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The different scenarios of spontaneous breaking of D parity have been studied in both the non-

supersymmetric and the supersymmetric version of the left-right symmetric models (LRSM). We explore

the possibility of a TeV scale SUð2ÞR breaking scaleMR and hence TeV scale right-handed neutrinos from

both minimization of the scalar potential as well as the coupling constant unification point of view. We

show that, although minimization of the scalar potential allows the possibility of a TeV scale MR and tiny

neutrino masses in LRSM with spontaneous D-parity breaking, the gauge coupling unification at a high

scale �1016 GeV does not favor a TeV scale symmetry breaking except in the supersymmetric left-right

model with Higgs doublet and bidoublet. The phenomenology of neutrino mass is also discussed.
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I. INTRODUCTION

The left-right symmetric model (LRSM) is a novel exten-
sion of the standard model of particle physics [1–5]. In such
models the parity is spontaneously broken and the smallness
of neutrino masses [6–9] arises in a natural way via a seesaw
mechanism [10–13]. Incorporating supersymmetry (susy)
into such models comes with a couple of other advantages
in terms of the gauge hierarchy problem, coupling constant
unification among many others. Another advantage in such
susy models is that they provide a natural candidate for dark
matter in terms of the lightest superparticle (LSP). In the
minimal supersymmetric standard model (MSSM), this LSP
is stable only if we incorporate an extra symmetry called R

parity Rp ¼ ð�1Þ3ðB�LÞþ2s. However, in supersymmetric

left-right (SUSYLR) models [14–17] based on the gauge
group SUð3ÞC � SUð2ÞL � SUð2ÞR �Uð1ÞB�L, this R par-
ity is a part of thegauge symmetry and, hence, neednot be put
by hand. Since Uð1ÞB�L symmetry is broken by a Higgs
triplet with even B� L quantum number, R parity is still
preserved at low energy.

In the usual LRSM, the scale of parity breaking and
SUð2ÞR gauge symmetry breaking are identical which is
not necessary. There have been lots of studies on left-right
symmetric models where the parity symmetry gets broken
much before the SUð2ÞR gauge symmetry breaks by
so-called spontaneous D-parity breaking [18,19]. In this
paper we analyze various types of susy and non-susy left-
right models with spontaneous D-parity breaking and
check analytically whether the minimization of the scalar
potential allows a TeV scale SUð2ÞR breaking scale (pro-
vided parity breaks at a much higher scale) as well as tiny
neutrino masses. We then check whether such a choice of
intermediate symmetry breaking scales unifies the gauge

coupling constants in the SUSYLR framework. We discuss
the possible phenomenology of neutrino mass in each cases
separately.
Motivation and outlook.—Since many papers exist in

the literature studying these aspects of the left-right sym-
metric models, we summarize here our motivation for this
study and how our analysis differs from earlier works.
Before the precision measurements of the weak mixing
angle and the strong coupling constants, the evolution of
the gauge coupling constants could allow low-scale left-
right symmetry breaking [20]. This could be achieved with
a single stage symmetry breaking. Later it was found that,
by invoking more intermediate scales, it is possible to have
more freedom to adjust the different symmetry breaking
scales. However, after the precision electroweak measure-
ments at LEP, it was found that the simplest left-right
symmetric models would not allow a left-right symmetry
breaking below 1012 GeV, in both single stage symmetry
breaking as well as multistage symmetry breaking [21–23].
SOð10Þ based models also got constrained with the allowed
intermediate scale in the range of 109–1010 GeV [24,25].
Introducing the Pati-Salam symmetry breaking scale
would not allow lowering the left-right symmetry breaking
scale both in the supersymmetric as well as the nonsuper-
symmetric models. It would be possible to break the
SUð2ÞR to Uð1ÞR at a higher scale and then break the group
Uð1ÞR at a lower scale, but the breaking scale of SUð2ÞR
could not be lowered, keeping the theory consistent with
the potential minimization and gauge coupling evolution.
In a recent paper, it has been demonstrated that, by

introducing additional scalars it is possible to lower the
scale of left-right symmetry breaking, i.e., break the sym-
metry group SUð2ÞR [26]. In this paper we studied the
different symmetry breaking patterns to check the consis-
tency with the potential minimization and gauge coupling
evolution and see which of these models could allow TeV
scale left-right symmetry breaking. We restricted our
analysis to only a single stage symmetry breaking, because
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by introducing the additional symmetry breaking scales it
was not found to help lowering the left-right symmetry
breaking scales. Of course, our analysis does not rule out
other possibilities of lowering the left-right breaking scale
by introducing newer symmetry breaking scales and new
physics. However, this analysis demonstrates, within the
simplest framework of single stage symmetry breaking,
which models are consistent with potential minimization,
gauge coupling unification, and allow a TeV scale left-right
symmetry breaking,

This paper is organized as follows. In the Sec. II, we
will study the potential minimization of the non-susy and
the susy version of various left-right symmetric models
and check the minimization of the scalar potential. Then
in Sec. III we study the gauge coupling unification in all
the SUSYLR models we have considered and discuss the
neutrino mass in Secs. IV and V. We discuss the results
and conclusion in Sec. VI and finally conclude in
Sec. VII.

II. LR MODELS WITH SPONTANEOUS
D-PARITY BREAKING

In left-right symmetric models with spontaneous
D-parity breaking, the discrete parity symmetry gets bro-
ken (by the vev of a parity odd singlet scalar field)
much before the SUð2ÞR gauge symmetry breaks. The
gauge group is effectively SUð3ÞC � SUð2ÞL � SUð2ÞR �
Uð1ÞB�L � P, where P is the discrete left-right symmetry
which we call D parity. This D-parity symmetry is differ-
ent from the Lorentz parity in the sense that Lorentz parity
interchanges left-handed fermions with the right-handed
ones but the bosonic fields remain the same. Whereas, the
D parity also interchanges the SUð2ÞL Higgs fields with the
SUð2ÞR Higgs fields. The parity odd singlet field breaks
this gauge symmetry at high scale �ð1016–1019Þ GeV
to SUð3ÞC � SUð2ÞL � SUð2ÞR �Uð1ÞB�L which further
breaks down to the standard model gauge group SUð3ÞC �
SUð2ÞL �Uð1ÞY at a lower scale. The D-parity breaking
introduces an asymmetry between left and right-handed
Higgs fields and makes the coupling constants of SUð2ÞR
and SUð2ÞL evolve separately under the renormalization
group. It should be noted that this D-parity breaking is
different from the low energy parity breaking observed in
the weak interactions which arises as a result of SUð2ÞR
gauge symmetry breaking at a scale higher than the elec-
troweak scale. In such a D-parity breaking scenario, the
seesaw relation also gets modified from usual LRSM.
Although the type I seesaw term still remains sensitive to
the SUð2ÞR breaking scale MR, the other seesaw terms,
namely, type II and type III [27], become sensitive to the
D-parity breaking scale. A very high value of parity break-
ing scale therefore leads to type I seesaw dominance. In
this section we are going to discuss various such models
with different particle contents.

A. LRSM with Higgs doublets

We first study the non-susy left-right symmetric exten-
sion of the standard model with only Higgs doublets. In
addition to the usual fermions of the standard model, we
require the right-handed neutrinos to complete the repre-
sentations. One of the important features of the model
is that it allows spontaneous parity violation. The Higgs
representations then requires a bidoublet field, which
breaks the electroweak symmetry and gives masses to the
fermions. But the neutrinos can have a Dirac mass only,
which is then expected to be of the order of other fermion
masses. To implement the seesaw mechanism and obtain
the observed tiny mass of the left-handed neutrinos natu-
rally, one also introduces a singlet fermion plus fermion
triplet. However, we shall restrict ourselves to the scalar
sector and shall not discuss the implications of the singlet
neutrinos and the neutrino masses.
The particle content of the left-right symmetric model

with Higgs doublet is

fermions : QL � ð3; 2; 1; 1=3Þ; QR � ð3; 1; 2; 1=3Þ;
�L � ð1; 2; 1;�1Þ; �R � ð1; 1; 2;�1Þ

scalars: � � ð1; 2; 2; 0Þ; HL � ð1; 2; 1; 1Þ;
HR � ð1; 1; 2; 1Þ � � ð1; 1; 1; 0Þ;

where the numbers in the brackets are the quantum
numbers corresponding to the gauge group SUð3ÞC �
SUð2ÞL � SUð2ÞR �Uð1ÞB�L. In addition to the bidoub-
let scalar field �, we also introduced two doublet fields
HL and HR to break the left-right symmetry and con-
tribute to the neutrino masses. The scalar singlet � is a
D-parity odd field and changes sign under the exchange
of SUð2ÞL with SUð2ÞR. Thus, the symmetry breaking
pattern becomes

SUð2ÞL � SUð2ÞR �Uð1ÞB�L � P h�i
!

