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We propose an alternative formulation of a left-right symmetric model where the difference between
baryon number (B) and lepton number (L) remains an unbroken symmetry. This is unlike the conventional
formulation, where B — L is promoted to a local symmetry and is broken explicitly in order to generate

Majorana neutrino masses. In our case B — L remains a global symmetry after the left-right symmetry

breaking, allowing only Dirac mass terms for neutrinos. In addition to parity restoration at some high scale,

this formulation provides a natural framework to explain B — L as an anomaly-free global symmetry of the
Standard Model and the nonobservation of (B — L)-violating processes. Neutrino masses are purely Dirac
type and are generated either through a two-loop radiative mechanism or by implementing a Dirac seesaw

mechanism.
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I. INTRODUCTION

With the discovery of the Higgs boson the last missing
piece of evidence confirming the Standard Model (SM)
of particle physics has been obtained. However, the
observation of neutrino oscillations has established non-
vanishing neutrino masses, which is undeniable evidence
of physics beyond the SM. In the SM the left-handed
fermions transform as electroweak doublets while the
right-handed fermions transform as singlets due to parity
violation. Thus, it is natural to look for a left-right
symmetric theory at a high energy scale, where both the
left-handed and the right-handed fermions transform on
an equal footing under the gauge group and parity is
restored. At some high energy the left-right symmetric
gauge group and parity are broken spontaneously, which
explains the observed parity violation at low energies.

*patrick.bolton. 17@ucl.ac.uk
Tf.deppisch @ucl.ac.uk
“chandan.hati @clermont.in2p3.fr
Ssudhanwa@iitbhilai.ac.in

I utpal @phy.iitkgp.ernet.in

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2019,/100(3)/035013(15)

035013-1

This motivates the left-right symmetric model (LRSM),
in which the SM gauge group SU(3), x SU(2), x U(1)y
is extended to make it left-right symmetric SU(3), x
SU(2), xSU(2)g x U(1)x [1]. Several versions of the
LRSM exist in the literature (see e.g., Ref. [2] for a recent
review) and in almost all of these models one identifies the
generator of the group U(1)y with the B — L symmetry,
where B is the baryon number and L is the lepton number.'
For the SM particles this identification follows simply from
the charge equation relating the SM gauge group to the
LRSM gauge group which is broken by the conventional
choice of a triplet Higgs scalar. If this choice is generalized
for the right-handed neutrinos one can then generate small
Majorana neutrino masses for the neutrinos through the
seesaw mechanism [5]. However, in general this choice is
not unique for new fermions added to the SM spectrum or
for alternative Higgs sectors.

In the conventional LRSM, at some high energy scale
compared to the electroweak symmetry breaking scale
the left-right symmetric gauge symmetry group can be
written as

Grr =SU(3), x SUQ2), x SU(2)g x U(1)x, (1)

which breaks down to the SM gauge group SU(3).x
SU(2); x U(1)y. The electric charge is related to the
generators of the gauge groups by the relation

'For some exceptions see e.g., Refs. [3.4].
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X
Q:T3L+T3R+§:T3L+Y- (2)

In the conventional case the quantum number X is
identified with the B — L symmetry, so that B — L becomes
a local gauge symmetry of the model. Consequently, the
left-right symmetry breaking can induce several (B — L)-
violating interactions, including the generation of Majorana
neutrino masses via a seesaw mechanism. The transforma-
tions of the left- and right-handed fermions under the left-
right symmetric gauge group G = SU(3). x SU(2), x
SU(2)g x U(1)p_, are given by

uy 1 Ug 1
= = 3,2,1,— , - = 371,2’_ )
a (dL) [ 3] I (dR) [ 3]

£, = <:i > =[1.2.1,-1], fp= (:::)5[],1,2,—]].
(3)

Left-right symmetry naturally includes the right-handed
neutrinos vg. The symmetry breaking pattern is given by

SU(3)C X SU(2)L X SU(2)R X U(I)X{GLR}
L5U(3), x SU2), x U(1)y[Gaw]

_>SU(3)C X U(I)Q[Gem]’

where My corresponds to the SU(2)y breaking scale. The
relevant scalar sector is given by

0 D
q>—<1 1):[1,2,2,0],

;D
A+
2L Aerr
A= T s,
A A
L \/E L
A+
2R A;ﬁ
N T TR} 4)
Ay -
R \/i R

In the conventional LRSM, the X = B — L symmetry is
broken by the triplet Higgs scalar Az = [1, 1, 3, 2] and from
left-right parity symmetry one must also have another
triplet Higgs scalar A; = [1, 3, 1, 2]. For both of the triplets
A g, the U(1) quantum number is B— L = —2. In the
absence of any additional symmetry, the gauge symmetry
allows the interactions of the Higgs triplets with the
fermions

Eszzc_lfLAL +ff£C_1fRAR, (5)

which determine the B — L quantum number of A; g
uniquely, allowing the identification X = B — L. The SM

Higgs doublet breaking the electroweak symmetry also
gives masses to the fermions, which in the presence of both
left- and right-handed fermions transforming as doublets
dictate that the SM Higgs doublet should be a bidoublet
under the group Gjg:

¢=11,2,2,0], (6)

with X =B-L =0.

When this conventional model is embedded in grand
unified theories like SO(10) GUT, the theory contains
diquarks (A, that couple to two quarks) or leptoquarks
(A, that couple to a quark and a lepton or an antilepton)
[6]. All these scalar fields belong to one 126-dimensional
representation of SO(10) and their quantum numbers are
determined by the quantum numbers of the fermions, which
dictate X = B — L. In this conventional formalism there are
many sources of B — L violation, all of which could affect
the lepton asymmetry of the Universe, and hence, the
baryon asymmetry of the Universe. Usually one considers
mainly the interactions of the right-handed neutrinos Np
when studying leptogenesis [7,8] and assumes that all other
interactions decouple before T =~ My, where My is the
mass of the lightest right-handed neutrino. The lepton
asymmetry generated by the decays of the lightest right-
handed neutrino would then get converted to a baryon
asymmetry of the Universe in the presence of the sphaler-
ons before the electroweak phase transition. However, after
the decays of the right-handed neutrinos there could be fast
(B — L)-violating interactions originating from the sponta-
neous breaking of the gauged B — L symmetry [9-16).2

A complete study should thus address all the following
interactions:

(1) Interactions of the gauge boson Wy with the right-
handed leptons, and also with the Higgs triplet Ap
which violate B — L quantum numbers [9-16,18]. In
some models, these interactions can also generate a
lepton asymmetry.

(2) Interactions of the diquark Higgs scalars A, with
themselves and with the dilepton Higgs scalars
[19-23]. When a model predicts neutron-antineutron
oscillation, light diquark Higgs scalars are predicted.
These models may wash out the lepton asymmetry
generated by the right-handed neutrino decays.

(3) The interactions of the right-handed triplet Higgs
scalars Ap [24-27] can also affect the lepton
asymmetry generated by other mechanisms.

(4) The left-handed triplet Higgs scalars A; can gen-
erate a lepton asymmetry and also a neutrino mass,
after the right-handed neutrinos decay [28-32].
Even when M, > M, the Higgs decay can generate
an asymmetry, which is not affected by the slow

2 . . . .
For a recent review with some relevant discussion see e.g.,
Ref. [17].
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lepton-number-violating decays of the right-handed
neutrinos.

In what follows, we will construct a formulation of an
LRSM with an unbroken B — L symmetry, where all these
interactions are absent because B — L is not spontaneously
broken and consequently one ends up with very different
phenomenology and signatures. First, we note that in
general, one can define a new quantum number £, such
that in Eq. (1) we have,

X=(B-L)+¢. (7)

Thus, if {#0, then B— L can also become a global
unbroken symmetry, independent of the left-right sym-
metry. In this work we point out an alternative scheme of
left-right symmetry breaking, where B — L is no longer
considered to be a local gauge symmetry, but remains an
unbroken symmetry. Consequently, all fermions including
the neutrinos are Dirac particles. Interestingly, in this model
the neutrinos can have tiny Dirac masses generated through
either a two-loop radiative correction or a Dirac seesaw
mechanism [33] depending on the Higgs sector of the
model. This formulation also provides a natural framework
to explain B — L as a global symmetry of the SM and can
explain the nonobservation of any (B — L)-violating proc-
esses. The baryon asymmetry of the Universe can be
explained in this formulation through a (B — L)-conserving
neutrinogenesis mechanism [34-36].

