass eigenstates
(a,p = e,u,7 denote the flavor states while i,j, k=
1,2, 3 denote the mass eigenstates) as

() =G =) (o) oo

The diagonalization is  expressed as diag
diag(m,, my, m3, M\, M5, M3) = VM, V* and it can be
understood in two steps: firstly, the block diagonalization
of M, by a mixing matrix YW as WM, W* = My, and
secondly, the block diagonalized mass matrix is diagonal-
ized by a mixing matrix U as U’ Mpplf* = M. The
form of the unitary mixing matrix V is to first order in the
left-right mixing given by
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U s
VEW-UE( )
T V
<—%RRT R (Ul, 0)
S\ R 1—%R7R> 0 Uy

<—IZDUV RVV> + O(R?), (13)

Q

with R = MpMz' + O(M3,(M3')?) defining the left-right
mixing. The last approximation is valid for the case of small
left-right mixing i,e R = MpMgz' < 1. We now have
VIM,V* = MY, where the unitary matrices U, and Uy
are defined by

M; —MpMx'ME = U, - diag(m, my,m3) - UL, (14)
My = Uy - diag(M,, M, M3) - Uy, (15)

In the basis where the charged lepton mass matrix is already
diagonal, the matrix U, can be identified with left-handed
charged-current mixing matrix Upyns. With these simpli-
fications, the light neutrino mass matrix can be written as

m, = M; — RMgxR" = m! +m!, (16)

where m!! = M, = fu, is the type-II seesaw contribution
[12] and m! = -MpMz'M5 = —RMiR” is the type-I
seesaw contribution [11] to the light neutrino masses.
Observed phenomenology requires v; K v, < v, <K vp.
The analytic expression for the VEV of the LH Higgs triplet
A7, by minimizing the scalar potential, can be expressed
as [36]

pr*ug
M(o)

(17)

v R

Clep _ gL
cc —
2V2 .5

gL
2

where we have considered that the LH and RH charged
gauge bosons mix with each other and hence the physical
gauge bosons are linear combinations of W; and Wy as

Wi = W cosé+ Wesiné, (20)

Wy = =W, siné + Wy cosé (21)

3
~ _Z |:Ueiay”VLi(W1_ﬂ +EW3,) +
i1
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where v = /02 + v3 ~ 246 GeV, 3 is a coupling constant

of O(1), and the other mass scales M, (o) are of the order of
the D-parity breaking scale, i.e., Mp = 103-10° GeV for
our present discussion. Notice that in the above equation
the smallness of the VEV of A; is determined by the
D-parity breaking scale, not the U(1)z x U(1)5_, break-
ing scale and hence there are no constraints on vy from the
type-II seesaw point of view. As a result the mass scale of
RH neutrinos can be of the order of the TeV scale while
consistent with the oscillation data.

It is worth mentioning here that the matrix R plays a
crucial role for phenomenology as it describes the mixing
between the light LH and the heavy RH neutrinos.
However, we here restrict our analysis to the case where
the light neutrino mass matrix is governed by pure type-II
seesaw dominance while assuming the Dirac neutrino mass
matrix is small, and, therefore, the type-I contribution plays
a negligible role. See, for instance, [21]. Under the
assumption of type-II seesaw dominance, the light neutrino
mass matrix is directly proportional to the heavy neutrino
mass matrix,

_

v
mU%ML:fUL:v_LMR M<6>
R

Mg (18)

An immediate important consequence is that the mass
spectra are directly proportional to each other, i.e.,
m, x M R-

C. Charged-current lepton interactions

Most relevant for our phenomenological analysis, the
charged current interactions in the flavor basis valid for
this particular version of a left-right model at the TeV scale
with unequal strength of SU(2), and SU(2), gauge
couplings are

[f—ml = rsh W, + 71+ yswakw&,} ‘He.
L

‘Z_sziayﬂNRi(_iwl_ﬂ + WE/J):| +He, (19)
L

with
2/M 2
|tan 25’ ~ D“;)d ~ E <g_R> <—WL> , (22)
Ur Uy \9L My,

where the upper bound on the mixing angle is given by

£ (%)2 For a TeV scale right-handed gauge boson, one
Wr

gets &S 1073 [48,49]. As mentioned above, here we
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consider a case where the Dirac term in the neutrino mass
matrix is negligible in order to have type-Il seesaw
dominance. Since the type-II seesaw mechanism gives a
light neutrino mass matrix of the form m, = fv; = Z—iM R>
the mixing among the LH and RH fields are equal up to a
phase, i.e., V = U*.

III. NEUTRINOLESS DOUBLE BETA DECAY

The purpose of this section is to examine analytically as
well as numerically in detail the relevant contributions to
Ovpp decay within the model under consideration.