SUð2ÞL � SUð2ÞR
�Uð1ÞB�L hHRi!

SUð2ÞL �Uð1ÞY h�i
!

Uð1Þem:

We denoted the vacuum expectation values of the neu-
tral components of the Higgs fields as

h�1i ¼ v1; v2; hHLi ¼ vL;

hHRi ¼ vR; h�i ¼ s:

The scalar potential with all these fields can then be
written as
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V ¼ �2
1 Tr½�y

1�1� þ�2
2ðTr½�2�

y
1 � þ Tr½�y

2�1�Þ þ �1ðTr½�y
1�1�Þ2 þ �2½ðTr½�2�

y
1 �Þ2 þ ðTr½�y

2�1�Þ2�
þ �3Tr½�2�

y
1 �Tr½�y

2�1� þ �4 Tr½�y
1�1�ðTr½�2�

y
1 � þ Tr½�y

2�1�Þ þ�2
hðHy

LHL þHy
RHRÞ

þ �5½ðHy
LHLÞ2 þ ðHy

RHRÞ2� þ �6ðHy
LHLÞðHy

RHRÞ þ �1 Tr½�y
1�1�ðHy

LHL þHy
RHRÞ

þ �2ðHy
L�1�

y
1HL þHy

R�
y
1�1HRÞ þ �3ðHy

L�2�
y
2HL þHy

R�
y
2�2HRÞ þ �4ðHy

L�1�
y
2HL þHy

R�
y
1�2HRÞ

þ ��
4ðHy

L�2�
y
1HL þHy

R�
y
2�2HRÞ þ�h�1ðHy

L�1HR þHy
R�

y
1HLÞ þ�h�2ðHy

L�2HR þHy
R�

y
2HLÞ

��2
��

2 þ �7�
4 þM�ðHy

LHL �Hy
RHRÞ þ �8�

2ðHy
LHL þHy

RHRÞ�9�
2 Tr½�y

1�1� þ �10�
2½Det½�1� þ Det½�y

1 ��;

where �2 ¼ �2�
�
1�2.

To find a consistent solution we now minimize the scalar
potential and obtain

@V

@vL

¼ �2
LvL þ �5v

3
L þ �6

2
vLv

2
R þ�h�ðv1 þ v2ÞvR

¼ 0 (1)

@V

@vR

¼ �2
RvR þ �5v

3
R þ �6

2
vRv

2
L þ�h�ðv1 þ v2ÞvL

¼ 0; (2)

where �2
L and �2

R are effective mass terms of HL and HR

given by

�2
L ¼ �2

h þMsþ �8s
2 þ ð�4 þ ��

4Þv1v2

þ �1ðv2
1 þ v2

2Þ þ �2v
2
2 þ �3v

2
1

�2
R ¼ �2

h �Msþ �8s
2 þ ð�4 þ ��

4Þv1v2

þ �1ðv2
1 þ v2

2Þ þ �2v
2
2 þ �3v

2
1: (3)

Thus, after the singlet field � gets a vev the left-handed
Higgs doublet becomes heavy and decouples whereas the
right-handed Higgs can be much lighter by appropriate
fine-tuning of the parameters in (3). From Eqs. (1) and
(2) we get

vLvRð2MsÞ þ
�
�5 � �6

2

�
ðv2

L � v2
RÞvLvR

þ�h�ðv1 þ v2Þðv2
R � v2

LÞ ¼ 0:

Thus, a nonzero value of h�i ¼ s does not allow a solution
with vL ¼ vR. The seesaw relation from the above
equation is

vLvR ¼ �h�ðv1 þ v2Þðv2
L � v2

RÞ
2Msþ ð�5 � �6

2 Þðv2
L � v2

RÞ
:

Assuming vL � vR � s, M will give

vL ¼ ��h�ðv1 þ v2ÞvR

2Ms
: (4)

Thus, we can have small vL=vR by appropriately choosing
the scales ofM, s,�h� which will account for tiny neutrino

masses. In contrast LRSM without D-parity breaking
where the right-handed scale vR has to be very high to

account for small vL=vR, here we can have vR of TeV scale
also. For example, if we set �h� ¼ M ¼ s ¼ 108 GeV,

and v1;2 �MZ then vL

vR
comes out to be of the order 10�6

which is desired for the type III seesaw to dominate as we
will see when we discuss neutrino masses. The gauge
coupling unification has been studied extensively in this
model, so we shall not repeat them here. In the absence of
D-parity breaking, the left-right symmetry breaking scale
comes out to be very high, but inD-parity violating models
it is possible to lower the scale of left-right symmetry
breaking with some amount of fine-tuning of parameters.
However, for the supersymmetric models restrictions are
more stringent, so we shall study them in detail.

B. LRSM with Higgs triplets

In this section we shall study the left-right symmetric
models with different particle contents. The usual fermi-
ons, including the right-handed neutrinos, belong to the
similar representations as in the previous section. However,
the scalar sector now contains triplet Higgs scalars in
addition to the bidoublet Higgs scalar to break the left-
right symmetry. The triplet Higgs scalars can then give
Majorana masses to the neutrinos and allow the seesaw
mechanism without the need for any additional singlet
fermions. The parity odd singlet scalar was originally
introduced in this model, so we shall include them in our
discussions.
The particle content of LRSM with Higgs triplets is

fermions : QL � ð3; 2; 1; 1=3Þ; QR � ð3; 1; 2; 1=3Þ;
�L � ð1; 2; 1;�1Þ; �R � ð1; 1; 2;�1Þ

scalars: � � ð1; 2; 2; 0Þ; 4L � ð1; 3; 1; 2Þ;
4R � ð1; 1; 3; 2Þ � � ð1; 1; 1; 0Þ:

The symmetry breaking pattern in this model remains the
same as in the previous model although the structure of
neutrino masses changes. In the symmetry breaking pat-
tern, the scalar �c now replaces the role of HR, but other-
wise there is no change. The vacuum expectation values of
the neutral components of the Higgs fields are denoted by
�1, 4L, 4R, � as

h�1i¼v1;v2; h4Li¼vL; h4Ri¼vR; h�i¼ s:
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The scalar potential can then be written as