We would like to emphasise that historically, the original
formulation of the LRSM [1] entertained the possibility of
purely Dirac masses for neutrinos as explored in Ref. [37];
however due to the breaking of local B — L symmetry
together with SU(2), the Dirac masses of neutrinos were
susceptible to corrections due to Majorana contributions
induced by the B — L-violating operators in a UV-complete
theory. This subsequently led to the realization of Majorana
neutrino masses by introducing a seesaw mechanism e.g.,
using a triplet Higgs, which is one of the most interesting
aspects of these formalisms. On the other hand, in our
formalism we explore a potential alternative to the above
formalism where the pure Dirac nature of neutrino masses
is protected by the unbroken B — L global symmetry,
forbidding any possibility of any dimension-five or higher
lepton-number-violating operators. Furthermore, the small-
ness of the neutrino masses is naturally ensured by a two-
loop radiative contribution in one of the variants where the
tree-level and one-loop contributions are forbidden by the
construction of the model. In another variant of the model
the smallness of the Dirac neutrino masses are realized by a
Dirac seesaw mechanism and due to the unbroken B — L
global symmetry such small Dirac masses are protected
against any new Majorana corrections.

The plan for rest of the paper is as follows. In Sec. 11, we
present an LRSM with an unbroken B — L symmetry where
no Higgs bidoublet is present and the Higgs sector consists

of a right-handed doublet, a left-handed doublet and a
parity-odd singlet. In this scenario the quark masses and the
charged lepton masses are generated through a seesaw
mechanism introducing new vector-like states, while the
neutrino masses are generated radiatively at the two-loop
level. In Sec. III, we study the two-loop radiative contri-
bution in the context of neutrino masses and mixing by
constructing a left-right symmetric parametrization a la
Casas-Ibarra and present a phenomenological numerical
analysis for a minimal 2 x 2 case, showing the dependence
of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mix-
ing matrix angle on the hierarchy of heavy charged lepton
masses and the left-right symmetry breaking scale. In
Sec. 1V, we present another alternative realization of an
LRSM with a global B — L symmetry in the presence of a
bidoublet Higgs. In this scenario the quarks acquire their
masses through the vacuum expectation value of the
bidoublet, while the charged and the neutral lepton masses
are generated through the Dirac seesaw mechanism in the
presence of heavy vector-like states. In Sec. V, we outline
the observable phenomenology of this formulation and
discuss constraints from various considerations. Finally in
Sec. VI we conclude and comment on the possible
implementation of a dark matter candidate and leptogenesis
mechanisms to generate the observed baryon asymmetry of
the Universe in this scenario.

II. LEFT-RIGHT SYMMETRIC MODEL
WITH AN UNBROKEN B -L SYMMETRY

The fermion content of this model is the same as that
given in Eq. (3). In addition we will add vector-like
fermions. For the left-right symmetry breaking, we now
use a doublet Higgs scalar yr = [1, 1,2, 1], whose vacuum
expectation value (VEV) breaks the left-right symmetry
Gr=SU(3).xSU((2), xSU2)p x U(1)y [38,39]. It is
crucial to note that this field does not have any exclusive
interaction with the SM fermions, and hence the B — L
quantum number is no longer uniquely determined as
compared to the conventional LRSM. Therefore for yp,
we can choose B — L = 0, and hence { = 1 in Eq. (7). The
left-right symmetry ensures that we have a second doublet
Higgs scalar y; = [1,2, 1, 1], with the same assignment of
B —L =0 and { = 1. Interestingly, these assignments do
not require any additional global symmetries, but will allow
B — L to remain as a global unbroken symmetry after the
electroweak symmetry breaking.

A priori we have two choices for the Higgs sector to
break the electroweak symmetry. The first choice is that we
keep the Higgs bidoublet from the conventional model;
after electroweak symmetry breaking it will then generate
Dirac masses for all the fermions. Such a scenario is the
subject of the discussion in Sec. IV. In this section we will
be primarily interested in the alternative possibility where
there is no Higgs bidoublet and the left-handed Higgs
doublet y; =[1,2, 1, 1] breaks the electroweak symmetry.
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TABLE 1. Field content of the LRSM with an unbroken B — L
symmetry in the absence of a Higgs bidoublet.

Field SU(2), SUQ2) B—-L ¢ X=(B—L)+¢ SUQ3),

q 2 1 1/3 0 1/3 3
ar 1 2 1/3 0 1/3 3
‘) 2 1 -1 0 -1 1
Cr 1 2 -1 0 -1 1
Ur 1 1 13 1 4/3 3
D 1 1 13 -1 -2/3 3
E.x 1 1 -1 -1 ) 1
1 2 1 0 1 1 1
TR 1 2 0 1 1 1
p 1 1 0 0 0 1

In such a scenario the quark masses and the charged lepton
masses are generated through a seesaw mechanism that
introduces new vector-like states [33]. Interestingly, in this
scenario the neutrino masses can be generated at the two-
loop level [40]. The field content of this model is
summarized in Table I.

The necessity of the scalar field p in the model is
justifiable from an examination of the relevant scalar
potential [41]. In the absence of the Higgs bidoublet the
general scalar potential of this model can be written as

V= —@2(rixe +xixe) + Ml(iae)* + (eaw)?)

+ () k) = 1297+ Aop*

Mg (L = XRR) + AP (1L + xjxR)- (8)
Redefining 4, and 4, in terms of A, = (4; +4,/2)/2
and A_ = (4 —4,/2)/2 and using the parametrization
() = rsinf, (y%) = rcosp and (p) = s, we can recast
the scalar potential in Eq. (8) as
V= —,u)%r2 + /er4 + A_r* cos? 2p — ,ulz,sz + /lps4

— Uy STPCOS2P + A, 871 9)
Minimizing the scalar potential with respect to r, # and s
we obtain
_2 2 2 0223 — 2 _

My + 24,17 + 241" cos” 2 — p,, s cos 2 + 4,57 = 0,
(10)

My r?s sin 23 — 22_r* cos 2B sin 23 = 0, (11)
Apyt? = 45+ 22,8% — i, cos 23 = 0. (12)

From Eq. (11) itis evident that for u,, = 0, i.e., if the p field
is decoupled from the model then = z/4,7/2, .... Here
/= /4 corresponds to the unbroken parity symmetry case
(VY = (%) and B = x/2 corresponds to the case where
)y =0, (%) #0, leading to massless quarks and

charged leptons. Therefore we conclude that it is crucial
for the model to have a p field with u,, # 0 thus giving
cos2f = p,,s/ 2A_r?, leading to a realistic mass spectrum
for quarks and charged leptons of the model. Thus, we will
consider the symmetry breaking pattern

SU(3), x SU(2), x SU(2)g x U(1)x X PGprp]

YiSU(3). x SU(2), x SU2)g x U(1)x[G1x]

()(_R))SU(?))C X SU(Z)L X U(l)y[gSM}

DSUB), x U(1) G-

In this scheme, the usual Dirac mass terms for the SM
fermions are not allowed due to the absence of a Higgs
bidoublet scalar. However, in the presence of vector-like
copies of quark and charged lepton gauge isosinglets, the
charged fermion mass matrices can assume a seesaw
structure. The relevant Yukawa interaction Lagrangian in
this model is given by

=L =hx1q Ug + hygyrGrUL + ha 710G Dg
+ har¥rqrDr + hi 71 Eg + he¥rCREL
—I—mU(_]LUR+mDDLDR+mEELER+H.C., (13)

where we suppress the flavor and color indices on the fields
and couplings for brevity. y; z denotes 7,x] , Where 7, is
the usual second Pauli matrix. Note that, in general, if the
parity symmetry is broken by the VEV of a singlet scalar at
some high scale as compared to the left-right symmetry
breaking scale then the Yukawa couplings corresponding to
the right-type and left-type Yukawa terms may run differ-
ently under the renormalization group below the parity
breaking scale. This approach where the left-right parity
symmetry and SU(2), breaking scales are decoupled from
each other was first proposed in Ref. [42]. Therefore, while
writing the Yukawa terms above we distinguish the left- and
right-handed couplings explicitly with the subscripts L
and R.

After electroweak symmetry breaking we can write the
mass matrices for the quarks as [43-47]

0 hL”L 0 hdLuL
e (P B P )
huRuR myy hdR”R mp

(14)

where (y; z) =upg. Up to leading order in h, u;,
the SM and heavy vector partner up-quark masses are
given by

Upupg

m, ~ huLhuR s m%/ + (huRMR)27 (15)
my

ﬁ’lU%
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A priori, the up-type quark mass matrices can be diagon-
alized via left and right unitary transformations giving rise
to the usual Cabibbo-Kobayashi-Maskawa matrix and its
right-handed analog, in the basis where the down-type
quark mass matrix is already diagonal. Simplified expres-
sions for the mixing angles HLU'R can be found in the limit
where the Yukawa couplings are assumed to be real and
therefore the diagonalizing unitary matrices are simplified
to orthogonal matrices OF®. In this case the mixing angles
G%J’R are given by

up rMy
—_— 16
Ry

The down-quark masses and mixing are obtained in an
analogous manner. Note that in writing the above equations
we have dropped the flavor indices of the Yukawa
couplings h,; ,z which determine the observed quark
and charged lepton mixings. The hierarchy of the quark
masses can be explained by assuming either a hierarchical
structure of the Yukawa couplings or a hierarchical struc-
ture of more than one generation of the vector-like quark
masses.