A. Analytic amplitudes

Following the form of the charged current interactions
given in Eq. (19), there are several Feynman diagrams
contributing to Oypf process. These diagrams include
(i) the standard mechanism due to W;—W; mediation
via the exchange of light active Majorana neutrinos v
[Fig. 2 (left)], (ii)) Wz—Wjy mediation with purely RH
charged current interaction through the exchange of heavy
RH Majorana neutrinos [Fig. 2 (middle)], (iii) exchange of
charged triplet Higgs fields. The diagram with W — W,
mediation via the RH Higgs triplet exchange is shown in
Fig. 2 (right) while the analogous diagram with a LH Higgs
triplet is severely suppressed by the light neutrino masses;
(iv) diagrams arising due to the affect of W;—Wp mixing
which are suppressed in our case as the W;—Wp mixing is
found to be < 1073, (iv) diagrams arising due to light-
heavy neutrino mixing proportional to %—‘; and, therefore,

negligible in our case. The Feynman amplitudes for the
three contributions in Fig. 2 can be expressed as

3 2
U2.m.
A, mGE Y Feli = gy e (23)
~ p p
4 /M 4 3 V2.
ANz—GZ,;(g—R) < WL) Yo (24)
9L MWR i=1 MNi
gr\* My \* <= VEMy.
AﬁRz—G%<—> <—) D s (25)
9.) \Mw,) = M-

where |p| =100 MeV is a measure of the light neutrino
momentum transfer, of the order of the nuclear scale and
Gy is the Fermi coupling constant. Equation (23) defines
the effective Oufff mass m.. The analytic expression for the
Feynman amplitude due to heavy neutrino exchange has
been derived assuming that the heavy neutrino masses are
larger than the typical momentum exchange scale,
ie., M;> |p|.

For a rough estimate of the individual contributions, we
define the masses of all particles belonging to the RH sector
My, My,.Ms-) as Ag ~ TeV (although M- can be as
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FIG. 1 (color online). RG evolution of gauge couplings yield-
ing gz/g; = 0.6 within a non-SUSY SO(10) GUT, where G,4
and Gyy;3 occur as intermediate symmetry breaking steps. The
plot shows the running of a;! = 47/ g? for the couplings g; of the
relevant gauge groups as a function of the energy scale y where
i=2L,2R,4C,1R,BL,3C,Y. The gauge breaking scales, as
denoted by the dashed vertical lines, consistent with gauge
coupling unification are M, = 91.2 GeV, My_; ~4 TeV, Mo~
6 TeV, M-~ 10° GeV, Mp ~ 10°° GeV, and M, ~ 10'® GeV.

light as a few hundred GeV) and the mass of W/ is of order
Agw =~ 100 GeV. With these approximations and using
V =U and |p| =100 MeV, one can compare the non-
standard amplitudes due to heavy RH Majorana neutrino
and doubly charged Higgs exchange with the standard
mechanism as

A&l;*

Ay,
ek 2

o (97} PP Adw
A,

~ 5 -
gr my, AR

It is clear that the nonstandard contributions can dominate
over the standard mechanism for TeV scale RH particles.

B. Decay rates

The Feynman diagrams for Ouff transition as shown in
Fig. 2 have LH (eze;) or RH (ege) electrons in the final
states. Thus, the corresponding nuclear matrix elements
affect the decay rates of different particle exchange con-
tributions to Oyff decay which crucially depends upon the
chirality of the hadronic and leptonic currents involved
[19,27,28,30]. The analytic expression for the inverse half-
life of a given nuclear isotope considering only the relevant
contributions due to light neutrino, heavy neutrino and
doubly charged RH Higgs can be expressed as

1
T,

~ G (IM P, 12+ My (Inng > + s, 7).

= GY/|[Myn, + My(ny, +n5,)*
(27)

where GY is the nuclear phase space factor in the standard
mechanism and M,y are the respective nuclear matrix
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FIG. 2 (color online).

Diagrams contributing to neutrinoless double beta decay: Standard LH charged current interaction through the

exchange of light Majorana neutrinos (left), RH charged current interaction through the exchange of heavy Wy bosons and heavy
neutrinos (middle), doubly charged RH triplet Higgs scalar mediation (right).

elements (NMEs). The numerical values for these quan-
tities are presented in Table I for isotopes °Ge and '*6Xe.
In Eq. (27), we neglect small interference terms between
the different contributions. The dimensionless particle
physics parameters 77y characterizing are given by

1
n, = _ZUeimi’ (28)
m, <
4 /M 4 V2
N, :mp<9_R> < WL> Zi (29)
gL MWR 7 MN,-
gr\* My \* V*ZMN,-
Nox = Mp <_R> <—L> Z o (30)
9L My, i M&;‘

where m, and m
respectively.

The experimental nonobservation of Ovff currently
provides lower bounds on the half-life of this process in
various isotopes. So far there has been only one claim of
observation of Ovpf with T, ~2.23705} x 10% yr in
76Ge at 68% C.L. by a part of the Heidelberg-Moscow
(HM) experiment [5]. Using the same isotope, the non-
observation of Ovff by GERDA collaboration recently sets
a new limit on the half-life to be Tj,("Ge) >
2.1 x 10 yr at 90% C.L. [6]. The combined limit from
all the Ge based experiments such as HM [4], GERDA [6]
and IGEX [7] gives T;,("Ge)>3.0x10% yr at
90% C.L., which strongly disfavors earlier claim of HM
experiment [5].

» is the mass of electron and proton,

TABLE 1. Phase space factor Ggﬁ [50] and nuclear matrix
elements M,, M, [51] for the isotopes 7°Ge and '3®Xe. The
NMEs of 7°Ge have been used throughout our numerical
calculation, including their indicated uncertainties as appropriate.