V ¼ �2
1 Tr½�y

1�1� þ�2
2ðTr½�2�

y
1 � þ Tr½�y

2�1�Þ þ �1ðTr½�y
1�1�Þ2 þ �2½ðTr½�2�

y
1 �Þ2

þ ðTr½�y
2�1�Þ2� þ �3 Tr½�2�

y
1 �Tr½�y

2�1� þ �4 Tr½�y
1�1�ðTr½�2�

y
1 � þ Tr½�y

2�1�Þ þ�2
4ðTr½4y

L4L�
þ Tr½4y

R4R�Þ þ f1½ðTr½4y
L4L�Þ2 þ ðTr½4y

R4R�Þ2� þ f2ðTr½4L4L�Tr½4y
L4y

L� þ Tr½4R4R�Tr½4y
R4y

R�Þ
þ f3 Tr½4y

L4L�Tr½4y
R4R� þ f4ðTr½4L4L�Tr½4y

R4y
R� þ Tr½4R4R�Tr½4y

L4y
L�Þ

þ �1 Tr½�y
1�1� � ðTr½4y

L4L� þ Tr½4y
R4R�Þ þ �2ðTr½�y

2�1�Tr½4y
R4R� þ Tr½�y

1�2�Tr½4y
L4L�Þ

þ ��
2ðTr½�y

1�2�Tr½4y
R4R� þ Tr½�y

2�1�Tr½4y
L4L�Þ þ �3ðTr½�1�

y
1 4L 4y

L� þ Tr½�y
1�1 4R 4y

R�Þ
þ �1ðTr½�1 4R �y

14y
L� þ Tr½�y

1 4L �14y
R�Þ þ �2ðTr½�2 4R �y

14y
L� þ Tr½�y

2 4L �14y
R�Þ

þ �3ðTr½�1 4R �y
24y

L� þ Tr½�y
1 4L �24y

R�Þ ��2
��

2 þ �5�
4 þM�ðTr½4y

L4L�
� Tr½4y

R4R�Þ�6�
2ðTr½4y

L4L� þ Tr½4y
R4R�Þ þ �7�

2 Tr½�y
1�1� þ �8�

2½Det½�1� þ Det½�y
1 ��;

where �2 ¼ �2�
�
1�2. Minimizing the scalar potential we

now obtain various conditions

@V

@vL

¼ �2
LvL þ 2f1v

3
L þ f3vLv

2
R

þ ð�1v1v2 þ �2v
2
1 þ �3v

2
2ÞvR ¼ 0 (5)

@V

@vR

¼ �2
RvR þ 2f1v

3
R þ f3vRv

2
L

þ ð�1v1v2 þ �2v
2
1 þ �3v

2
2ÞvL ¼ 0; (6)

where �2
L and �2

R are effective mass terms of 4L and 4R

given by

�2
L ¼ �2

4 þMsþ �6s
2 þ 2ð�2 þ ��

2Þv1v2

þ �1ðv2
1 þ v2

2Þ þ �3v
2
2

�2
R ¼ �2

4 �Msþ �6s
2 þ 2ð�2 þ ��

2Þv1v2

þ �1ðv2
1 þ v2

2Þ þ �3v
2
2:

Thus, like in the previous case, here also the Higgs triplets
4L become heavier than 4R after the singlet � acquires a
vev at the high scale. Equations (5) and (6) gives

ð2Msþ ðv2
R � v2

LÞðf3 � 2f1ÞÞvLvR

¼ ðv2
L � v2

RÞð�1v1v2 þ �2v
2
1 þ �3v

2
2Þ:

Thus, a nonzero vev of � disallows those solutions for
which vL ¼ vR. Assuming vL � vR � s, M will give

vL ¼ �vRð�1v1v2 þ �2v
2
1 þ �3v

2
2Þ

2Ms
: (7)

Thus, we can have a small vL � eV by appropriately
choosing vR and M; s. Here if we take vR of TeV scale;
then the scale of parity breaking M; s should be low
(� 108–109 GeV) so as to give vL � eV needed to account
for neutrino masses as we will see later.

C. SUSYLR model with Higgs doublets

We shall now study various supersymmetric left-right
models. These models are much more restrictive compared
to the non-susy models. Although the spontaneous parity
violation is one of the most important features of the non-
susy versions of the left-right symmetric models, in the
susy left-right models with triplet Higgs scalars breaking
parity becomes very difficult and one has to extend the
model to incorporate any natural mechanism of parity
violation. In this section we shall discuss the model where
the left-right symmetry is broken by a Higgs doublet scalar.
In the particle contents, the fermions belong to the

fermion superfields and we denote all the fermions and
scalars by their corresponding superfields. We can then
write the particle contents of the supersymmetric left-right
model with Higgs doublet in terms of their superfields as

matter superfield : QL ¼ ð3; 2; 1; 1=3Þ;
QR ¼ ð3; 1; 2; 1=3Þ �L ¼ ð1; 2; 1;�1Þ;
�R ¼ ð1; 1; 2;�1Þ

Higgs superfield: �1 ¼ ð1; 2; 2; 0Þ; �2 ¼ ð1; 2; 2; 0Þ
HL ¼ ð1; 2; 1; 1Þ; �HL ¼ ð1; 2; 1;�1Þ;
HR ¼ ð1; 1; 2;�1Þ; �HR ¼ ð1; 1; 2; 1Þ;
� ¼ ð1; 1; 1; 0Þ;

where Higgs particles with ‘‘bar’’ in the notation helps in
anomaly cancellation of the model.
The minimal Higgs doublet model without the singlet

Higgs �was discussed in [28]. Here, a singlet scalar field �
is introduced, which has the special property that it is even
under the usual parity of the Lorentz group, but it is odd
under the parity that relates the gauge groups SUð2ÞL and
SUð2ÞR. This field � is thus a scalar and not a pseudoscalar
field, but under the D-parity transformation that inter-
changes SUð2ÞL with SUð2ÞR, it is odd. This kind of
work is proposed in [29,30]. Although all the scalar fields
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are even under the parity of the Lorentz group, under theD
parity the Higgs sector transforms as

HL $ HR; �HL $ �HR; � $ �y; � $ ��:

The Higgs part of the superpotential relevant in our case
is

W ¼ �ij Tr½�2�T
i �2�j� þM��

þ f1ðHT
L�iHR þ �HT

L�i
�HRÞ

þmhðHT
L�2 �HL þHT

R�2 �HRÞ
þ �1�ðHT

L�2 �HL �HT
R�2 �HRÞ:

The scalar potential is V ¼ VF þ VD þ Vsoft, where
VF ¼ jF2

i j, Fi ¼ � @W
@� is the F-term scalar potential, VD ¼

DaDa=2, Da ¼ �gð��
i T

a
ij�jÞ is the D term of the scalar

potential, and Vsoft is the soft supersymmetry breaking
scalar potential. We introduce the soft susy breaking terms
to check if they alter relations between various mass scales
in the model. The soft susy breaking superpotential in this
case is given by

Vsoft¼m2
HH

y
LHLþm2

H
�Hy
L
�HLþm2

HH
y
RHRþm2

H
�Hy
R
�HR

þm2
11�

y
1�1þm2

22�
y
2�2þm2

��
y�

þðB1H
T
L�2 �HLþB2H

T
R�2 �HR

þB�ijTr½�2�i�2�j�þH:c:Þ
þðA1H

T
L�iHRþA2

�HL�i
�HR

þA3ð�HT
L�2 �HL��HT

R�2 �HRÞþH:c:Þ; (8)

where all the parameters mH, m11, m22, B, A are of the
order of susy breaking scale Msusy � TeV. We denote the

vev of the neutral components of�1,�2,HL, �HL,HR, �HR,
and � as hð�1Þ11i ¼ v1, hð�2Þ22i ¼ v2, hHL; �HLi ¼ vL,
hHR; �HRi ¼ vR, h�i ¼ s.

Minimizing the potential with respect to vL; vR, we get
the relations

@V

@vL

¼ ��2
Lð2vLÞ þ 2vLv

2
Rf

2
1 þ f1vRðmh þ 4�Þðv1

þ v2Þ þ ð2m2
H �m2

hÞvL þ A1svL þ A2v1vR

2

þ �2
1vLðv2

R � v2
LÞ

¼ 0 ) vL

vR

¼ f1ðmh þ 4�Þðv1 þ v2Þ þ A1v1

2

2�2
L � 2f21v

2
R � �2

1ðv2
R � v2

LÞ � A2s

(9)

@V

@vR

¼��2
Rð2vRÞþ2vRv

2
Lf

2
1þf1vRðmhþ4�Þðv1þv2Þ

þð2m2
H�m2

hÞvR�A2svRþA1v1vL

2

��2
1vLðv2

R�v2
LÞ¼0; (10)

where �2
L;�

2
R are given by

�2
L ¼ 1

4½2ðmh þ �1sÞ2 � 4Ms�1 � f21ðv2
1 þ v2

2Þ�
�2

R ¼ 1
4½2ðmh � �1sÞ2 þ 4Ms�1 � f21ðv2

1 þ v2
2Þ�:

From Eqs. (9) and (10) we get

ðA1v1 þ 4ðf21 þ �2
1ÞvLvR þ 2f1ðv1 þ v2Þðmh þ 4�ÞÞ

� ðv2
R � v2

LÞ þ ð4sA2 þ 8�1sðM�mhÞÞvLvR ¼ 0

which shows that the minimization disallows the solutions
where vL ¼ vR. Assuming vL � v1;2; �; A � s;M;mh

and vL � vR, the above expression gives rise to

vL ¼ vRð2f1mhðv1 þ v2Þ þ 4ðf21 þ �2
1ÞvLvR þ A1v1Þ

8ðmh �MÞs�1 þ 4sA2

:

(11)

Thus, by appropriate choice of mh, M, s we can have TeV
scale SUð2ÞR breaking scale vR as well as vL=vR �
ð10�6–10�9Þ which is necessary to account for small neu-
trino masses as we will see later. For example, if we set

mh �M� s� 1016 GeV D-parity breaking scale

and allow 2mh �M� 108 GeV by appropriate fine-
tuning, then the above relation will give rise to the desired
ratio vL=vR � 10�6. For such a choice of scales we can
fine-tune the parameters to get a light HR having mass
�R � vR � TeV and a heavy HL having mass �L � s,
M� 1016 GeV. This will be important in the renormaliza-
tion group running of the couplings as we will see later.

D. SUSYLR model with Higgs triplets

The particle contents of supersymmetric left-right model
with Higgs triplets in terms of their superfields are

matter superfield : Q ¼ ð3; 2; 1; 1=3Þ;
Qc ¼ ð3; 1; 2; 1=3Þ; L ¼ ð1; 2; 1;�1Þ;
Lc ¼ ð1; 1; 2;�1Þ

Higgs superfield: �1 ¼ ð1; 2; 2; 0Þ; �2 ¼ ð1; 2; 2; 0Þ;
� ¼ ð1; 3; 1; 2Þ; �� ¼ ð1; 3; 1;�2Þ;
�c ¼ ð1; 1; 3;�2Þ; ��c ¼ ð1; 1; 3; 2Þ;
� ¼ ð1; 1; 1; 0Þ:

The left-right symmetry could be broken by either doublet
Higgs scalars or triplet Higgs scalar. We will show that for
a minimal choice of parameters, it is convenient to break
the group with a triplet Higgs scalar. As pointed out in [14],
the bidoublets are doubled to achieve a nonvanishing
Cabibbo-Kobayashi-Maskawa quark mixing and the
number of triplets is doubled for the sake of anomaly
cancellation.
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The superpotential for this theory is given by

W ¼ YðiÞqQT�2�i�2Q
c þ YðiÞlLT�2�i�2L

c

þ iðfLT�2�Lþ f�LcT�2�
cLcÞ þM�2

þm� Trð� ��Þ þm�
� Trð�c ��cÞ þ�ij Trð�2�T

i �2�jÞ:
(12)

All couplings YðiÞq;l , �ij, ��, f in the above potential are

complex with the additional constraint that �ij, f, and f�

are symmetric matrices. The scalar potential is V ¼ VF þ
VD þ Vsoft, where VF ¼ jF2

i j, Fi ¼ � @W
@� is the F-term

scalar potential, VD ¼ DaDa=2, Da ¼ �gð��
i T

a
ij�jÞ is

the D term of the scalar potential, and Vsoft is the soft
supersymmetry breaking terms in the scalar potential.
In the particular model, the soft-susy breaking terms are
given by

Vsoft ¼ m2
	 Tr½�y4� þm2

	 Tr½ ��y ��� þm2
	 Tr½ð�cÞy�c�

þm2
	 Tr½ ��yc ��c� þm2

11�
y
1�1 þm2

22�
y
2�2

þm2
��

y�þ ðB�ij Tr½�2�i�2�j�
þ A�ðTr½� ��� � Tr½�c ��c� þ H:c:Þ; (13)

where all the parameters in the soft supersymmetry break-
ing scalar potential are of the order of supersymmetry
breaking scale Msusy � TeV. We denote the vev of the

neutral components of �1, �2, �, ��, �
c, ��c, and � as

hð�1Þ11i ¼ v1; hð�2Þ22i ¼ v2; h�; ��i ¼ vL;

h�c; ��ci ¼ vR; h�i ¼ s:

Minimizing the scalar potential with respect to vL, vR we
get

@V

@vL

¼ vL½2ðm� þ �1sÞ2 þ 2�2
1ðv2

L � v2
RÞ þ Asþ 2m2

	�
¼ 0 ) v2

R � v2
L

¼ 2m2
	 þ ðAþ 2�1MÞsþ 2ðm� þ �1sÞ2

2�2
1

(14)

@V

@vR

¼ vR½2ðm� � �1sÞ2 � 2�2
1ðv2

L � v2
RÞ � Asþ 2m2

	�
¼ 0 ) v2

R � v2
L

¼ �2m2
	 þ ðAþ 2�1MÞs� 2ðm� � �1sÞ2

2�2
1

: (15)

Also

vR

@V

@vL

� vL

@V

@vR

¼ 4vLvR½2ðMsþ 2m�sÞ�1

þ 2�2
1ðv2

L � v2
RÞ þ As�

¼ 0 ) v2
R � v2

L

¼ 2�1ðMsþ 2m�Þ þ As

2�2
1

: (16)

Thus, the minimization conditions disallow solutions
with vL ¼ vR. But from Eqs. (14)–(16) it can be seen
that it is difficult to adjust the various scales M, s, m4
so as to satisfy them simultaneously and give rise to a
TeV scale vR and an eV scale vL. Thus, we need to
add more particles to the above particle content which
can give rise to spontaneous D-parity breaking with a
TeV scale vR. This scenario of the minimal SUSYLR
model with parity odd singlet was studied long ago and
was shown [31] that the charge-breaking vacua have a
lower potential than the charge-preserving vacua and as
such the ground state does not conserve electric
charge.

E. SUSYLR model with Higgs triplets and bitriplet

The minimal left-right supersymmetric model with
triplet Higgs bosons leads to several nettlesome obstruc-
tions which may be considered to be a guidance towards
a unique consistent theory. One of the most important
problems is the spontaneous breaking of left-right sym-
metry and a substantial amount of work has been done to
cure this problem. This can be cured either by adding
some extra fields to the minimal particle content [31] or
with the help of a nonrenormalization operator [16].
There is another solution to the problem, which resem-
bles the nonsupersymmetric solution, relating the vac-
uum expectation values (vevs) of the left-handed and
right-handed triplet Higgs scalars to the Higgs bidoublet
vev through a seesaw relation. The novel feature consists
in the introduction of a bitriplet Higgs and another Higgs
singlet under the left-right group [32]. We will try to
extremize the full potential of this particular model and
see what are the mass scales, different vevs coming out
from the extremization.
We now present our model, where we include a bi-

triplet � ¼ ð1; 3; 3; 0Þ and a parity odd singlet field
� ¼ ð1; 1; 1; 0Þ in the minimal supersymmetric left-right
model with triplet Higgs discussed in the previous
subsection. These fields are vectorlike and hence do
not contribute to anomaly, so we consider only one
of these fields. Under parity, these fields transform as
� $ � and � $ ��. The superpotential for the model is
written in the more general tensorial notation [32] as
follows:

DEBASISH BORAH, SUDHANWA PATRA, AND UTPAL SARKAR PHYSICAL REVIEW D 83, 035007 (2011)

035007-6



W¼f��i���
c
i þf���i

���
��c
i þ�1��i�am�bnð��
Þab

�ð�i
Þmnþm���i��iþM�ð��
���þ�c

i
��c
i Þ

þ�
ab�bm
mn�anþm��
2þ�2�ð��

�����c
i
��c
i Þ;
(17)

where �, a, b are SUð2ÞL and i, m, n are SUð2ÞR
indices. The symmetry breaking pattern in this model is

SUð2ÞL � SUð2ÞR �Uð1ÞB�L � Ph�i
!
SUð2ÞL � SUð2ÞR

�Uð1ÞB�Lh4ci!
SUð2ÞL �Uð1ÞYh�i

!
Uð1Þem:

Denoting the vev’s as h��i ¼ h ��þi ¼ vL, h�cþi ¼
h ��c�i ¼ vR, h�þ�i ¼ v, h��þi ¼ v0, h�þ�i ¼ u1,
h��þi ¼ u2, h�00i ¼ u0, and h�i ¼ s.