Similarly, the charged lepton masses are generated
through a Dirac seesaw mechanism. However, we explicitly
assume more than one generation of vector-like charged
leptons and work in a basis where the vector-like
charged lepton masses are diagonal. In such a basis the
SM charged lepton masses are given by

tan(ZHLU’R) ~ 2huL,uR

my, = upughy, Mgy, . (17)

3my, myy, + (p* —miy, ) (p* — myy,,)

T
tr tr
bL bH
Wi Wi
B
vy, [ L - Ek - [ R VR

FIG. 1. Two-loop radiative diagram generating Dirac neutrino
masses.

The charged lepton mass matrix given in Eq. (17) can be
diagonalized by the biunitary transformation

milag Ul my,, UR . (18)

ai

where [7' ®) = =Urr )lL(R) and the superscripts m and f
correspond to the mass and flavor bases, respectively. Light
Dirac neutrino masses are generated through a two-loop
contribution [40]. The relevant Feynman diagram is shown
in Fig. 1. The computation of this diagram leads to the
following neutrino mass term:

2.2
9L9r

2 2
2 myy, My

mpmy

L=—

3 -
tL hzTthL hZR “% URVL, hL[kI;ch;rek/.VRj 5
(19)

where Z) = mg T, corresponds to a diagonal matrix, with

2

[ d% [ dp
n- | <2n>4/ @) P —

Here p and k denote the momenta of the W; and b in the
loops, respectively. Note that to simplify the analysis we
have made the assumption that the top and bottom quarks
contribute dominantly in the one-loop diagram inducing the
mixing between W; and Wy, and consequently in writing
Eq. (19) we treat the corresponding Yukawa couplings 7,
and h;, as numbers instead of matrices in the presence of
more than one generation of heavy vector-like quarks. On
the other hand, h; y are in general 3 x 3 matrices which
play a crucial role in understanding the neutrino masses and
mixings. We would like to point out that for a scenario with
a single generation of vector-like charged leptons or more
than one generation of vector-like charged leptons with
degenerate masses in the integral given in Eq. (20) the
neutrino mass matrix turns out to be directly proportional to
the charged lepton mass matrix and consequently, the
PMNS matrix turns out to be diagonal which is ruled

mE,\)(p - m%,

)(Pz - ’”W,e)kz(k2 - mB)(P + k) [(p+ k) - mT]

(20)

|
out by the current neutrino oscillation data.” However, we
would like to emphasize that the above argument is no
longer true in the case where more than one generation of
vector-like charged leptons with a hierarchical mass spec-
trum is considered. In Sec. III, we shall focus on this
scenario and show that it is indeed possible to accommo-
date nontrivial mixings in the PMNS mixing matrix using
only the two-loop radiative contribution if more than one
generation of heavy vector-like charged leptons is present.
In the Appendixes A and B we sketch two alternative
methods of evaluating the two-loop integral given in

*In such scenarios the situation can be remedied by extending
the field content of the model to also include heavy vector-like
neutrinos to realize a Dirac seesaw scenario or by extending the
Higgs sector to realize a one-loop radiative mechanism for
generating the neutrino masses.
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Eq. (20). Note that even though such integrals have been
evaluated in the literature for one heavy vector-like charged
lepton state under some simplifying assumptions [40], it is
crucial to evaluate them more generally to understand the
dependence of the integral on the vector-like quark masses,
which generate a nontrivial mixing for the neutrinos in
addition to nonzero masses. Following the approach out-
lined in Appendix A, the final neutrino masses are given by

2.2
_ 919 Mmpmy T
mD” = 3 ﬁuLuRhLikjthkf’ (21)
mWLmWR

where

mEk o ay 1
=t dr——— dx1
T (1677:2)2A rr—|—ak/0 o

x{ x(1=-x)r+(1=x) (1=x)r+p
x(1=x)r+ 1 =x)+xp (1=x)r

. (22)

with a; = mp/mj,_and f = m7/my, . The neutrino mass
matrix given in Eq. (21) can be diagonalized by the
biunitary transformation

moee — U”J;ml,’l Uk, (23)
where U} and U} are the left- and right-handed unitary
matrices corresponding to the biunitary transformation
diagonalizing the neutrino mass matrix.

III. A LEFT-RIGHT SYMMETRIC
PARAMETRIZATION OF THE RADIATIVE
NEUTRINO MASSES AND MIXING

To analyze the two-loop radiative neutrino masses and
mixings phenomenologically, it is convenient to parame-
trize the charged lepton and neutrino masses. From
Egs. (17) and (18) the diagonal charged lepton matrix is
given by

m“ = Ul'h; Mg'hj UL . (24)

where the matrices have been made bold to distinguish
them from numbers and Mf;l = u upmg' is a diagonal
matrix. Similarly, from Egs. (21) and (23) the diagonal
neutrino mass matrix is given by

m{" = Uy'h; Mg hj Uy, (25)
R%¥R

where

)
ME» = nggR 7’;117”1; MLMRJ (26)
miy, My,
is a diagonal matrix with J being the diagonal matrix
corresponding to the integral (22). If J is not proportional to
mg! then one can have a nontrivial PMNS mixing matrix
U, = UlEU’i by solving Egs. (24) and (25) simultaneously,
in order for /; and hp to fit the neutrino oscillation data. A
comprehensive numerical analysis of the 3 x 3 general left-
right asymmetric mixing case is highly nontrivial and
involves a large number of parameters. This is beyond
the scope of the current work and will be addressed in a
future work. Here we will focus on a particularly interesting
limiting case where the left- and right-handed unitary
rotation matrices and the Yukawa couplings are identical
ie., U} = Uy =U" and h;, = hy = h. This helps us to
construct a new parametrization a la Casas-Ibarra [48]
which immensely simplifies the underlying numerical
analysis of simultaneously solving Egs. (24) and (25).
Even though such a simplifying assumption need not be
true in general, it enables us to explore the qualitative
dependence of the PMNS mixing angle on different model
parameters by using a phenomenological approach. As
noted before, for a diagonal mg and J, Mg! and Mg, are
diagonal matrices in generation space, which allows us to
write the identities

(m;ﬁag_l/ZU”hMEI/z)(Ml_zl/thUlm;ﬁag_l/z) —T= RZRT»

(27)
(mi 12y hMY?) (MY Umd ) = 1= R, R,
(28)

where R;, are arbitrary unitary matrices (RTR =1).
Working in a basis where the charged lepton masses are
diagonal, i.e., U' =1 and U’ =U, the PMNS mixing
matrix, one can solve Eq. (27) for the Yukawa matrix h
up to an arbitrary unitary matrix R,

TABLE II. Current global best-fit values for the neutrino oscillation parameters, taken from Ref. [53].
Parameter Best fit 1o Parameter Best fit +1o
sin2 0;,/10""! 3.20020 8cp/n(NO) 121407
sin? 03/1071 (NO) 5471020 bcp/n(10) 1.561013
sin’ 0,/1071(10) 5.514018 Am3,[1075 eV?] 7.55107%
sin 0,3/10~2(NO) 2.1600.083 |Am3,[[107% eV?](NO) 250 +0.03
sin20,3/1072(10) 22200074 |Am3,|[1073 eV2](10) 242100
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h = m} 2R, N2, (29)
which can then be substituted into Eq. (28) to solve
for the PMNS mixing matrix up to an arbitrary unitary
matrix R,

In order to understand the dependence of the PMNS mixing
angle on different model parameters (in particular, the left-
right symmetry breaking scale and mass scale of the heavy
vector-like fermions) and the arbitrary unitary rotation
matrices qualitatively, we explore the discussed paramet-
rization to solve Egs. (29) and (30) simultaneously for a
2 x 2 case. Furthermore we restrict ourselves to the case