Isotope Gy (y™h M, My
5Ge 5.77 x 1071 2.58-6.64 233-412
136Xe 3.56 x 10714 1.57-3.85 164-172

Similarly the nonobservation of Ouvpf by the
KamLAND-Zen Collaboration recently provide a lower
bound on the half-life of 3Xe to be T/, > 1.9 x 10 yr

[8]. In case of °Ge, the combined limit on half-life time
from HM [4], GERDA [6] and IGEX [7] can be translated
into bounds for the effective parameters Eqs. (28)—(30),

n, < (3.693)x 107,y 5 S (0.6-1.0) x 1078,

(31)

assuming only one contribution is dominant at a time.

The analytic expression of the effective mass parameter
due to the exchange of light neutrinos can be written in
terms of the PMNS mixing angles ;,, 0,3, the Majorana
phases a, f and the mass eigenvalues with a NH
(m; < my, < mj3) or an IH pattern (m3 < m; <K my),

7 2 2 2 2 —ia 2 —i
mée = |myciycis + mysiycize™ + mysize ﬁ|-

(32)
Figure 3 shows the prediction for the effective Ovff mass
m?, (left panel) and the corresponding half-life of °Ge
(right panel) as a function of the lightest neutrino mass. The
colored bands show the variation due to the experimental
uncertainty in the oscillation parameters and the unknown
Majorana phases 0 < a, f < z. The bands in Fig. 3 (right)
in addition include the 7°Ge NME uncertainties as shown in
Table 1. The red (blue) colored bands correspond to a NH
(IH) pattern of light neutrinos using the best-fit values of
the oscillation parameters while the green and yellow bands
correspond to a 3¢ variation of the oscillation parameters,
as given in Table II. The limit on the half-life of 7°Ge by the
GERDA experiment can be translated to a bound on the
effective mass parameter m%, < 0.21-0.53 eV, presented
by the dashed blue lines shaded by a light blue band in the
left panel of Fig. 3. Similarly, the corresponding bound on
the effective mass can be derived from the combined
experimental limits from GERDA, Heidelberg-Moscow
and IGEX at 90% C.L and is denoted here by the
corresponding horizontal line and band. The vertical
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FIG. 3 (color online). Effective Ovff mass (left) and 7°Ge half-life (right) in the standard mechanism as a function of the lightest
neutrino mass. The red (blue) colored bands show the variation due the Majorana phases for a NH (IH) pattern of light neutrinos using
the best-fit values of the oscillation parameters while the green and yellow bands correspond to an additional 3¢ variation of the
oscillation parameters. The vertical lines represent bounds from Planck and KATRIN while the horizontal lines denote the experimental

bounds from GERDA and a combination of the GERDA, Heidelberg-Moscow, and IGEX experiments.

dashed lines denote the experimental bounds on the lightest
neutrino mass from cosmology [10] and KATRIN [52].

From Fig. 3 it can be inferred that if one assumes that
only the light Majorana neutrinos contribute to Oyff and
the light neutrinos are quasidegenerate, then the experi-
mental limit on the half-lives [6,8] is saturated as shown in
the right panel of Fig. 3. However, the stringent bound on
the sum of masses of the light neutrinos, i.e., > ;m; <
0.23 eV (95% C.L.) from astrophysical observation such as
Planck [10], is in tension with a QD nature of light
neutrinos. Future sensitivities of the planned Ovff decay
experiments aimed at probing the effective mass less than
0.1 eV, may probe IH pattern of light neutrinos. In order to
probe the normal hierarchy is not possible in the near future
with Oyff decay experiments and moreover, it is possible
that the decay rate might effectively vanish because of the
presence of the Majorana phases. While the tension
between cosmology and Ovff is not yet stringent, one
possibility to evade it is through the presence of nonstand-
ard new physics contributions to Oyff decay, for example,
arising in left-right symmetry models as discussed here.

For type-II seesaw dominance, the mass eigenvalues of
the RH Majorana neutrinos are directly proportional to the
light neutrino masses,

TABLE II. Global best fit values and 36 uncertainties for the
neutrino mass squared differences and mixing angles [53].
Oscillation parameter Best fit 30 range
Arn%l[lo‘5 eV?] 7.500 7.00-8.09
|Am3, (NH)|[1073 eV?] 2.473 2.27-2.69
|Am%3 (IH)|[10‘3 eVz} 2.420 2.24-2.65
sin® 6, 0.306 0.27-0.34
sin® 63 0.420 0.34-0.67
sin® 6,5 0.021 0.016-0.03

My =Em, . (33)

where the ratio of the two VEVs ;—f is independent of the
generation. Hence, one can express the heavy neutrino
masses in terms of light neutrino masses, for example,
fixing the heaviest RH neutrino mass at 1 TeV (i.e., M Ny for
the NH pattern and M, for IH pattern),

My =2iMy,  NH (34)
= M
My ="My, IH. (35)

i m2

Similarly, the heavy neutrino mixing matrix is determined
by V =U* and consequently all three Ovpf effective
parameters 7,, 7y, and 75, can be expressed in terms of
the light neutrino oscillation parameters, the Majorana
phases a, f, the lightest neutrino mass and the heavy
masses My, M-, My, . In addition, the RH contribu-

tions to the Oypp half-life are suppressed by (gr/g)®
leading to reduction of almost two orders of magnitude
compared to the minimal left-right symmetric model with
gr = ¢g;, and all other parameters kept the same.