The scalar potential is V ¼ VF þ VD þ Vsoft, where
VF ¼ jF2

i j, Fi ¼ � @W
@� is the F-term scalar potential, VD ¼

DaDa=2, Da ¼ �gð��
i T

a
ij�jÞ is the D term of the scalar

potential, and Vsoft is the soft supersymmetry breaking
terms in the scalar potential. In the particular model, the
soft-susy breaking terms are given by

Vsoft ¼ Vsoftðcontaining 4 and �Þ þm�ðsoftÞ�
y
�i��i

þ ðA2��i�am�bnð��
Þabð�i
Þmn

þ A3ð��i���
c
i Þ þ H:c:Þ; (18)

where Vsoftðcontaining 4 and �Þ is given by Eq. (13) in
the Sec. II D.

Minimizing the scalar potential with respect to vL, vR

we get

@V

@vL

¼ �2
Lð2vLÞ þ 2�2

2vLðv2
L � v2

RÞ
þ 2ðfu1 þ f�u2ÞM�vR þ vRðfþ f�Þ
� ½2m�ðu1 þ u2 þ u3Þ þ �1v

2 þ vLvRðfþ f�Þ�
þ 4vLm

2
	 þ 2AvLsþ A3vRðu1 þ u2 þ u3Þ ¼ 0

(19)

@V

@vR

¼ �2
Rð2vRÞ � 2�2

2vRðv2
L � v2

RÞ
þ 2ðfu1 þ f�u2ÞM�vL þ vLðfþ f�Þ
� ½2m�ðu1 þ u2 þ u3Þ þ �1v

2 þ vLvRðfþ f�Þ�
þ 4vRm

2
	 � 2AvRsþ A3vLðu1 þ u2 þ u3Þ ¼ 0;

(20)

where the effective mass terms �2
L, �

2
R are given by

�2
L ¼ ðM� þ �2sÞ2 þ �2m�sþ 1

2
ðf2u21 þ f�2u22Þ (21)

�2
R ¼ ðM� � �2sÞ2 � �2m�sþ 1

2ðf2u21 þ f�2u22Þ: (22)

Thus, after the singlet field � acquires a vev, the degeneracy
of the Higgs triplets goes away and the left-handed triplets
being very heavy get decoupled, whereas the right-handed
triplets can be as light as 1 TeV by appropriate fine-tuning in
the above two expressions. Assuming vL � v, v0,�, A �
m�, s, and vL � vR we get from Eqs. (19) and (20)

vL ¼ �vR½M�u2f
� þm�ðu2 þ u3Þðfþ f�Þ þ u1ðfM� þm�ðfþ f�Þ�

2m�s�2 þ 4M�s�2 þ 2As
: (23)

Thus, we can get a small vLð�eVÞ and a TeV scale vR by
appropriate choice of M�, m�, m�, s. We take the vev of
the bitriplet u � MZ. Thus, if we want vR � 1 TeV then
the above relation will give us an eV scale vL only if the
scale of parity breaking is kept low; that is, s�m� �
M� � 1010 GeV. Thus, in such a type II seesaw dominated
case, the right-handed triplets �c will be as light as �R �
vR � 1 TeV and the left-handed triplets � as heavy as
�L � 1010 GeV by appropriate fine-tuning of the parame-
ters. However, as wewill see later, such a light Higgs triplet
with B� L charge 2 spoils the gauge coupling unification.
Hence, we are forced to keep the intermediate symmetry
breaking scale MR close to the unification scale.

III. GAUGE COUPLING UNIFICATION

Grand unified theories (GUTs) offer the possibility of
unifying the three gauge groups viz., SUð3Þ, SUð2Þ, and
Uð1Þ of the standard model into one large group at a high

energy scale MU. This scale is determined as the intersec-
tion point of the SUð3Þ, SUð2Þ, and Uð1Þ couplings. The
particle content of the theory completely determines the
variation of the couplings with energy. It is hard to achieve
low intermediate scale without taking into account the
effect of D-parity breaking in the renormalization group
equations (RGEs). We have seen in the previous section
that, in spontaneous D-parity breaking models, the mini-
mization of the scalar potential simultaneously allows us to
have right-handed scale vR of the order of TeV and tiny
neutrino masses from seesaw mechanisms. However, the
evolution of gauge couplings will be very different in
models with Higgs triplets and with Higgs doublets. In
this section we study the renormalization group evolution
of the gauge couplings and see if unification at a high scale
(� 1016 GeV) allows us to have a TeV scale vR. Similar
analyses were done in [26,33] for the Higgs doublet case.

Here we use the Uð1Þ normalization constant
ffiffi
3
8

q
as in [34].
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We restrict our study to the supersymmetric case only. The
gauge coupling unification in the nonsupersymmetric
versions of such models were studied before and can be
found in [29,35].

A. Unification in SUSYLR model with Higgs doublets

We will study the evolution of couplings according to
their respective beta functions with the account of sponta-
neous D-parity breaking. The renormalization group equa-
tions (RGEs) for this model can be written as

d�i

dt
¼ �2

i ½bi þ �jbij þOð�2Þ�; (24)

where t ¼ 2�lnðMÞ (M is the varying energy scale), �i ¼
g2i
4� is the coupling strength. Also bi and bij are the one loop

and two loop beta coefficients and we will study only the
one loop contributions to RGEs [34]. The indices i; j ¼
1; 2; 3 refer to the gauge group Uð1Þ, SUð2Þ, and SUð3Þ,
respectively.

The particle content of the SUSYLR model with Higgs
doublets is shown in Sec. II C. It turns out that the minimal
particle content is not enough for proper gauge coupling
unification. For required unification purposes we add two
copies of 	ð1; 1; 1; 2Þ; �	ð1; 1; 1;�2Þ at the SUð2ÞR breaking
scale. The beta functions are given as

(i) Below the susy breaking scale Msusy the beta func-

tions are the same as those of the standard model:

bs ¼ �7; b2L ¼ � 19

6
bY ¼ 41

10
:

(ii) For Msusy <M<MR, the beta functions are the

same as those of the MSSM:

bs ¼ �9þ 2ng; b2L ¼ �6þ 2ng þ nb
2
;

bY ¼ 2ng þ 3

10
nb:

(iii) For MR <M< h�i the beta functions are
bs ¼ �9þ 2ng; b2L ¼ �6þ 2ng þ nb

b2R ¼ �6þ 2ng þ nb þ nHR
2

;

bB�L ¼ 2ng þ 3n	 þ 3

4
nHR:

(iv) For h�i<M<MGUT the beta functions are

bs ¼ �9þ 2ng;

b2L ¼ �6þ 2ng þ nb þ nHL
2

b2R ¼ �6þ 2ng þ nb þ nHR
2

;

bB�L ¼ 2ng þ 3n	 þ 3

4
ðnHL þ nHRÞ;

where ng is the number of fermion generations and num-

ber of Higgs bidoublets nb ¼ 2, number of Higgs dou-
blets nHL ¼ nHR ¼ 2, and number of extra Higgs singlets
n	 ¼ 2. The experimental initial values for the couplings
at the electroweak scale M ¼ MZ [36] are
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FIG. 1. Gauge coupling unification in the SUSYLR model with Higgs doublets and Msusy ¼ 500 GeV, MR ¼ 1:5 TeV,
M� ¼ 1016 GeV.
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�sðMZÞ
�2LðMZÞ
�1YðMZÞ

0
BB@

1
CCA ¼

0:118� 0:003

0:033 493þ0:000 042
�0:000 038

0:016 829� 0:000 017

0
BB@

1
CCA: (25)

The normalization condition atM ¼ MR, where the Uð1ÞY
gauge coupling merge with SUð2ÞR �Uð1ÞB�L is ��1

B�L ¼
5
2�

�1
Y � 3

2�
�1
L . Using all these we arrive at the gauge cou-

pling unification as shown in Fig. 1. Here we have taken
Msusy ¼ 500 GeV, MR ¼ 1:5 TeV, and M� ¼ 1016 GeV.