_1ng-1/2 diag1/2 . : .
U = (h')" "M "/*R}m{e"/2, (30)  where all the Yukawa matrices and rotation matrices are
v
1.0}
aso}
0.8}
a00}
s s 06l
3 8
E P
x i
= 350 ? o4}
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FIG. 2. Numerical solutions for 2 x 2 mixing simultaneously fitting Eqgs. (29) and (30) for the case of normal ordering of neutrino
masses: (top left) SU(2), breaking scale ug, (top right) 2 x 2 PMNS mixing angle, (middle left) the arbitrary rotation matrix angles in
'R, (middle right) the arbitrary rotation matrix angles in R, and (bottom) the maximal element of the Yukawa matrix h, as a function of
the mass difference between two generations of vector-like charged lepton masses Amy, for different benchmark values of mj. See text

for the benchmark values of the other relevant parameters.
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real. With these simplifying assumptions, the arbitrary
rotation matrices R;, and the PMNS matrix U can now
be parametrized in terms of one rotation angle each

where £ = =£1, and 6 corresponds to the usual PMNS
maximal angle 6,;. Among the other free parameters we set
gr = g1, mr = 1.5 TeV to be consistent with the current
search limits from Refs. [49-51] and the lightest vector-like

cosd sin@ cos 6, sin 6, charged lepton mass my = 1 TeV to be consistent with the
U= —sin@ cosf )’ Ri= _£sinG, Ecos6,)’ current search limits from Ref. [52], as benchmark points.
. di . .
cos 0 sind For the 2 x 2 matrix m;"*® we choose the diagonal entries to
R, = ( v v ), (31) be the muon and tau masses. Further, the 2 x 2 approxi-
—&sin6, £cos6, mation makes use of the hierarchy of mass squared
500} 1.0}
450t 0.8
S 400 g o9
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E £
3 (7]
3501 0.4¢
300} 0.2
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o~ o~
£ £
(7] o 04t
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T 200 400 600 800 1000 — m;g=10° TeV
Amg(TeV)

FIG. 3. Numerical solutions for 2 x 2 mixing simultaneously fitting Egs. (29) and (30) for the case of inverted ordering of neutrino
masses: (top left) SU(2), breaking scale ug, (top right) 2 x 2 PMNS mixing angle, (middle left) the arbitrary rotation matrix angles in
'R, (middle right) the arbitrary rotation matrix angles in R, and (bottom) the maximal element of the Yukawa matrix h, as a function of
the mass difference between two generations of vector-like charged lepton masses Amy, for different benchmark values of mj. See text

for the benchmark values of the other relevant parameters.
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splittings: the diagonal entries of m_“¢ are set by the

splittings, while the 2 x 2 mixing angle 6 corresponds
approximately to the 3 x 3 atmospheric mixing angle 6,5.
We use the best-fit values for the atmospheric and solar
neutrino mass-squared differences from the global oscil-
lation analysis [53]. For ease of reference, the relevant
global analysis parameters are summarized in Table II. For
these benchmark choices, we solve Egs. (29) and (30)
simultaneously to obtain simultaneous solutions for four
parameters 6, ugp, 6, and 6; as a function of the mass
difference between two generations of vector-like charged
lepton masses mp, —mg, = Amyp for different benchmark
values of my.

In Fig. 2, we present the numerical solutions for the case
of normal ordering, setting the lightest neutrino mass to be
1072 eV as a benchmark choice and using the resultant

heavier neutrino masses as the diagonal entries of ma* In
the top left plot we show the relevant SU(2), breaking
VEV uy as a function of the mass difference between two
generations of vector-like charged lepton masses Amg for
different benchmark values of mp and in the top right plot
we show the variation of the 2 x 2 PMNS mixing angle
corresponding to the usual mixing angle 6,5 as a function of
the mass difference between two generations of vector-like
charged lepton masses Am for different benchmark values
of mp. Vector-like quark masses are limited to be figheavier
than my 2 1.4 TeV [49-51], which is satisfied for all our
choices.

It is evident from these plots that one requires a SU(2),
breaking VEV of ugp ~ O(10?) TeV to generate the correct
neutrino mass splitting and a maximal PMNS mixing angle.
Although, a priori, it appears to be relatively high as
compared to the currently accessible mass scales at the
LHC, it is interesting to note that such mass scales are in
agreement with the strong cosmological bounds (discussed
in Sec. V) on the SU(2), breaking scale in this model. As
mentioned earlier, these plots also clearly demonstrate that
the hierarchy of masses of the two generations of vector-like
charged lepton masses play a crucial role in generating a
nontrivial PMNS mixing angle in contrast to the scenario
with a single generation of vector-like charged leptons or
more than one generation of vector-like charged leptons with
degenerate masses where the neutrino mass matrix turns out
to be directly proportional to the charged lepton mass matrix
leading to a trivial PMNS mixing matrix which is incon-
sistent with the neutrino oscillation data. A large splitting
Ampg Z 100 TeV is thus required to achieve a large neutrino
mixing angle. In our benchmark choice, this is achieved
using a hierarchical heavy fermion spectrum. Note that only
a strictly hierarchical spectrum with Amg/mg 2 100 can
lead to the maximal neutrino mixing angle case. In the
middle two plots we show the arbitrary rotation matrix
angles in R; and R, defined in Eq. (31) as a function of the
mass difference between two generations of vector-like
charged lepton masses Amp for different benchmark values

of mpg. Finally, in the bottom plot we show the maximal
element of the Yukawa matrix h as a function of the mass
difference between two generations of vector-like charged
lepton masses Amy for different benchmark values of mp,
which shows that the numerical solutions correspond to
Yukawa couplings well within the perturbative regime.

In Fig. 3, we present the numerical solutions for the case
of inverted ordering using the best-fit values for the
atmospheric and solar neutrino mass-squared differences
from the global oscillation analysis of Ref. [53], setting the
lightest neutrino mass to be 1072 eV as a benchmark choice
and using the second- and third-generation neutrino masses

as the diagonal entries of m3% We note that in this case
one also requires a SU(2); breaking VEV of up ~
O(10%) TeV to generate the correct neutrino mass splitting
and a maximal PMNS mixing angle.

IV. LEFT-RIGHT SYMMETRIC MODEL
WITH A GLOBAL B-L SYMMETRY IN
THE PRESENCE OF A BIDOUBLET HIGGS

In this alternative scenario a Higgs bidoublet breaks
the electroweak symmetry. The field content and their
transformations are summarized in Table. III. The quarks
acquire their masses through the vacuum expectation value
of the bidoublet while the Yukawa couplings giving rise to
lepton masses are forbidden by some symmetry.® Both the
charged and neutral leptons would then acquire Dirac
seesaw masses in this scenario [33].° For this purpose,
we introduce four singlet vector-like fermions, which are
the charged and neutral heavy leptons:

o =[1.1.1,0],
E, =[1.1,1,2],

or=[1.1.1,0],
Ex=[1.1,1,2],

(32)

which carry B — L = 1, and hence, { = —1 for the neutral
fermions o, and { = 1 for the charged fermions E; . The
left-right symmetry breaking will allow mixing of these
fermions with the light leptons, and hence, the assignment
of lepton number is more natural than in the conventional
left-right symmetric models, where similar new singlets
carry vanishing lepton numbers. The VEVs of the fields
x1.r introduce mixing of the new neutral leptons ¢, z with
the neutrinos and the new charged leptons E;  with the
charged leptons. As far as quark masses are concerned,
vector-like heavy quark fields are not necessary for this
scheme, but nonetheless can be included. The general
scalar potential with all the scalar fields can be written as

*For example one may introduce an additional discrete Z,
symmetry, such that Lz, oz and Ep are odd under this discrete
symmetry. Note that in such a case the vector-like mass term for o
and E will break this Z, symmetry softly.

For other interesting implementations of purely Dirac
neutrino masses in the context of other models see e.g.,
Refs. [54-57].
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V = 2Tr[@ @] + 3 (Tr[®®T]| + Tr[®'®]) + A\ (Tr[®T®])? + 4, [(Tr[@DT))? + (Tr[®' @])?]
+ R Tr[ @D | Tr[® @] + A, Tr[® ©)(Tr[®D'] + Tr[®F D)) + 12 (v 11 + xrtr)
+ 4s[rba ) + Grkarw) ! + As i) rire) + an Te(@T @] (r) s + )
+ ay (7, PPy, + k@ Pyg) + a3 (1] P2PYy, + 1k D Prr) + sy, PPy,
+ 7@ dyg) + (1 PPy, + i@ Pyr) + Mo (11 @ +xk®TxL)
+ o2 (1 Por + k@ ) — 12p? + dap* + Mp(xlvr — xhrr)
+ 48P (L + Xkxr) + Aop? Tr[@F @] + A10p? [Det(®) + Det(d7)], (33)

where ® = 7,®*7,. Using the notation (y;) = u;, {yg) = ug, (®) = diag(v,,v,) and (p) = s, we minimize the scalar

potential to obtain

pug + 22513 + Agupug + pyg(vy + v2)ug =0, (34)

prug + 2Asup + dgugity + pag(v1 + v2)uy =0, (35)

where ), = (Upe1V2 + Hpaov1)/ (01 + 7). The effective mass terms u? and p% are given by

Ui = p5 + Ms + Ags* + (ag + a})vivs + (v + v3) + 3 + azvi,
Uy = p3 — Ms + Ags* + (ay + &) v vy + oy (v} + v3) + 03 + azv?. (36)

From Eqgs. (34) and (35) one gets

upug(2Ms) + (245 — Ag) (Ui — ug)ugug + g (V1 + vy)(ug —uj) = 0. (37)

One can derive the seesaw relation from the above
equation as

tng(v1 + 02) (uf — u)

= . 38
R Mt 0k I — ) )
Assuming the hierarchy u; < up < s, M yields
- +
w, = .“hqﬁ(vl vz)MR_ (39)

2Ms

TABLE III.  Field content of the LRSM with a unbroken B — L
symmetry in the presence of a Higgs bidoublet.