In Fig. 4, we show the "°Ge Oyfp half-life due to the
combination of light neutrino, heavy neutrino, and RH
Higgs triplet exchange as a function of the lightest neutrino
mass. In order to estimate this half-life we have taken the
best fit and 30 ranges of oscillation parameters from
Table II, the NMEs from Table I, and fixed the heavy
mass scales as My = M, = 0.75 TeV, My, = 2.2 TeV.
In addition to the oscillation parameters, the Majorana
phases have been varied from O to z. Several important
conclusions can be drawn: (i) the purely RH current
contributions via heavy neutrino and triplet Higgs
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FIG. 4 (color online). As Fig. 3, but showing the Ouff half-life
of 7°Ge arising in the combined contribution from light neutrino,
heavy neutrino and RH Higgs triplet exchange. The heavy mass
scales are fixed as My = M5, = 0.75 TeV and My, = 2.2 TeV.

exchange can saturate the current experimental limit even
for a normal hierarchical pattern of light neutrinos. (ii) one
can derive a lower bound on the lightest neutrino mass of
Miighest © 0.45-3.5 meV (NH pattern) and 0.015-0.1 meV
(IH pattern) due to the heavy RH contributions increasing
for smaller myjgpes- This limit depends on the heavy mass
scales. (iii) There is an upper limit on the half-life; i.e., it is
not possible that all contributions vanish at the same time.

We conclude that the current experimental bounds and
near future sensitivity in lepton number violating Ovff
decay can also be saturated in a normal hierarchical pattern
of light neutrinos due to the nonstandard contributions from
heavy RH neutrino and RH Higgs triplet exchange. Hence,
if a future experiment observes a signal of Ovff decay with

a half-life of 712" ~ 3 x 10%y, it could be an indication
for beyond the SM physics.

10 ‘ -

M (TeV)

0 . .
0.001 0.01 0.1 1

mlightest (eV)

FIG. 5 (color online).

PHYSICAL REVIEW D 91, 015018 (2015)

In our earlier discussion regarding the Ovff half-life,
we have fixed the heavy scales of the model as My =
Ms- =0.75 TeV and My, = 2.2 TeV. Instead of fixing
these model parameters, we now randomly vary them
independently within a range, My =My, =M;- =
100 GeV-100 TeV and the lightest neutrino mass
Miightest = 107#-1.0 eV. The correspondingly generated
parameter points are projected on the My, — Myjgpieq plane
in Fig. 5. The oscillation parameters are at their best-fit
values taken from Table II. The left and right panels of
Fig. 5 are in the case of NH and IH light neutrinos,
respectively. The green points satisfy the current Ovff half-
life limit 7/, > 1.9 x 10* yr while the red points are
additionally testable in the near future; i.e., they correspond
to 3.0x 10% > T}/, > 1.9 x 10% yr. Including the cos-
mological bound mjgheq < 0.077 €V, we see from Fig. 5
that in the case of both NH and IH of light neutrinos, most
of the parameter space spanning M < 1 TeV and myigpiest 2
0.077 eV is almost ruled out since M < 1 TeV will lead to
T/, < 10% yr, which is in contradiction with the current
observation from Ovff decay.

IV. LOW-ENERGY LEPTON FLAVOR
VIOLATING PROCESSES

The observation of neutrino oscillations suggests that
lepton flavor violation should also take place in other
processes. In the given model, the mechanism of light
Majorana neutrino mass generation is tightly connected
to the phenomenon of charged lepton flavor violation.
Due to the dominance of the type-II seesaw scheme, the
mixing among the heavy RH neutrinos is essentially
identical as the light neutrino mixing described by the
already well-known PMNS matrix Upyns. If only light
neutrinos were to contribute, LFV is hugely suppressed by

10

T T
LR P A LR TR ARTCR TP X O PPy T T |
. . cete . e % Dt P .

M (TeV)

2t LSl gL & ]
: SRy,

0 ‘ ‘

0.001 0.01 0.1 1

mlightest (eV)

Scatter plot in the common heavy scale M = My, = M, = My and the lightest neutrino mass (Mjigpest),

for NH (left) and IH (right) light neutrinos. The light green dots represent parameter points satisfying the current Ovfp
limit T, > 1.9 x 10 yr while the red points are additionally testable in the near future; i.e., they correspond to

3.0 x 10% yr > T, > 1.9 x 102 yr.
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FIG. 6 (color online).
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Diagrams contributing to ¢ — ey in the

the GIM mechanism, i.e., (Am?2/m%,) ~ 107", The result-
ing LFV process rates are far below from any experimental
sensitivity. On the other hand, sizeable charged lepton
flavor violation naturally occurs in the LRSM due to the
contributions from the heavy RH neutrinos and Higgs
scalars. Because of their sensitivity, we here focus on low-
energy LFV processes y — ey, u — eee, and y — e con-
version in nuclei and, for example, do not consider LFV 7
decays. For a review of LFV and new physics scenarios,
see, for example, [54-56]. In the LRSM, the processes are
described by the diagrams shown in Figs. 6 and 7,
respectively.