The couplings seems to unify at a scale slightly above the
D-parity breaking scale. Thus, the D-parity breaking scale
need not be the same as the GUT scale, but can be lower
also. However, if we make the D-parity breaking scale
arbitrarily lower, the unification will not be possible as
can be seen from Fig. 1. Since both the left-handed and
right-handed Higgs doublets will contribute to theUð1ÞB�L

couplings after the D-parity breaking scale, the ��1
BL will

come down sharply and meet the other couplings at some
energy below the expected GUT scale.

B. Unification in SUSYLR model with Higgs triplets

The particle content of the SUSYLR model with Higgs
triplets is shown in Sec. II D. It is very difficult to achieve
unification with lowMR with the minimal particle content.
We add a parity odd singlet �ð1; 1; 1; 0Þ to achieve sponta-
neousD-parity breaking. This may change the scale ofMR,
but it is found that the MR remains higher than 1010 GeV.
For unification purposes, we need in the recent model, one
heavy bidoublet �ð1; 2; 2; 0Þ has been added which gets
mass at the SUð2ÞR breaking scale. Below the SUð2ÞR
breaking scale the beta functions are similar to the
MSSM as written above. The beta functions above this
scale are as follows:

(i) For MR <M<M� the beta functions are

bs¼�9þ2ng; b2L¼�6þ2ngþnbþ
n�
2

b2R¼�6þ2ngþnbþ2n4þn�

2
;

bB�L¼2ngþ9

2
n4:

(ii) For h�i<M<MGUT the beta functions are

bs ¼ �9þ 2ng;

b2L ¼ �6þ 2ng þ nb þ 2n4 þ n�

2

b2R ¼ �6þ 2ng þ nb þ 2n4 þ n�
2
;

bB�L ¼ 2ng þ 9n4;

where number of Higgs triplets n4 ¼ 2, number of addi-
tional Higgs field added for unification n� ¼ 1, number

of generations ng ¼ 3, and number of Higgs bidoublets

nb ¼ 2. Using the same initial values and normalization
relations like before, we arrive at the gauge coupling uni-
fication as shown in Fig. 2. Here the unification scaleMGUT

coincides with the D-parity breaking scale M�. Lower

values of MR will make the unification worse because
of the large contributions of triplets to the Uð1ÞB�L beta
functions compared to the doublets in the previous case.
Thus, in the minimal triplet case, both the minimization
conditions as well as unification disallow a TeV scale vR.
Although after adding a bitriplet, the minimization
conditions allow a TeV scale vR, it will not make the
unification better as we discuss in the next subsection.
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FIG. 2. Gauge coupling unification in the SUSYLR model with Higgs triplets and MR ¼ 1013 GeV, M� ¼ 1016 GeV.
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C. Unification in SUSYLR model
with Higgs triplets and bitriplet

As we saw before, the minimization of the scalar poten-
tial in a SUSYLR model with Higgs triplets with sponta-
neous D-parity breaking does not allow a TeV scale MR.
The same thing is true from a gauge coupling unification
point of view as shown in the previous subsection. Now we
consider the SUSYLR model with Higgs triplet as well as
bitriplet [32]. For unification purposes we include two pairs
of heavy colored superfields�ð3; 1; 1; 0Þ; ��ð�3; 1; 1; 0Þwhich
decouple after the SUð2ÞR breaking scale MR. The beta
functions above MR are as follows:

(i) For MR <M<M� the beta functions are

bs ¼ �9þ 2ng þ
n�
2
;

b2L ¼ �6þ 2ng þ nb þ 2n�

b2R ¼ �6þ 2ng þ nb þ 2n4 þ 2n�;

bB�L ¼ 2ng þ 9

2
n4:

(ii) For h�i<M<MGUT the beta functions are

bs ¼ �9þ 2ng þ
n�
2
;

b2L ¼ �6þ 2ng þ nb þ 2n4 þ 2n�

b2R ¼ �6þ 2ng þ nb þ 2n4 þ 2n�;

bB�L ¼ 2ng þ 9n4;

where number of Higgs triplets n4 ¼ 2, number of colored
Higgs n� ¼ 3, number of generations ng ¼ 3, number of

Higgs bidoublets nb ¼ 2, and number of Higgs bitriplets
n� ¼ 1. Using the same initial values and normalization

relations like before, we arrive at the gauge coupling uni-
fication as shown in Fig. 3. Here the unification scale is the
same as the D-parity breaking scale. Similar to the case
with just Higgs triplets, here also a lower value of MR

makes the unification look worse. Thus, although minimi-
zation of the scalar potential allows the possibility of a TeV
scale MR in this model, the gauge coupling unification
criteria rules out such a possibility.

IV. NEUTRINO MASS IN SUSYLR
MODELWITH HIGGS DOUBLETS

In left-right symmetric models with only doublet scalar
fields, the question of neutrino masses has been discussed
in detail. We shall try to restrict ourselves as close as
possible to these existing nonsupersymmetric models,
and check the consistency of these solutions whenD parity
is broken spontaneously in the present SUSYLR model.
We introduced a singlet fermionic superfield S to the

particle content of the model discussed in Sec. II C. This
kind of model has been discussed without the D-parity
breaking effect and from the neutrino mass prospective
[28]. The effect of this singlet field has been accounted
in the RGEs shown in Sec. III A. With the addition of this
singlet fermion, the superpotential and resulting neutrino
mass matrix become

W ¼ MijSiSj þ Fij�LiSjHL þ F0
ij�RiSjHR; (26)

and
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FIG. 3. Gauge coupling unification in the bitriplet model with two extra pairs of colored superfields �ð3; 1; 1; 0Þ; ��ð�3; 1; 1; 0Þ,
Msusy ¼ 1 TeV, MR ¼ 1012 GeV, M� ¼ 1016 GeV. The extra superfields decouple below the scale MR.

DEBASISH BORAH, SUDHANWA PATRA, AND UTPAL SARKAR PHYSICAL REVIEW D 83, 035007 (2011)

035007-10



Wneut ¼ i Nc
i Si

� � 0 ðMNÞij FijvL

ðMNÞji 0 F0
ijvR

FjivL F0
jivR Mij

0
BB@

1
CCA

�
j

Nc
j

Sj

0
BB@

1
CCA; (27)

where MN is the general Dirac term coming from the term
ðMNÞijiN

c
j . In the above mass matrix, the mass of the

singlet Mij and the vev of the right-handed Higgs doublet

vR are heavy, while MN and the vev of the left-handed
Higgs doublet vL are of low scale.

The resulting light neutrino mass matrix after diagonal-
izing the above mass matrix is

M ¼ �MNM
�1
R MT

N � ðMNH þHTMT
NÞ
�
vL

vR

�
; (28)

where

H � ðF0 	 F�1ÞT; (29)

MR ¼ ðFvRÞM�1ðFTvRÞ: (30)

Here we can see that the first term in Eq. (28) is the usual
type I seesaw contribution and the second term is another
seesaw term giving rise to a double seesaw mechanism.
This second term contribution to  mass will dominate
over type I if the elements of the matrix Mij are small

compared to the contribution of H term. It is clear from
Eq. (30) that the scale of MR found to be TeV for
Mij ¼ 1 TeV, vR ¼ 1 TeV which automatically comes

from the minimization of the potential and is consistent
with the renormalization-group evolutions which have al-
ready been studied in Sec. III A and F of the order of unity.
With the mass scales and MN of the order of MeV, we can
foind neutrino mass to be eV.