Field SU(2), SU(2), B—-L ¢ X=(B-L)+¢ SUQ3).

aL 2 1 1/3 0 1/3 3
dr 1 2 13 0 1/3 3
‘) 2 1 -1 0 -1 1
£r 1 2 -1 0 -1 1
Ex 1 1 -1 -1 ) 1
GL.R 1 1 —1 +1 0 1
1 2 1 0 1 1 1
P 1 2 0 1 1 1
P 1 1 0 0 0 1
o 2 2 0 0 0 1

|
Thus in this scenario a small u; /up can be obtained by
choosing the scales M, p, u;, appropriately.

The Yukawa term for the quarks involving the Higgs
bidoublet is given by

—Lyidouvter = f1j41 9P + f1;319x®P +H.c..  (40)

where ® = 7,®7, and 7, is the second Pauli matrix. After
the electroweak symmetry is broken via the VEV of the
Higgs scalar bidoublet, one can obtain the Dirac mass terms
for the SM quarks. Thus, the quark masses are similar to
those in the conventional LRSM and we will not repeat the
details here.® On the other hand, for the charged and neutral
leptons there is no Dirac mass term due to the Higgs
bidoublet as mentioned earlier.” The Yukawa interactions
giving mass to the leptons are given by

L=fLIC o1x1 + fRLEC 'oryr + moL08
+hLZ‘L)(LER+hR£MREL+mEEER+H‘C' (41)

®Note that, in the presence of vector-like quarks in the model
there can be a seesaw-type contribution as well [43].

To ensure this we assume that under a discrete Z, symmetry
the right-handed fields L, o, and Ey are odd, while all other
fields are even.
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The charged lepton masses are generated through a Dirac
seesaw mechanism (similar to Sec. II) and the mass matrix
is given by

my, = upughy, Mg! h;kj. (42)

To simplify our analysis of the neutrino sector we shall
work with the CP conjugates of the right-handed fields

Cp

, . CP, ...
vp—(vg)¢ = (1°), =N, and ox—(Z°), =Z,, (43)

so that the neutrino mass matrix can be written in the basis

(v Np o Zp)as
0 0 a O
0O 0 0 »b
M, = (44)
a 0 0 ¢
0O b ¢ O

Here a = f,u;, b = frug, and ¢ = m,. This gives six
Dirac neutrinos: three very heavy ones with mass ~c, and
three light ones with mass ~ab/c [58-60]. The heavy
Dirac neutrinos are made of o; and X;, while the light
Dirac neutrinos are the usual neutrinos—a combination of
v, and N, or vi. Note that one can a priori draw a two-loop
diagram similar to Fig. 1, without the vector-like fields in a
scenario where the charged lepton and quark masses are
generated by the bidoublet Higgs and only neutrino masses
are vanishing at the tree level. However, in such a diagram
the external neutrino lines can be folded to generate a
tadpole correction to the VEV of the neutral component of
the bidoublet Higgs which diverges and therefore must be
canceled by adding a counterterm [37]. Therefore, one must
ensure that the bidoublet VEV satisfies the constraint
(0| Tr[®7,@*1,]|0) = O at the tree level, implying that there
is no mixing between W; — Wy at the tree level.

V. PHENOMENOLOGY AND CONSTRAINTS

We now briefly outline the general observable phenom-
enology of our LRSM, specifically the complimentary
constraints cosmology and direct collider searches can
put on additional gauge bosons to the SM. These con-
straints can be interpreted in the M, — ¢ parameter space
of an unbroken additional gauge group U(1)y, where M,
is the mass of the U( 1), mediator (Z") and ¢ is the coupling
strength of Z’' to fermions. They are however directly
transferable to the My, — g parameter space of our model.
Given the benchmark parameter values considered in this
paper, and the subsequent ~(O(10%) TeV size of the
SU(2), breaking scale, we are most interested in con-
straints in the region My, > 1 TeV.

The bound on the number of fermionic relativistic
degrees of freedom at the time of big bang nucleosynthesis

(BBN), N 4 < 4 (obtained at 90% C.L. from the abun-
dances of light nuclei), can exclude an important region in
the generic M, — ¢ parameter space. With the addition of
right-handed neutrinos v to the SM, the U(1)y mediator
can lead to the thermalization of vz with the photon bath
via the process ff <> Dpvg. In particular, the size of this
effect can be increased through resonant enhancement
at temperatures around M, when the mediator goes
on shell.

Over the mass range 1 eV < M, < 1 TeV, BBN puts a
varying upper bound on the coupling ¢ from the condition
that the thermalization of vy does not contribute consid-
erably to N ;. For masses M, < 1 MeV, e.g., vx must
thermalize after the photon temperature ~1 MeV, giving
¢ <3 x 1077 keV/M. Natural couplings of order unity
are similarly excluded for 1 MeV < M, < 10 GeV, but
both of these regimes are clearly not of interest in our
scenario. For M, > 10 GeV the ff < Dzug process can
be treated at Tgpy as a four-fermion contact interaction and
constraints are thus put on the ratio M, /¢. This is
analogous to a constraint on the ratio My, /g, which also

leads to thermalization via ff <> Dgrg. The constraint
presented in Ref. [61] is M, /¢ > 6.7 TeV. For the
benchmark couplings considered in the radiative and
Higgs bidoublet cases in this paper, this puts a lower
bound on My, in the range 1-6 TeV. Reference [62]
similarly investigated the regime M, > Tpgpy, but instead
studied the relationship between N and the temperature
Tgic at which v, decouples. Enforcing the interaction rate
['(T¢€) to be equal to the Hubble rate H(T¢) at this
temperature, a bound of similar size can be placed
on My, /gg.

Direct searches for additional gauge bosons have also
been performed at colliders, with analyses probing large
values of M . The study of LEP 2 data [63] in Ref. [64]
parametrized the effect of Z' exchange on dielectron and
dimuon channels with a four-fermion contact interaction
for M, > 200 GeV. This improves on similar model-
independent bounds from the CDF and D@ experiments
at the Tevatron [65,66] to M, /g > 6.9 TeV. In the mass
range M, = 0.5-3.5 TeV, the ATLAS and CMS experi-
ments at the LHC constrained slightly more of the
parameter space than the linear constraint on M, /¢
[67,68]. A more recent ATLAS analysis set a lower bound
on the mediator mass of M, > 5.1 TeV using the sequen-
tial Standard Model benchmark scenario, where the cou-
plings ¢ are the same as those of the SM [69]. For the
benchmark value of g considered in this paper and the
subsequent lower bound of My, 2 5 TeV, we can safely
expect the additional gauge boson Wp to be out of reach at
the high-luminosity LHC.®

$For a relevant discussion of Wp multileptonic decay modes
see Refs. [70,71].
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VI. CONCLUSION

The question of how neutrinos acquire their masses,
which are needed to understand the observed oscillation
phenomena, remains one of the main outstanding issues in
particle physics. The overwhelming majority of explana-
tions work by generating AL = 2 Majorana masses for
neutrinos, with the type-I seesaw mechanism as the most
prominent example. While this approach clearly has
theoretical and phenomenological advantages, it is also
important to pursue other potential solutions.

In this paper, we have proposed an alternative formu-
lation of a left-right symmetric model where B — L is not
broken and thus neutrino Majorana masses are strictly
forbidden. Instead, B — L remains a global symmetry after
the left-right symmetry breaking, allowing only Dirac mass
terms for neutrinos. While parity is restored at a high scale,
this formulation provides a natural framework to explain
B — L as an anomaly-free global symmetry of the SM. In
this model, a bidoublet Higgs is not present and the charged
SM fermion masses fundamentally originate from a Dirac
seesaw mechanism connected to heavy vector-like fermion
partners. The lightness of neutrinos in this instance is
explained by the fact that the neutrino Dirac mass terms are
induced at the two-loop level, cf. Fig. 1. Alternatively, a
Dirac seesaw mechanism can be invoked for the neutrinos
as well if the corresponding heavy vector-like neutrino
partners exist. We showed that for an appropriate spectrum
of heavy states, both the lightness of neutrinos relative to
the charged fermions can be explained and a large two-
flavor mixing in the leptonic sector can be explained. An
analysis of the full three-flavor framework will be reported
elsewhere.

Our models may be enhanced in several directions. For
example, while neutrinoless double-beta decay is strictly
forbidden, one can add a light charge-neutral scalar particle
¢ with quantum numbers [1, 1, 2, 1] under our model gauge
group. This particle can potentially be a dark matter
candidate [72-74] with a Yukawa coupling to the heavy
N of the form gyNN¢. In this case, Ovffp¢ decay with
emission of the light neutral scalar ¢ via a single effective
dimension-seven operator of the form AR (#Od)(eOv)¢ is
possible. This provides a working example of a scenario
where purely Dirac neutrinos can mimic the conventional
Ovpp decay associated with the violation of lepton number
by two units and thus the Majorana nature of neutrinos.
This supports the necessity of searches for extra particles in
double-beta decay in order to fully understand the nature of
neutrinos [75].