The branching ratios Br(i — ey) and Br(u — eee), as
well as the conversion rate R (u — ¢) in a nucleus have
been calculated in [57], within the context of the LRSM. In
general, these processes depend on a large number of
parameters, but when assuming that all heavy mass scales
have the same order of magnitude, my, ~ my, ~ Mg -~

m;_-, the result can be greatly simplified. Such a spectrum

is naturally expected, as all masses are generated in the
breaking of the RH symmetry. The expected process rates
are then given by [57]

471 TeV\4
Br(u — ey) = 1.5 x 1077|g,,[* <g—R> ( © > . (36)
gL My,

4
RN(u — e) = Xy x 1077|g,,|? (g—R)
gL

1 TeV\* mg\ >
x( ¢ ) a(log 5’;) . (37)
m(;; mﬂ

PHYSICAL REVIEW D 91, 015018 (2015)

Lo 9r) (M, M,
BI'(/,{ - eee) ~ E |he;¢hee|2 (i) <m4 + mT . (38)
e [

In (37), X(a11i.au) ~ (0.8,1.3,1.6) is a nucleus-dependent
form factor and g,,,, h;; describe the effective lepton-gauge
and lepton-Higgs LFV couplings,

3 2
Z . "N,
YGeu = VenV;m <m ) s
n=1

R

(39)

3
my, ..
hu—ZVmen< ) i,j=ept. (40)
n=1

mWR

As shown in [57], the above formulas are valid if the masses
generated in breaking the RH symmetry are of the same
order, 0.2 < m;/m; <5 for any pair of m; ; = my ,my,,
m,sz— s m(;;— .

Equations (36)—(38) immediately allow the following
observations: (i) Both Br(u — ey) and RM(u — e) are
proportional to the common LFV factor |g,,|% In addition,
the ratio of their rates is RN (u — ¢)/Br(u — ey) = O(1),
largely independent of the heavy particle spectrum due to
the enhancement of the doubly charged Higgs boson
contributions to y — e conversion. (ii) The LFV couplings
are generically such that |g,,| = |hh,,|, and thus Br(u —
eee)/R (4 — ) = O(300) for ms— ~ 1 TeV. This can be
understood as y — eee is mediated at the tree level in the
LRSM, cf., Fig. 7 (right). (iii) Due to the type-II seesaw
dominance in our model, the LFV couplings (39) are tightly
connected to light neutrino oscillations, V = Upygy and
AM}; = My, = My, = (My/m,,)*Am3;. (iv) The domi-
nant contributions to all three LFV processes are sup-
pressed by a factor (gg/g.)*. The above theoretical
predictions should be compared with the current exper-
imental upper limits at 90% C.L. [58-60],

T e W e
ALk Y, Zy
e e e e
u N, e u e T N, e U e
Wz 1/ We Wi
u d u d d e N; e e e

FIG. 7 (color online).

Dominant diagrams contributing to 4 — e conversion in nuclei (left) and y — eee (right) in the left-right

symmetric model. The grey circle represents the effective 4 — e—gauge boson vertex with contributions from Fig. 6.
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Brexy(u = ey) < 5.7 x 10713,
RS (u— e) <8.0x 1071,

Brey, (4 — ece) < 1.0 x 1072, (41)
The experimental limits are roughly of the same order, and
Br(u — eee) provides the most restrictive bound at the
moment. In the near future, the currently running MEG
experiment [58] aims for the sensitivity
Bryipg (4 — ey) # 1075, (42)
and the COMET and MuZ2e experiments both plan to reach
[61,62]
REomer(n — €) = 10710, (43)
The general impact of these limits and sensitivities on the
model is shown in Fig. 8. Here we describe the model in
terms of the two relevant mass scales: the lightest neutrino
mass Migpese and the common heavy mass scale
M =My, My, M 5 M o Putting all masses to the exact

same value is a strong simplification, but it allows to easily
see the rough dependence. The oscillation parameters are
set to their respective best fit values (with a vanishing Dirac
CP phase), and the left and right show the case of normal
and inverse neutrino mass hierarchy, respectively. The RH
gauge coupling is set to its expected minimal value
gr = 0.36. As expected from the above general consid-
erations, the observable Br(u — eee) currently provides
the most stringent constraint on the model parameter space.

\
\

14t RM(mse)=10716
121 \

Br(yﬂey):lof13 \

10t RN \

8 RM(u—e)=8x10""?

M [TeV]

L Br(u—ey)=5.7x10"1

0 E, N N 1
1073 1072 107! 100

Miightest [CV]

FIG. 8 (color online).
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In any case, it can be seen that LFV searches put a strong
constraint on the heavy scale of the model, despite the
reduced RH gauge coupling. All LFV constraints become
weaker for increasing mjghey as both the light and heavy
neutrino mass spectrum becomes increasingly degenerate
resulting in a GIM-like suppression of all LFV effects.
In this regard, LFV observables are complementary to Ovfp
which strongly constrains quasidegenerate neutrino spec-
tra, cf. Fig. 5.

Of course, the use of a perfectly commensurate heavy
spectrum is an unrealistic simplification. The generalization
for a less constrained spectrum is shown in Fig. 9. Here we
scatter the masses My of the heavy gauge and Higgs bosons
within the range 0.3My < My < 3My, and the oscillation
parameters according to their experimental errors around
their best-fit values. The different colors signify the exper-
imental testability: The light green points are allowed by
current LFV searches whereas the dark red boxes addition-
ally yield RM(u — ¢) > 107!%, i.e., can be probed in the
future at COMET or MuZ2e. As a result of the additional
model freedom, the size of the allowed parameter space
increases considerably, and heavy neutrino masses as low as
My =2 TeV are allowed even for hierarchical light neu-
trino spectra with myjgheqt < 1072 eV. Nevertheless, the
scatter plots in Fig. 9 illustrate that future LFV searches
such as COMET and Mu2e will be able to probe a large
swathe of parameter space.