A. Neutrino mass in case of fermionic triplet

Let us introduce fermionic triplets (one for each family)
order to realize the type III seesaw mechanism:

�L ¼ 1

2

�0
L

ffiffiffi
2

p
�þ

Lffiffiffi
2

p
��

L ��0
L

 !
� ð3; 1; 1; 0Þ;

and

�R ¼ 1

2

�0
R

ffiffiffi
2

p
�þ

Rffiffiffi
2

p
��

R ��0
R

 !
� ð1; 3; 1; 0Þ:

Under left-right parity transformation, one has the follow-
ing relations:

�L $ �R:

In the context of lepton masses, the relevant term in the
Lagrangian is

L‘ ¼ �‘LðY1�þ Y2
~�Þ‘R þ H:c:;

where ~� ¼ �2��2. Once the bidoublet � takes vev. i.e.,
v1 ¼ h�0

1i and v2 ¼ h�0
2i, the Dirac mass matrix for the

neutrinos is

mD
 ¼ Y1v1 þ Y2v2:

The relevant Yukawa terms that give masses (for the
type III seesaw mass matrix) to the three generations of
leptons are given by

L III
 ¼ hij‘

T
iLCi�2�jLHL þ gij‘

T
iRCi�2�jRHR

þM� Trð�T
LC�L þ �T

RC�RÞ þ H:c: (31)

Once the Higgs doublets get vev i.e.,vL ¼ hH0
Li and vR ¼

hH0
Ri, SUð2ÞL 
 SUð2ÞR is broken spontaneously. Now the

mass matrix in the basis ðL; R;�
0
R;�

0
LÞ reads as

MIII
 ¼

0 mD
 0 hvL

ðmD
 ÞT 0 gvR 0

0 gTvR M� 0

hTvL 0 0 M�

0
BBBBB@

1
CCCCCA: (32)

As one expects the neutrino masses are generated through
the type I + type III seesaw mechanisms and one has a
double seesaw mechanism since the mass of the right-
handed neutrinos are generated through the type III seesaw
once we integrate out �0

R.
The neutrino mass formula derived from the above mass

matrix is given by

mL
¼ 1

v2
RðgTgÞ

½mD
M�ðmD

 ÞT � vRvLm
D
 ðghÞT

� vRvLðghÞðmD
 ÞT� (33)

with right-handed neutrino masses

MR ¼ v2
RgðM�Þ�1gT: (34)

We take the Dirac mass of all three neutrinos to be of
MeVorder. This fixes the scale of the M� and MR so as to
give rise to eV scale neutrino masses on the left-hand side
of the above relation [33]. If we assume that the first term
of [33] will dominate then the seesaw relations will be-

come m ¼ m2
e

MR
. As me ¼ 0:5 MeV, we need the values of

the right-handed Majorana neutrino as MR ¼ 103 GeV to
have 0.1 eV light neutrino mass. We can arrive at the
appropriate value of MR by choosing g and M�. Since
we are taking vR � 1 TeV, hence to get MR � 1 TeV we
must have M� � 1 TeV. Once the scale of the right-
handed Majorana neutrino gets fixed by the light neutrino
mass, we can find the values ofM� and vR. We have taken
the Yukawa couplings as g; h < 1, vR ¼ 103 GeV in
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Eq. (34) and these lead to triplet fermion masses: M� �
103 GeV.

If M� � 1 TeV and vR � 1 TeV, then the first term of
the above neutrino mass formula becomes too small to give
rise to neutrino masses. In that case the second and the
third terms in Eq. (33) can contribute to the neutrino
masses if vL=vR � 10�6. Such a ratio can naturally be
achieved (even if we have a TeV scale vR) by choosing
various symmetry breaking scales and mass parameters
as we discussed in Sec. II.

B. Role of �L, �R in unification

The fermion triplets with Uð1ÞB�L charge zero contrib-
ute to the SUð2ÞL and SUð2ÞR gauge coupling running. As
discussed above, for the seesaw purposes we have to take
low values of M�&lt;¼ vR which will ruin the gauge
coupling unification for a TeV scale SUð2ÞR breaking scale
vR. Unification and small neutrino mass are possible only
if SUð2ÞR breaking scale as well as mass of the triplet
fermions are close to the unification scale. However, if
we add fermion singlet in place of triplets then there are
no constraints from a unification point of view on vR and
M�. The mass matrix becomes 3� 3 in this case. Thus, in
the supersymmetric left-right model with Higgs doublets,
we can achieve unification with TeV scale SUð2ÞR break-
ing scale only if the fermion singlet is added in place of
triplets as in the conventional type III seesaw.

V. NEUTRINO MASS IN SUSYLR MODELWITH
HIGGS TRIPLETS AND BITRIPLETS

The relevant Yukawa couplings which lead to small
nonzero neutrino mass is given by

LII
 ¼ yij‘iL�‘jR þ y0ij‘iL ~�‘jR þ H:c:

þ f0ijð‘TiRCi�2�R‘jR þ ðR $ LÞÞ þ H:c: (35)

The Majorana Yukawa couplings f are the same for both
left- and right-handed neutrinos because of left-right sym-
metry. After symmetry breaking, the effective mass matrix
of the neutrinos is

m ¼ �fv2vR

2m�s
� v2

vR

yf�1yT ¼ mII
 þmI

:

Consider the values of y; f are of the order of unity, then the
relative magnitude of mII

 and mI
 depends on the parame-

ters like vR, m�, s. As discussed in Sec. II, the type II term
can become dominant (even if vR � 1 TeV) if we take
m� � s� 108–1010 GeV.

VI. RESULTS AND DISCUSSIONS

(i) Spontaneous breaking of Lorentz parity occurs via
the Higgs doublet in the SUSYLR model with dou-
blet Higgs only and via Higgs triplets/bitriplet in the

SUSYLR model with Higgs triplets and bitriplet.
After taking into account spontaneous D-parity
breaking, the minimization of the scalar potential
also allows the possibility of MR � TeV, vL � eV
in LRSM with Higgs triplets and SUSYLR models
with Higgs triplets and Higgs bitriplet. It also allows
MR � TeV, vL=vR � 10�6 in both susy and non-
susy LR models with Higgs doublets.

(ii) In the SUSYLR model with Higgs doublets we can
have a TeV scale MR as well as vL=vR � 10�6 by
keeping the D-parity breaking scale very high
�1016 GeV. The gauge couplings also unify for
the same choice of scales although at the cost of
adding extra particles which contribute to the beta
functions at high energy. However, if we add fer-
mion triplets for seesaw, then unification is not
possible with TeV scale SUð2ÞR breaking scale.
Adding fermion singlet for seesaw purposes can
evade this difficulty.

(iii) In the SUSYLR model with Higgs triplet, the mini-
mization conditions do not allow the possibility of
a TeV scale MR and eV scale vL simultaneously
although gauge couplings unify if we take MR as
high as 1013 GeV. Thus, we cannot have TeV scale
MR, type II seesaw dominance, and gauge coupling
unification simultaneously.

(iv) In the SUSYLR model with Higgs triplets and
bitriplet, we can have TeV scale MR and eV scale
vL only if we keep the D-parity breaking scale as
low as 1010 GeV. However, such a choice of parity
breaking scale spoils the gauge coupling unifica-
tion. The gauge couplings unify if we take
MR ¼ 1012 GeV and the D-parity breaking scale
as 1016 GeV with inclusion of two extra pairs of
colored particles. Thus, we cannot have a TeV scale
MR and unification simultaneously.

VII. CONCLUSION

In this work we have analyzed the different scenarios of
spontaneous breaking of D parity in both the non-susy and
the susy version of left-right symmetric models. We have
discussed the possibility of obtaining a TeV scale MR,
gauge coupling unification, and type II/type III seesaw
dominance of neutrino mass within the framework of
different SUSYLR models. In all the models where we
explore the possibility of a TeV scale MR, it is difficult to
achieve unification with the minimal particle content. We
have added some extra scalar particles as well as their
superpartners with suitable transformation properties
under the gauge group to achieve unification. We have
shown that, except for the SUSYLR model with Higgs
doublets, we can not have a TeV scale MR and gauge
coupling unification. In the SUSYLR model with Higgs
doublet, the type III seesaw can dominate even if the
D-parity breaking scale is as high as the GUT scale
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whereas in the SUSYLR model with Higgs triplets and
bitriplet, the D-parity breaking scale has to be kept as low
as 1010 GeV for type II seesaw to dominate. However,
adding fermion triplets to give rise to seesaw spoils the
unification with a TeV scale MR in the SUSYLR model
with Higgs doublet. Adding fermion singlets instead of
triplets does not give rise to this problem and can reproduce

the necessary seesaw without affecting the RG evolution of
the couplings.