Finally, we would also like to make some remarks on the
possibility of realizing leptogenesis in this formalism. In
our scenarios, leptogenesis may occur through neutrino-
genesis [34,35]. To give an example, the scalar field y; can
decay as yr — £ + Eg and yg — ®' + ® because of the
coupling ;(}E)(Rdﬂtb when yp acquires a VEV. Through self-
energy diagrams there can then be an interference and these
decays can generate an asymmetry in the { quantum
number which means that there will be more Ep compared
to E;, since £ and ¢) have { = 0. However, since B — L is
conserved, the asymmetry in Er will be the same as the
asymmetry in £x. Since B — L is conserved, the out-of-
equilibrium three-body decays of Ep and E; will produce
different amounts of v; and vg. Since the Yukawa cou-
plings responsible for v + ¢ — v, + W, are not allowed,
the amount of lepton asymmetry stored in v will not be
converted into v;. Thus although there is no B—L
asymmetry, there is an asymmetry in v; and an equal
and opposite amount of asymmetry in vg. Since the vp
asymmetry will not get converted to a baryon asymmetry in
the presence of sphalerons, the v; asymmetry will generate
the baryon asymmetry of the Universe. Since B — L is an
unbroken symmetry in this model, there are no other
washout interactions that can affect the baryon asymmetry
of the Universe. Alternatively, one can also add an addi-
tional heavy doublet scalar field to implement a neutrino-
genesis mechanism similar to Ref. [36].
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APPENDIX A: EVALUATION OF THE TWO-
LOOP INTEGRAL USING THE PASSARINO-
VELTMAN INTEGRAL REDUCTION

In this Appendix we outline the evaluation of the two-
loop integral given in Eq. (20) using the Passarino-Veltman
integral reduction. Note that the first term in the numerator
of Eq. (20) is suppressed by my, /my, with respect to the
second term and therefore can be neglected to obtain

1

[k [ dp
%= | o | o = =)+ O T =

(A1)

Next, by using partial-fraction decomposition and the Passarino-Veltman reduction formula the integral can be simplified to

obtain
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i d*k 1 1
I, / [ —} (Bo (K2, m2, m2) — By (K2, 0, m2)=Bo(k2, m2, 0) + Bo(K2,0,0)],  (A2)

- 16z mymymy, | (27)* [k* — mj Nz

where B is the Passarino-Veltman function defined as [76]

(A3)

1 —x(1 = X)k2 + (1 = x)m? + xm2
Bo(k2, m2, m2) :__/ dxln( x(1 = Ok + (2 x)mi +xm2>.
€ 0 H
Next, by performing a Wick rotation and defining the dimensionless quantities a, = mg/mg, and f, = m7/mj, the integral
given in Eq. (A2) can be further simplified to obtain

B 1 0 . ay 1 . x(I=x)r+(1-=x) (1 =x)r+p;
Ik_(léﬂz)zm%m%/o d r—|—ak/0 dxIn [x(l—x)r+(1—x)—|—xﬂk (I —=x)r ] (A4)

APPENDIX B: EVALUATION OF THE TWO-LOOP INTEGRAL
USING MASTER INTEGRAL REDUCTION

In this Appendix we outline another alternative approach using master integral reduction for the evaluation of the two-
loop integral given in Eq. (A1). Using Feynman parametrization the two-loop integral can be written as

1 f1 1
Ik :/0' /0' ‘/0 dxldxzdx3G(m1(x1,mEk),2;m2(x2,m3),2;m3(x3,mT),2;0), (Bl)
where
G(my, ay;my, ay; msy, 35 q*) = /dede ! ) (B2)
ST (p* =m3)™ (k2 = m3)=[(p + k + q)* — m3)]
The integration given by Eq. (B2) can be obtained by taking the derivative of the basic master integral
G(my,2;my,2;m3,2;0) = 8mgamgG(m,,2; my, 1;ms, 1;0), (B3)
where the master integral is given by [77]
G(my,2;my, 1;m3,1;0) = z* 3+1[ 1 + 2y + 2log(am?)] +1+”—2
1s 4> 25 Ly 3, Ly =7 €2 € y g T 1 4 12
1
+ 2 [—1 + 2y + 2log(zm?)]> = 1 + g(my, m,, m3;0)] , (B4)
with
: 2 % 2
g(my, my, ms;0) = | dx|1+Sp(l—u )—l_ﬂzlogu , (BS)
where Sp(z) corresponds to the Spence function and the following notations are used
2_ax+b(1—x)’ a:m_é b:m_é (B6)
x(1—x) m; mj

035013-13



BOLTON, DEPPISCH, HATI, PATRA, and SARKAR

PHYS. REV. D 100, 035013 (2019)

[1] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N.
Mohapatra and J. C. Pati, Phys. Rev. D 11, 566 (1975); 11,
2558 (1975); R.N. Mohapatra and G. Senjanovié, Phys.
Rev. D 12, 1502 (1975).

[2] C. Hati, S. Patra, P. Pritimita, and U. Sarkar, Front. Phys. 6,
19 (2018).

[3] D. London and J. L. Rosner, Phys. Rev. D 34, 1530 (1986).

[4] M. Dhuria, C. Hati, R. Rangarajan, and U. Sarkar, Phys.
Rev. D 91, 055010 (2015).

[5] P. Minkowski, Phys. Lett. 67B, 421 (1977); T. Yanagida, in
Proceedings of the Workshop on Unified Theory and the
Baryon Number of the Universe, edited by O. Sawada and
A. Sugamoto (KEK, Tsukuba, 1979), p. 95; M. Gell-Mann,
P. Ramond, and R. Slansky, in Supergravity, edited by F. van
Nieuwenhuizen and D. Freedman (North Holland, Amster-
dam, 1979), p. 315; S. L. Glashow, in Quarks and Leptons,
edited M. Lévy et al. (Plenum, New York, 1980), p. 707;
R. N. Mohapatra and G. Senjanovi¢, Phys. Rev. Lett. 44,
912 (1980); J. Schechter and J. W. F. Valle, Phys. Rev. D 22,
2227 (1980).

[6] M. Roncadelli and D. Wyler, Phys. Lett. 133B, 325 (1983);
P. Roy and O. Shanker, Phys. Rev. Lett. 52, 713 (1984);
A.S. Joshipura, A. Mukherjee, and U. Sarkar, Phys. Lett.
156B, 353 (1985).

[7]1 M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[8] P. Langacker, R. D. Peccei, and T. Yanagida, Mod. Phys.
Lett. A 01, 541 (1986); M. A. Luty, Phys. Rev. D 45, 455
(1992); R. N. Mohapatra and X. Zhang, Phys. Rev. D 46,
5331 (1992); A. Acker, H. Kikuchi, E. Ma, and U. Sarkar,
Phys. Rev. D 48, 5006 (1993); M. Flanz, E. A. Paschos, and
U. Sarkar, Phys. Lett. B 345, 248 (1995); M. Flanz, E. A.
Paschos, U. Sarkar, and J. Weiss, Phys. Lett. B 389, 693
(1996); E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716
(1998); T. Hambye, E. Ma, and U. Sarkar, Nucl. Phys.
B602, 23 (2001); M. Raidal, E. Ma, and U. Sarkar, Nucl.
Phys. B615, 313 (2001).

[9] E.F. Deppisch, J. Harz, and M. Hirsch, Phys. Rev. Lett. 112,
221601 (2014).

[10] F. F. Deppisch, J. Harz, M. Hirsch, W. C. Huang, and H. Pis,
Phys. Rev. D 92, 036005 (2015).

[11] E. F. Deppisch, L. Graf, J. Harz, and W. C. Huang, Phys.
Rev. D 98, 055029 (2018).

[12] J. M. Frere, T. Hambye, and G. Vertongen, J. High Energy
Phys. 01 (2009) 051.

[13] P.S. B. Dev, C. H. Lee, and R. N. Mohapatra, J. Phys. Conf.
Ser. 631, 012007 (2015).

[14] P.S. B. Dev, C. H. Lee, and R. N. Mohapatra, Phys. Rev. D
90, 095012 (2014).

[15] M. Dhuria, C. Hati, R. Rangarajan, and U. Sarkar, J.
Cosmol. Astropart. Phys. 09 (2015) 035.

[16] M. Dhuria, C. Hati, R. Rangarajan, and U. Sarkar, Phys.
Rev. D 92, 031701 (2015).

[17] E.J. Chun et al, Int. J. Mod. Phys. A 33, 1842005
(2018).