As can be seen by comparing Fig. 5 and Fig. 8, Ovff and
LFV searches are complementary in the sense that LFV
probes are especially sensitive to the new physics heavy
scale M for small light neutrino masses mjjgpeq < 0.1 €V. In

|

14} _ Br(u—eee)=5.7x10""2 RM(u—e)=10710)

121

10} Br(u—ey)=10""3

M [TeV]

[ Br(u—ey)=5.7x107"

1073 1072 107! 100

Miightest [CV]

Low-energy LFV process rates as a function of the lightest neutrino mass ghes; and the common heavy mass

M, in the case of normal (left) and inverse (right) neutrino mass hierarchy. The oscillation parameters are chosen at their best fit values,
and the RH gauge coupling gr = 0.36. The solid curves correspond to the respective current limits, whereas the dashed curves give the
expected future sensitivities. The shaded area is excluded from current LFV searches.
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range 0.3My < My < 3My. The light green points satisfy all current LFV limits whereas the dark red boxes additionally yield

RM(u — ) > 10719, i.e., can be probed at COMET or Mu2e.

this regime, the nonstandard contributions to Oy will only
saturate the current limit for M ~ 1-2 TeV. Therefore, the
nonobservation of LFV does put a severe limit on the
allowed nonstandard contribution to Ovff. Taking into
account the model parameter variances, the LFV constraint
weakens considerably, though, to M = 2 TeV (Fig. 9). We
cannot, therefore, stringently claim that current LFV limits
already exclude nonstandard Ovff contributions, although
such a scenario (LFV limits evaded, large nonstandard Ov /33
contributions) seems rather remote and requires a highly
noncommensurate heavy spectrum. If LFV were not to be
observed in future experiments such as COMET and MuZ2e,
then large nonstandard Ovff contributions that saturate the
current (and likely future) limits will surely be ruled in
our model.

V. COLLIDER SIGNATURES

In the LRSM, lepton number and flavor violation can be
probed via various processes at the LHC. Generically, the
most sensitive process is given by heavy RH neutrino

exchange leading to the signal pp —> Wi — liljE F 42
jets at the LHC [63-67], cf. Fig. 10." As can be 1mmed1—
ately seen by comparing the diagram with Fig. 2 (middle),
the process is essentially the resonant high-energy version
of the heavy neutrino contribution to Ouvff decay, if two
same sign electrons are produced. The potential to discover
lepton flavor number violation using this process has
analyzed in [69,70]. We here adapt the analysis of [69]
to our specific model and summarize below the salient
features. For more details on the LHC process analysis,
see [69].

'Other possibly nonresonant production mechanisms as well
as triplet Higgs and Z production processes can be considered,
see, for example, [68].

While we were preparing this manuscript, the CMS
collaboration at LHC has reported an updated bound on the
mass of the RH charged gauge boson in the LRSM from
their analyses of events at a center of mass energy /s =
8 TeV with an integrated luminosity of 19.7 fb~! [40]. The
CMS collaboration looked for the same signature we
discuss here, namely, two leptons and two jets arising
from the s-channel production of a Wy boson, which
decays through a RH neutrino N as proposed in [63], which
subsequently decays through an off-shell W (other decays
of a W have been discussed in [71]),

pp = W = IN - LLLWy — 111, +2jets.  (44)
The CMS analysis treats events with two electron and two
muons separately but it does not differentiate between
lepton charges. Nevertheless, it reports that among the 14
potential signal events seen, only one same sign lepton
event was observed. The analysis does not consider lepton
flavor violating signatures with both an electron and a
muon. With no significant excess observed in the data, a
lower limit on the Wy mass my, < 2.87(3.00) TeV at
90% C.L. is reported in the ee (uu) channel, for

u
d

[

FIG. 10 (color online). Production and decay of a heavy RH
neutrino with dilepton signature at hadron colliders.
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My = %M w,- Intriguingly, the data exhibits an excess in
the ee channel with a local significance of 2.8¢ for a Wp
mass My, ~ 2.1 TeV. No corresponding excess is seen in
the up channel. The CMS analysis also reports that it does
not see any localized excess in the distribution expected
from the decay N — [, + 2jets.

The CMS analysis compares the experimental result with
the theoretically predicted cross section in the minimal
LRSM using g; = gr. Here, the ee excess cannot be
understood as the predicted cross section is too large by a
factor of ®3—4. As reported in our dedicated letter [41], this
issue can be reconciled in LRSMs with D-parity breaking
that predict a smaller value gz ~0.6g;. This provides
additional motivation to explore the observed excess despite
its insufficient significance. Other analyses in the context of
LRSMs were performed in [42,43]. The excess has also been
discussed in other theoretical contexts [72-76].