ACKNOWLEDGMENTS

Debasish Borah would like to acknowledge the hospital-
ity of Physical Research Laboratory, Ahmedabad where
this work was done.

[1] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).
[2] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558

(1975).
[3] G. Senjanovic and R.N. Mohapatra, Phys. Rev. D 12,

1502 (1975).
[4] R. N. Mohapatra and R. E. Marshak, Phys. Rev. Lett. 44,

1316 (1980).
[5] N. G. Deshpande, J. F. Gunion, B. Kayser, and F. I. Olness,

Phys. Rev. D 44, 837 (1991).
[6] S. Fukuda et al. (Super-Kamiokande), Phys. Rev. Lett. 86,

5656 (2001).
[7] Q. R. Ahmad et al. (SNO), Phys. Rev. Lett. 89, 011301

(2002).
[8] Q. R. Ahmad et al. (SNO), Phys. Rev. Lett. 89, 011302

(2002).
[9] J. N. Bahcall and C. Pena-Garay, New J. Phys. 6, 63

(2004).
[10] P. Minkowski, Phys. Lett. B 67, 421 (1977).
[11] M. Gell-Mann, P. Ramond, and R. Slansky, print-80-0576

(CERN) (1980).
[12] T. Yanagida, in Proceedings of the Workshop on the

Baryon Number of the Universe and Unified Theories,
Tsukuba, Japan, 1979 (1979).

[13] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,
912 (1980).

[14] C. S. Aulakh, K. Benakli, and G. Senjanovic, Phys. Rev.
Lett. 79, 2188 (1997).

[15] C. S. Aulakh, A. Melfo, A. Rasin, and G. Senjanovic,
Phys. Rev. D 58, 115007 (1998).

[16] C. S. Aulakh, A. Melfo, and G. Senjanovic, Phys. Rev. D
57, 4174 (1998).

[17] C. S. Aulakh, arXiv:hep-ph/9803461.
[18] D. Chang, R. N. Mohapatra, and M.K. Parida, Phys. Rev.

Lett. 52, 1072 (1984).

[19] D. Chang, R.N. Mohapatra, and M.K. Parida, Phys. Rev.
D 30, 1052 (1984).

[20] T.G. Rizzo and G. Senjanovic, Phys. Rev. Lett. 46, 1315
(1981).

[21] P. Langacker and M.-x. Luo, Phys. Rev. D 44, 817
(1991).

[22] P. Langacker and M.-x. Luo, Phys. Rev. D 45, 278
(1992).

[23] P. Langacker, M.-x. Luo, and A.K. Mann, Rev. Mod.
Phys. 64, 87 (1992).

[24] N. G. Deshpande, E. Keith, and P. B. Pal, Phys. Rev. D 46,
2261 (1992).

[25] N. G. Deshpande, E. Keith, and P. B. Pal, Phys. Rev. D 47,
2892 (1993).

[26] P. S. B. Dev and R.N. Mohapatra, Phys. Rev. D 81, 013001
(2010).

[27] R. Foot, H. Lew, X.G. He, and G. C. Joshi, Z. Phys. C 44,
441 (1989).

[28] D. Borah and S. Patra, arXiv:0910.0146.
[29] D. Chang, R. N. Mohapatra, J. Gipson, R. E. Marshak, and

M.K. Parida, Phys. Rev. D 31, 1718 (1985).
[30] M. Hirsch, J.W. F. Valle, M. Malinsky, J. C. Romao, and

U. Sarkar, Phys. Rev. D 75, 011701 (2007).
[31] R. Kuchimanchi and R.N. Mohapatra, Phys. Rev. D 48,

4352 (1993).
[32] S. Patra, A. Sarkar, U. Sarkar, and U. Yajnik, Phys. Lett. B

679, 386 (2009).
[33] S. Patra, A. Sarkar, and U. Sarkar, Phys. Rev. D 82,

015010 (2010).
[34] N. Setzer and S. Spinner, Phys. Rev. D 71, 115010 (2005).
[35] J. R. Bhatt, P.-H. Gu, U. Sarkar, and S. K. Singh, Phys.

Rev. D 80, 073013 (2009).
[36] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1

(2008).

TeV SCALE LEFT-RIGHT SYMMETRY WITH . . . PHYSICAL REVIEW D 83, 035007 (2011)

035007-13

http://dx.doi.org/10.1103/PhysRevD.10.275
http://dx.doi.org/10.1103/PhysRevD.11.2558
http://dx.doi.org/10.1103/PhysRevD.11.2558
http://dx.doi.org/10.1103/PhysRevD.12.1502
http://dx.doi.org/10.1103/PhysRevD.12.1502
http://dx.doi.org/10.1103/PhysRevLett.44.1316
http://dx.doi.org/10.1103/PhysRevLett.44.1316
http://dx.doi.org/10.1103/PhysRevD.44.837
http://dx.doi.org/10.1103/PhysRevLett.86.5656
http://dx.doi.org/10.1103/PhysRevLett.86.5656
http://dx.doi.org/10.1103/PhysRevLett.89.011301
http://dx.doi.org/10.1103/PhysRevLett.89.011301
http://dx.doi.org/10.1103/PhysRevLett.89.011302
http://dx.doi.org/10.1103/PhysRevLett.89.011302
http://dx.doi.org/10.1088/1367-2630/6/1/063
http://dx.doi.org/10.1088/1367-2630/6/1/063
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.79.2188
http://dx.doi.org/10.1103/PhysRevLett.79.2188
http://dx.doi.org/10.1103/PhysRevD.58.115007
http://dx.doi.org/10.1103/PhysRevD.57.4174
http://dx.doi.org/10.1103/PhysRevD.57.4174
http://arXiv.org/abs/hep-ph/9803461
http://dx.doi.org/10.1103/PhysRevLett.52.1072
http://dx.doi.org/10.1103/PhysRevLett.52.1072
http://dx.doi.org/10.1103/PhysRevD.30.1052
http://dx.doi.org/10.1103/PhysRevD.30.1052
http://dx.doi.org/10.1103/PhysRevLett.46.1315
http://dx.doi.org/10.1103/PhysRevLett.46.1315
http://dx.doi.org/10.1103/PhysRevD.44.817
http://dx.doi.org/10.1103/PhysRevD.44.817
http://dx.doi.org/10.1103/PhysRevD.45.278
http://dx.doi.org/10.1103/PhysRevD.45.278
http://dx.doi.org/10.1103/RevModPhys.64.87
http://dx.doi.org/10.1103/RevModPhys.64.87
http://dx.doi.org/10.1103/PhysRevD.46.2261
http://dx.doi.org/10.1103/PhysRevD.46.2261
http://dx.doi.org/10.1103/PhysRevD.47.2892
http://dx.doi.org/10.1103/PhysRevD.47.2892
http://dx.doi.org/10.1103/PhysRevD.81.013001
http://dx.doi.org/10.1103/PhysRevD.81.013001
http://dx.doi.org/10.1007/BF01415558
http://dx.doi.org/10.1007/BF01415558
http://arXiv.org/abs/0910.0146
http://dx.doi.org/10.1103/PhysRevD.31.1718
http://dx.doi.org/10.1103/PhysRevD.75.011701
http://dx.doi.org/10.1103/PhysRevD.48.4352
http://dx.doi.org/10.1103/PhysRevD.48.4352
http://dx.doi.org/10.1016/j.physletb.2009.07.059
http://dx.doi.org/10.1016/j.physletb.2009.07.059
http://dx.doi.org/10.1103/PhysRevD.82.015010
http://dx.doi.org/10.1103/PhysRevD.82.015010
http://dx.doi.org/10.1103/PhysRevD.71.115010
http://dx.doi.org/10.1103/PhysRevD.80.073013
http://dx.doi.org/10.1103/PhysRevD.80.073013
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1016/j.physletb.2008.07.018