[18] W.Y. Keung and G. Senjanovic, Phys. Rev. Lett. 50, 1427
(1983).

[19] R. N. Mohapatra and R. E. Marshak, Phys. Lett. 94B, 183
(1980); 96B, 444 (1980).

[20] J. C. Pati, A. Salam, and U. Sarkar, Phys. Lett. 133B, 330
(1983).

[21] K. S. Babu and R.N. Mohapatra, Phys. Rev. Lett. 109,
091803 (2012).

[22] D. G. Phillips Ilet al., Phys. Rep. 612, 1 (2016).

[23] C. Hati and U. Sarkar, arXiv:1805.06081.

[24] G. Bambhaniya, J. Chakrabortty, J. Gluza, T. Jelinski, and
R. Szafron, Phys. Rev. D 92, 015016 (2015).

[25] B. Dutta, R. Eusebi, Y. Gao, T. Ghosh, and T. Kamon, Phys.
Rev. D 90, 055015 (2014).

[26] P.S. B. Dev, R. N. Mohapatra, and Y. Zhang, J. High Energy
Phys. 05 (2016) 174.

[27] M. Mitra, S. Niyogi, and M. Spannowsky, Phys. Rev. D 95,
035042 (2017).

[28] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998).

[29] M. Magg and C. Wetterich, Phys. Lett. 94B, 61 (1980).

[30] T.P. Cheng and L. F. Li, Phys. Rev. D 22, 2860 (1980).

[31] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B181,
287 (1981).

[32] G. Lazarides and Q. Shafi, Phys. Rev. D 58, 071702 (1998).

[33] A. Davidson and K.C. Wali, Phys. Rev. Lett. 59, 393
(1987); S. Rajpoot, Phys. Rev. D 36, 1479 (1987); D. Chang
and R.N. Mohapatra, Phys. Rev. Lett. 58, 1600 (1987);
B. S. Balakrishna, Phys. Rev. Lett. 60, 1602 (1988); K. S.
Babu and R.N. Mohapatra, Phys. Rev. Lett. 62, 1079
(1989); Phys. Rev. D 41, 1286 (1990); B. Brahmachari,
E. Ma, and U. Sarkar, Phys. Rev. Lett. 91, 011801 (2003).

[34] E. K. Akhmedov, V. A. Rubakov, and A. Yu. Smirnov, Phys.
Rev. Lett. 81, 1359 (1998).

[35] K. Dick, M. Lindner, M. Ratz, and D. Wright, Phys. Rev.
Lett. 84, 4039 (2000).

[36] P.H. Gu, H.J. He, and U. Sarkar, Phys. Lett. B 659, 634
(2008).

[37] G.C. Branco and G. Senjanovic, Phys. Rev. D 18, 1621
(1978).

[38] G. Senjanovic, Nucl. Phys. B153, 334 (1979); G. Dvali, Q.
Shafi, and Z. Lazarides, Phys. Lett. B 424,259 (1998); K. S.
Babu, J.C. Pati, and F. Wilczek, Nucl. Phys. B566, 33
(2000).

[39] S.M. Barr, Phys. Rev. Lett. 92, 101601 (2004); S. M. Barr
and C. H. Albright, Phys. Rev. D 69, 073010 (2004); Phys.
Rev. D 70, 033013 (2004).

[40] K. S. Babu and X. G. He, Mod. Phys. Lett. A 04, 61 (1989).

[41] R. N. Mohapatra, Phys. Lett. B 201, 517 (1988).

[42] D. Chang, R. N. Mohapatra, and M. K. Parida, Phys. Rev.
Lett. 52, 1072 (1984).

[43] F. F. Deppisch, C. Hati, S. Patra, P. Pritimita, and U. Sarkar,
Phys. Lett. B 757, 223 (2016).

[44] P.S. B. Dev, R. N. Mohapatra, and Y. Zhang, J. High Energy
Phys. 02 (2016) 186.

[45] A. Dasgupta, M. Mitra, and D. Borah, arXiv:1512.09202.

[46] FE.F. Deppisch, C. Hati, S. Patra, P. Pritimita, and U. Sarkar,
Phys. Rev. D 97, 035005 (2018).

[47] A. Patra and S. K. Rai, Phys. Rev. D 98, 015033 (2018).

[48] J. A. Casas and A. Ibarra, Nucl. Phys. B618, 171 (2001).

[49] A.M. Sirunyan et al. (CMS Collaboration), Eur. Phys. J. C
79, 364 (2019).

[50] M. Aaboud et al. (ATLAS Collaboration), Phys. Rev. Lett.
121, 211801 (2018).

[51] M. Aaboud et al. (ATLAS Collaboration), J. High Energy
Phys. 05 (2019) 164.

[52] CMS Collaboration, Report No. CMS-PAS-EXO-18-005.

035013-14


https://doi.org/10.1103/PhysRevD.10.275
https://doi.org/10.1103/PhysRevD.11.566
https://doi.org/10.1103/PhysRevD.11.2558
https://doi.org/10.1103/PhysRevD.11.2558
https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.3389/fphy.2018.00019
https://doi.org/10.3389/fphy.2018.00019
https://doi.org/10.1103/PhysRevD.34.1530
https://doi.org/10.1103/PhysRevD.91.055010
https://doi.org/10.1103/PhysRevD.91.055010
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1016/0370-2693(83)90156-9
https://doi.org/10.1103/PhysRevLett.52.713
https://doi.org/10.1016/0370-2693(85)91624-7
https://doi.org/10.1016/0370-2693(85)91624-7
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1142/S0217732386000683
https://doi.org/10.1142/S0217732386000683
https://doi.org/10.1103/PhysRevD.45.455
https://doi.org/10.1103/PhysRevD.45.455
https://doi.org/10.1103/PhysRevD.46.5331
https://doi.org/10.1103/PhysRevD.46.5331
https://doi.org/10.1103/PhysRevD.48.5006
https://doi.org/10.1016/0370-2693(94)01555-Q
https://doi.org/10.1016/S0370-2693(96)80011-6
https://doi.org/10.1016/S0370-2693(96)80011-6
https://doi.org/10.1103/PhysRevLett.80.5716
https://doi.org/10.1103/PhysRevLett.80.5716
https://doi.org/10.1016/S0550-3213(01)00109-2
https://doi.org/10.1016/S0550-3213(01)00109-2
https://doi.org/10.1016/S0550-3213(01)00416-3
https://doi.org/10.1016/S0550-3213(01)00416-3
https://doi.org/10.1103/PhysRevLett.112.221601
https://doi.org/10.1103/PhysRevLett.112.221601
https://doi.org/10.1103/PhysRevD.92.036005
https://doi.org/10.1103/PhysRevD.98.055029
https://doi.org/10.1103/PhysRevD.98.055029
https://doi.org/10.1088/1126-6708/2009/01/051
https://doi.org/10.1088/1126-6708/2009/01/051
https://doi.org/10.1088/1742-6596/631/1/012007
https://doi.org/10.1088/1742-6596/631/1/012007
https://doi.org/10.1103/PhysRevD.90.095012
https://doi.org/10.1103/PhysRevD.90.095012
https://doi.org/10.1088/1475-7516/2015/09/035
https://doi.org/10.1088/1475-7516/2015/09/035
https://doi.org/10.1103/PhysRevD.92.031701
https://doi.org/10.1103/PhysRevD.92.031701
https://doi.org/10.1142/S0217751X18420058
https://doi.org/10.1142/S0217751X18420058
https://doi.org/10.1103/PhysRevLett.50.1427
https://doi.org/10.1103/PhysRevLett.50.1427
https://doi.org/10.1016/0370-2693(80)90853-9
https://doi.org/10.1016/0370-2693(80)90853-9
https://doi.org/10.1016/0370-2693(80)90805-9
https://doi.org/10.1016/0370-2693(83)90157-0
https://doi.org/10.1016/0370-2693(83)90157-0
https://doi.org/10.1103/PhysRevLett.109.091803
https://doi.org/10.1103/PhysRevLett.109.091803
https://doi.org/10.1016/j.physrep.2015.11.001
http://arXiv.org/abs/1805.06081
https://doi.org/10.1103/PhysRevD.92.015016
https://doi.org/10.1103/PhysRevD.90.055015
https://doi.org/10.1103/PhysRevD.90.055015
https://doi.org/10.1007/JHEP05(2016)174
https://doi.org/10.1007/JHEP05(2016)174
https://doi.org/10.1103/PhysRevD.95.035042
https://doi.org/10.1103/PhysRevD.95.035042
https://doi.org/10.1103/PhysRevLett.80.5716
https://doi.org/10.1016/0370-2693(80)90825-4
https://doi.org/10.1103/PhysRevD.22.2860
https://doi.org/10.1016/0550-3213(81)90354-0
https://doi.org/10.1016/0550-3213(81)90354-0
https://doi.org/10.1103/PhysRevD.58.071702
https://doi.org/10.1103/PhysRevLett.59.393
https://doi.org/10.1103/PhysRevLett.59.393
https://doi.org/10.1103/PhysRevD.36.1479
https://doi.org/10.1103/PhysRevLett.58.1600
https://doi.org/10.1103/PhysRevLett.60.1602
https://doi.org/10.1103/PhysRevLett.62.1079
https://doi.org/10.1103/PhysRevLett.62.1079
https://doi.org/10.1103/PhysRevD.41.1286
https://doi.org/10.1103/PhysRevLett.91.011801
https://doi.org/10.1103/PhysRevLett.81.1359
https://doi.org/10.1103/PhysRevLett.81.1359
https://doi.org/10.1103/PhysRevLett.84.4039
https://doi.org/10.1103/PhysRevLett.84.4039
https://doi.org/10.1016/j.physletb.2007.11.061
https://doi.org/10.1016/j.physletb.2007.11.061
https://doi.org/10.1103/PhysRevD.18.1621
https://doi.org/10.1103/PhysRevD.18.1621
https://doi.org/10.1016/0550-3213(79)90604-7
https://doi.org/10.1016/S0370-2693(98)00145-2
https://doi.org/10.1016/S0550-3213(99)00589-1
https://doi.org/10.1016/S0550-3213(99)00589-1
https://doi.org/10.1103/PhysRevLett.92.101601
https://doi.org/10.1103/PhysRevD.69.073010
https://doi.org/10.1103/PhysRevD.70.033013
https://doi.org/10.1103/PhysRevD.70.033013
https://doi.org/10.1142/S0217732389000095
https://doi.org/10.1016/0370-2693(88)90610-7
https://doi.org/10.1103/PhysRevLett.52.1072
https://doi.org/10.1103/PhysRevLett.52.1072
https://doi.org/10.1016/j.physletb.2016.03.081
https://doi.org/10.1007/JHEP02(2016)186
https://doi.org/10.1007/JHEP02(2016)186
http://arXiv.org/abs/1512.09202
https://doi.org/10.1103/PhysRevD.97.035005
https://doi.org/10.1103/PhysRevD.98.015033
https://doi.org/10.1016/S0550-3213(01)00475-8
https://doi.org/10.1140/epjc/s10052-019-6855-8
https://doi.org/10.1140/epjc/s10052-019-6855-8
https://doi.org/10.1103/PhysRevLett.121.211801
https://doi.org/10.1103/PhysRevLett.121.211801
https://doi.org/10.1007/JHEP05(2019)164
https://doi.org/10.1007/JHEP05(2019)164