With the negligible mixing between the heavy and light
neutrinos as well as the left and right W bosons, both W
and N couple only through RH currents. Assuming only one
heavy neutrino is light enough to be produced in the process,
in a normally ordered hierarchical scenario, the total cross
section of the process pp — eejj can be expressed as

o(pp — eejj)
=o(pp = Wg) X Br(Wgz — eN) x Br(N — ¢jj)

9r\? ,
= ‘VNe|4 (ﬁ) UCMS(PP - ee]])’ (45)

~
\

—_
(=]

\
V2. 582041 V2,58 =
8L 8L

—_—

olpp > Wg—=>(N > (1)) ][fb]

My, [TeV]

FIG. 11 (color online).
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where ocys(pp — eejj)isthe cross section for g; = gr and
Ve = 1 (heavy neutrino mixes purely to electrons) as used
in the CMS analysis. Instead, in our case we have gz/g; ~
0.6 and |Vy,|~0.85 for the best-fit values of neutrino
oscillation parameters. This leads to an overall reduction
of the signal cross section by a factor of |V y,[*(gr/g1)*~
0.16. This allows the excess to be interpreted as a signal, as
shown in Fig. 11 (left) where the calculated process cross
section is compared with the CMS result. The dashed red
curve gives the predicted cross section as a function of
My, andMy = 1My, forgg = g, and Vy, = 1 (essentially
coinciding with the corresponding curve in the CMS analy-
sis) whereas the solid red curve corresponds to gz/g; = 0.6
and |V y,| = 0.82. The solid black curve is the observed CMS
95% exclusion whereas the dashed grey curve and green
(yellow) bands show the expected 95% exclusion with
lo (20) uncertainty, with an excess in the region
1.9 TeV S My, < 2.4 TeV. The absence of a puu signal
could also be understood as |V,| = 0.56 for best-fit oscil-
lation parameters with a normally ordered neutrino spectrum.
The predicted cross section o(pp — ppjj) analogous to
Eq. (45) is also shown in Fig. 11 (left) and clearly would not
produce an observable excess.

The nonobservation of a signal in previous searches for
Wgx — IN at CMS [77] and ATLAS [78], which report an
exclusion at 95% confidence level of My, 2 2.5 TeV, can
of course be easily understood with the suppressed cross
section. While apparently incompatible with a signal at
~2.1 TeV, this limit is also adjusted in our model. With the

AN
\
—— \
N \ \
\ \
| LHC Sensitivity\ 5o Y909
2 14 TeV, 3000 fb~! \ \

\

\ \
\ 1
\

My [TeV]

— o ———

LHC Exclusion
7/8 TeV

/] 7/
/ /
/ Ve
—————————— L/—f,
OL .
1 2 3 4 5

My, [TeV]

Left: Predicted cross sections o(pp — eejj) (red curves) and experimental exclusion limits as a function of

the Wy mass. The dashed red curve correspond to the LRSM case gr = g7, V. = 1. The solid (dotted) red curve corresponds to the
D-parity breaking scenario with gg = 0.38 and |V, | = 0.82 (|Vy,| = 0.56). The observed (solid black curve) and expected (dashed
grey curve and green/yellow bands) 95% exclusion limits are taken from [40]. Right: Discovery potential of the process pp — Wy —
I l;E; + 2 jets at the LHC as a function of the RH Wj boson mass and heavy neutrino mass M. The red shaded region is excluded by
recent LHC searches. The value of the RH gauge coupling is g = 0.38, and the neutrino oscillation parameters are chosen at the best-fit

values.

015018-14



DOUBLE BETA DECAY, LEPTON FLAVOR VIOLATION, ...

aforementioned suppression of the cross section, we
estimate that the previous LHC limits weaken to
My, 2 2.1 TeV. A similar argument also apply to other

collider limits such as from W — tb decay searches [79].

Despite the apparent strength of our model, we do not
consider the excess to be successfully reconciled in our
model; firstly, the reported significance of 2.8¢ locally is
not high enough, and it is not clear whether the absence of a
localized excess in the invariant mass of the heavy neutrino
is statistically consistent with the observed excess. Most
importantly, though, we have so far omitted the issue of
same sign versus opposite sign final state leptons. In our
model, the heavy neutrinos are proper Majorana particles,
and the same number of positively and negatively charged
leptons from its decay are expected. On the other hand,
CMS only observed 1 same sign event among the 14
candidate signal events, which would require a strong
statistical fluctuation. The model could be enhanced to
explain the lack of lepton number violating events by
incorporating quasi-Dirac heavy neutrinos, such as present
in inverse seesaw scenarios. While the observation of LNV
would provide a clear path to understanding the physics of
neutrino mass generation and would, for example, have
considerable impact on leptogenesis [80,81], TeV scale
models typically predict quasi-Dirac heavy neutrinos to
evade unnaturally small Yukawa couplings.

We, therefore, assume in the following that the excess is
only a statistical fluctuation, determine the excluded Wy
and N masses in our model and consider the future
sensitivity of LHC searches. The potential phenomenology
of the process in Fig. 10 is very rich. As already noted, the
final state e"e” + 2 jets corresponds to lepton number
violation directly connected to Ovff5, whereas leptons with
different flavor such as p"e™ + 2 jets correspond to lepton
flavor violation. First and foremost, though, we are
interested in the overall discovery sensitivity; i.e., we
sum over all first two generation leptons in the final state,
including all combinations of same and opposite sign
charges. The discovery sensitivity of future LHC searches
with luminosity of 3000~" fb in this case is displayed in
Fig. 11 (right). The dashed contours correspond to the 5S¢
discovery and 90% exclusion significance, whereas the red
shaded region is already excluded by recent LHC searches
[40]. In order to determine this region, we assume that the
observed CMS sensitivity matches the expected sensitivity,
resulting in a limit of My, % 2.4 TeV for My = 1/2M .
In our calculation we make the simplifying assumption that
the process in Fig. 10 is mediated by a single heavy
neutrino, or more precisely, the lightest heavy neutrino. For
hierarchical heavy (and light) neutrinos, this will be the
dominant contribution. For quasidegenerate heavy neutri-
nos, the cross section will increase by a factor of ~3.
Overall, future LHC searches will be able to probe heavy
Wpg boson and neutrino masses up to 3—4 TeV in the
kinematically allowed regime my,, > my.