ALTERNATIVE FORMULATION OF LEFT-RIGHT SYMMETRY ...

PHYS. REV. D 100, 035013 (2019)

[53] P.E. de Salas, D. V. Forero, C. A. Ternes, M. Tortola, and
J.W.E Valle, Phys. Lett. B 782, 633 (2018).

[54] S.C. Chuli, E. Ma, R. Srivastava, and J. W. F. Valle, Phys.
Lett. B 767, 209 (2017).

[55] S.C. Chuli, R. Srivastava, and J. W. FE. Valle, Phys. Lett. B
781, 122 (2018).

[56] S.C. Chuli, R. Srivastava, and J. W. F. Valle, Phys. Rev. D
98, 035009 (2018).

[57] C. Bonilla, S. Centelles-Chuli, R. Cepedello, E. Peinado,
and R. Srivastava, arXiv:1812.01599.

[58] H. Murayama and A. Pierce, Phys. Rev. Lett. 89, 271601
(2002); B. Thomas and M. Toharia, Phys. Rev. D 73,
063512 (2006); 75, 013013 (2007).

[59] S. Abel and V. Page, J. High Energy Phys. 05 (2006) 024;
D. G. Cerdeno, A. Dedes, and T. E.J. Underwood, J. High
Energy Phys. 09 (2006) 067.

[60] P.H. Guand H. J. He, J. Cosmol. Astropart. Phys. 12 (2006)
010; P.H. Gu, H.J. He, and U. Sarkar, Phys. Lett. B 659,
634 (2008); J. Cosmol. Astropart. Phys. 11 (2007) 016.

[61] V. Barger, P. Langacker, and H. S. Lee, Phys. Rev. D 67,
075009 (2003).

[62] L. A. Anchordoqui, H. Goldberg, and G. Steigman, Phys.
Lett. B 718, 1162 (2013).

[63] S. Schael et al. (ALEPH, DELPHI, L3, OPAL, and LEP
Electroweak Collaborations), Phys. Rep. 532, 119 (2013).

[64] J. Heeck, Phys. Lett. B 739, 256 (2014).

[65] A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett.
95, 252001 (2005).

[66] M. Carena, A. Daleo, B. A. Dobrescu, and T. M. P. Tait,
Phys. Rev. D 70, 093009 (2004).

[67] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 90,
052005 (2014).

[68] V. Khachatryan et al. (CMS Collaboration), J. High Energy
Phys. 04 (2015) 025.

[69] G. Aad et al. (ATLAS Collaboration), arXiv:1903.06248.

[70] A.Das, P.S. B. Dev, and R. N. Mohapatra, Phys. Rev. D 97,
015018 (2018).

[71] A. Das, N. Nagata, and N. Okada, J. High Energy Phys. 03
(2016) 049.

[72] V. Berezinsky and J. W.F. Valle, Phys. Lett. B 318, 360
(1993).

[73] C. Garcia-Cely and J. Heeck, J. High Energy Phys. 05
(2017) 102.

[74] T. Brune and H. Pis, arXiv:1808.08158.

[75] R. Cepedello, F. F. Deppisch, L. Gonzlez, C. Hati, and M.
Hirsch, Phys. Rev. Lett. 122, 181801 (2019).

[76] G. Passarino and M. J. G. Veltman, Nucl. Phys. B160, 151
(1979).

[77] A. Ghinculov and J.J. van der Bij, Nucl. Phys. B436, 30
(1995).

035013-15


https://doi.org/10.1016/j.physletb.2018.06.019
https://doi.org/10.1016/j.physletb.2017.01.070
https://doi.org/10.1016/j.physletb.2017.01.070
https://doi.org/10.1016/j.physletb.2018.03.046
https://doi.org/10.1016/j.physletb.2018.03.046
https://doi.org/10.1103/PhysRevD.98.035009
https://doi.org/10.1103/PhysRevD.98.035009
http://arXiv.org/abs/1812.01599
https://doi.org/10.1103/PhysRevLett.89.271601
https://doi.org/10.1103/PhysRevLett.89.271601
https://doi.org/10.1103/PhysRevD.73.063512
https://doi.org/10.1103/PhysRevD.73.063512
https://doi.org/10.1103/PhysRevD.75.013013
https://doi.org/10.1088/1126-6708/2006/05/024
https://doi.org/10.1088/1126-6708/2006/09/067
https://doi.org/10.1088/1126-6708/2006/09/067
https://doi.org/10.1088/1475-7516/2006/12/010
https://doi.org/10.1088/1475-7516/2006/12/010
https://doi.org/10.1016/j.physletb.2007.11.061
https://doi.org/10.1016/j.physletb.2007.11.061
https://doi.org/10.1088/1475-7516/2007/11/016
https://doi.org/10.1103/PhysRevD.67.075009
https://doi.org/10.1103/PhysRevD.67.075009
https://doi.org/10.1016/j.physletb.2012.12.019
https://doi.org/10.1016/j.physletb.2012.12.019
https://doi.org/10.1016/j.physrep.2013.07.004
https://doi.org/10.1016/j.physletb.2014.10.067
https://doi.org/10.1103/PhysRevLett.95.252001
https://doi.org/10.1103/PhysRevLett.95.252001
https://doi.org/10.1103/PhysRevD.70.093009
https://doi.org/10.1103/PhysRevD.90.052005
https://doi.org/10.1103/PhysRevD.90.052005
https://doi.org/10.1007/JHEP04(2015)025
https://doi.org/10.1007/JHEP04(2015)025
http://arXiv.org/abs/1903.06248
https://doi.org/10.1103/PhysRevD.97.015018
https://doi.org/10.1103/PhysRevD.97.015018
https://doi.org/10.1007/JHEP03(2016)049
https://doi.org/10.1007/JHEP03(2016)049
https://doi.org/10.1016/0370-2693(93)90140-D
https://doi.org/10.1016/0370-2693(93)90140-D
https://doi.org/10.1007/JHEP05(2017)102
https://doi.org/10.1007/JHEP05(2017)102
http://arXiv.org/abs/1808.08158
https://doi.org/10.1103/PhysRevLett.122.181801
https://doi.org/10.1016/0550-3213(79)90234-7
https://doi.org/10.1016/0550-3213(79)90234-7
https://doi.org/10.1016/0550-3213(94)00522-G
https://doi.org/10.1016/0550-3213(94)00522-G