PHYSICAL REVIEW D 91, 015018 (2015)

Because of the direct connection between light and
heavy neutrinos due to the type-1I seesaw dominance in
our model, the lightest heavy neutrino is naturally expected
to be lighter than Wpg, at least for strongly normal ordered
neutrino mass hierarchies. The nonobservation of an LHC
signal, therefore, excludes heavy scales M <2-3 TeV.
Similar to the case of LFV searches discussed in the
previous section, this would consequently rule out large
nonstandard contributions to Oygp. This is in line with
existing results in the literature showing that LHC searches
are in general more sensitive than Ovff to LNV around the
TeV scale if the LNV messenger is produced reso-
nantly [82].

VI. CONCLUSIONS

We have carried out a detailed analysis of the leptonic
phenomenology of a class of TeV scale left-right symmetric
models with spontaneous breaking of D parity. This
includes the low-energy aspects of neutrino mass gener-
ation within a type-II seesaw mechanism, Ovff decay and
lepton flavor violating decays as well as the relevant
signatures at the LHC. The main consequence of D-parity
breaking as compared to minimal models with manifest
left-right symmetry is the departure from the left and right
gauge coupling equality, gr # gr. Our model emerges from
a nonsupersymmetric SO(10) GUT scenario with a Pati-
Salam symmetry at the highest intermediate scale. The
main effect of the model is realized by the reduced value of
the RH gauge coupling gz =~ 0.6g; , in contrast to most left-
right symmetry analyses assuming gr = g;.

The reduced RH gauge coupling suppresses all processes
mediated by RH currents with various powers of (gz/g;) as
compared to manifest left-right symmetry. This allows us to
lower the masses and scales of the model while evading
low-energy and direct collider limits. We have concentrated
on the analyses of the contributions to neutrinoless double
beta decay from nonstandard effective operators mediated
by the heavy states of the model. These processes are
suppressed by a factor of (gg/g.)®=~0.02 in Wg-Wpg
mediated channels via the exchange of heavy neutrinos
and a heavy RH Higgs triplet. Within the dominant type-II
seesaw scenario employed, the different contributions are
tightly correlated to the standard light neutrino exchange
for a given lepton number symmetry breaking scale,
leading to an upper limit on the Oypp half-life.

We have also analyzed the predictions for the lepton
flavor violating processes p — ey, yu — eee and y—e
conversion in nuclei. The dominant contributions to these
processes are typically suppressed by (gz/g;)* and LFV
searches have, therefore, a relative advantage over Ovff
with respect to the sensitivity to heavy scales. LFV and
Ouvpp searches are also complementary in the sense that
while Ovff is especially sensitive to large neutrino masses
(quasidegenerate spectrum), LFV processes are suppressed
in this regime, due to a right-handed GIM mechanism. On
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the other hand, LFV processes are especially sensitive for
strong normally or inversely ordered neutrinos, with future
experiments such as COMET or Mu2e probing heavy
neutrino scales of around 10 TeV.

We have not concentrated on the limits on our model
coming from hadronic low-energy processes, but we would
like to make a few pertinent comments here. The strongest
indirect bound on My, is due to the K; — Ky mass
difference [83-86],

2 2
g | ~ (”) (“TCV) <1. (46)
gL My,
This results in the bound My, 2 2.5 TeV for manifest left-
right symmetry, whereas the (gg/g; )* suppression weakens
the limit to My, 2 1.5 TeV in our case.

Finally, we have also discussed the sensitivity of
searches for Wy and N production at the LHC. If the
Wpg and N only couple via right-handed couplings, as in our
model with negligible left-right mixing, the LHC cross
section of resonant Wy production scales as (gg/g.)?%,
giving it a relative advantage over low-energy LFV and
LNV searches. The latest results for this process have been
published by CMS recently [40] with a reported limit of
My, Z 3 TeV applying to the manifest left-right symmetry
case. The analyzed data also includes a local 2.8¢ excess in
the cross section of pp — eejj for My, ~2.0-2.5 TeV.
While not sufficiently significant, it is still interesting to
speculate whether this excess is generated by new physics
beyond the SM. In [41] we pointed out that the smaller
value of g in models with D-parity breaking is consistent
with the observed excess. On the other hand, the predicted
cross section is too large in manifest left-right symmetry.

PHYSICAL REVIEW D 91, 015018 (2015)

We have here elaborated on this observation in our model,
in which the right-handed charged current mixing matrix is
fully described by the light neutrino oscillation data. This
also allows us to understand the absence of an excess in the
channel pp — pujj at CMS.

We would like to stress, though, that we do not attempt to
explain the excess with our model. We simply consider the
excess as a motivation to further explore TeV scale physics
models of neutrino mass generation at the LHC. Low-
energy searches for Oypp and LFV decays together with
future LHC searches such as for Wy production with a
projected sensitivity of My, ~4-5 TeV (utilizing an inte-
grated luminosity of up to 3000 fb~!) in our model will
strongly test TeV neutrino mass models.
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