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We revisit the Higgs sector of the left-right supersymmetric model. We study the scalar potential in a

version of the model in which the minimum is the charge-conserving vacuum state, without R-parity

violation or additional nonrenormalizable terms in the Lagrangian. We analyze the dependence of the

potential and of the Higgs mass spectrum on the various parameters of the model, pinpointing the most

sensitive ones. We also show that the model can predict light neutral flavor-conserving Higgs bosons,

while the flavor-violating ones are heavy and within the limits from K0 � �K0, D0 � �D0, and B0
d;s � �B0

d;s

mixings. We study variants of the model in which at least one doubly charged Higgs boson is light and

show that the parameter space for such Higgs masses and mixings is very restrictive, thus making the

model more predictive.
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I. INTRODUCTION

Within this decade, the LHC will play a significant role
in probing the standard model (SM) of electroweak inter-
actions and disentangling the models beyond it. The
progress expected in experimental high-energy physics
will complement theoretical explorations of various sce-
narios of new physics. The experimental data could con-
firm any of the many theoretical models of new physics
advanced over the last decades.

One of the first observations expected at the LHC is the
Higgs boson. This is the one remaining piece of the puzzle
missing from the SM, and on this finding rests our under-
standing of mass generation. However, most models be-
yond the SM also predict the existence of one or more
Higgs bosons. Some of them might be heavy, but several
are expected to be light. While the standard model contains
one neutral Higgs boson, many models predict one or more
Higgs doublets and thus at least one charged Higgs boson
(such as the many variants of the two Higgs doublet models
and supersymmetry). Finding a light charged Higgs boson
would raise problems as to which fundamental gauge
symmetry is responsible for its existence. The hope of a
clearer signal rests on more exotic Higgs bosons, such as
the ones predicted in left-right models [1]. Left-right sym-
metric models with seesaw neutrino mass generation [2]
predict doubly charged Higgs bosons [3], which, if
light, would give distinctive and spectacular signals at
the colliders.

Including supersymmetry adds several attractive fea-
tures to the left-right model [4]. Softly broken supersym-
metry resolves some of the inconsistencies of the standard
model: it provides a solution to the gauge hierachy prob-
lem, a natural candidate for weakly interacting dark matter,
and allows for gauge coupling unification. In addition, the
left-right supersymmetric model (LRSUSY) accounts for
neutrino masses [1], parity violation, offers a solution to
the strong and weak CP violation without introduction of

the axion [5], and explains the absence of excessive SUSY
CP violation. Left-right symmetry is favored by many
extra-dimensional models and many gauge unification sce-
narios, such as SOð10Þ [6].
However, the model seems to suffer from a serious

shortcoming. Minimization of the Higgs potential requires
either spontaneous R-parity breaking by the vacuum ex-
pectation value (VEV) of the right-chiral scalar neutrino
[7] or introduction of higher-scale nonrenormalizable
operators [8,9]. Since an attractive characteristic of the
left-right supersymmetric model is that explicit R-parity
breaking is forbidden by the symmetry of the model,
spontaneous breaking is not a desirable feature. Ditto for
higher-order operators at the Planck scale. The shortcom-
ing comes from the fact that, in the simplest version of the
model, the global minimum of the theory breaks electric
charge, making the theory unacceptable. This can be rem-
edied by allowing a VEV for the right sneutrino. The Higgs
boson spectrum was previously analyzed in this variant of
the model with R-parity violation where sneutrinos and
sleptons mix with the Higgs bosons [10].
However, a new version of the theory suggested by Babu

and Mohapatra [11] allows for both R-parity conservation
and the absence of higher-dimensional operators by inclu-
sion of the Yukawa coupling of the heavy Majorana neu-
trino in the effective Lagrangian. We study the Higgs
sector of such a model and examine the masses of the
doubly charged, singly charged, and neutral bosons (both
scalar and pseudoscalar sectors). Although the model de-
pends on many parameters, we show that the masses are
sensitive to only a few, and thus the model is more pre-
dictive. Light doubly charged Higgs bosons emerge natu-
rally. The LRSUSY model predicts neutral scalar and
pseudoscalar Higgs bosons that violate flavor at tree
level. We impose conditions coming from phenomenology:
K0 � �K0, D0 � �D0, and B0

d;s � �B0
d;s mixing. We show that

one can have neutral and charged Higgs bosons that con-
serve flavor below 1 TeV, while the flavor-violating bosons
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are in the 600 GeV–100 TeV scale, as required by meson
mixing constraints. We pinpoint the parameters that the
masses are most sensitive to and show that they satisfy the
constraints in a limited range of these parameters. We set
up the structure of the Higgs potential, masses, and mixing,
including the constraints, while leaving the study of the
characteristic signals at the LHC for a future study.

The paper is organized as follows. In Sec. II, we sum-
marize the particular LRSUSY model we use, with em-
phasis on the Higgs structure. In the following section,
Sec. III, we present analytic formulas for the mass matrices
in the neutral, singly charged, and doubly charged sectors,
including first-order loop corrections. In Sec. IV,
we present the results of the constraints from K0 � �K0,
D0 � �D0, andB0

d;s � �B0
d;s mixings on the Higgs masses and

mixings. We illustrate our results by showing two numeri-
cal scenarios for desirable Higgs mass values for the model
which satisfy the constraints in Sec. V, as well as present-
ing plots for masses consistent with the constraints. We
summarize our findings and conclude in Sec. VI.

II. R-PARITY CONSERVING LEFT-RIGHT
SUPERSYMMETRIC MODEL

The supersymmetric left-right model incorporates
supersymmetry in the left-right model based on the
gauge symmetry SUð3Þc � SUð2ÞL � SUð2ÞR �Uð1ÞB�L.
Including the B� L (where B and L stand for baryon
and lepton numbers) in a gauge symmetry, the only quan-
tum number left ungauged in the SM is an additional
attractive feature of the model. The model contains left
and right fermion doublets, as well as triplet gauge bosons
for SUð2ÞL and SUð2ÞR and a neutral gauge boson for

Uð1ÞB�L. R parity, defined as RP ¼ ð�1Þ3ðB�LÞþ2s (with s
as the spin of the particle), is imposed in the minimal
supersymmetric standard model (MSSM) to avoid danger-
ous baryon- and lepton-number–violating operators; other-
wise, explicit Yukawa terms that violate R parity can exist
in the Lagrangian. This explicit R-parity breaking is for-
bidden in LRSUSY models by the symmetries of the
model. In early left-right symmetric models, SUð2ÞR dou-
blets were used to break the gauge symmetry. Later,
SUð2ÞR triplets were introduced to provide the seesaw
mechanism for neutrino masses [2], while both left- and
right-handed triplet Higgs bosons were considered for
parity conservation. The model was described extensively
in several previous works [4]. However, R parity may not
be conserved in this setup. The reason is that the minimum
of the potential prefers a solution in which the right-chiral
scalar neutrino gets a VEV, thus breaking R parity sponta-
neously. Two scenarios have been proposed which remedy
this situation. One is the model of Babu and Mohapatra
[11], where an extra singlet Higgs boson is added to the
model, and one-loop corrections to the potential show that
an R-parity conserving minimum can be found. The second
model is that of Aulakh et al. [12], where the addition of

two more triplets,�ð1; 3; 1; 0Þ and�cð1; 1; 3; 0Þ, with zero
lepton number, achieves left-right symmetry breaking with
conserved R parity at tree level. In our work, we adopt the
former, as it is a minimal model, and present a short
description below.
The Higgs sector in this minimal left-right supersym-

metric model under the gauge group, together with the
Higgs VEVs, is given in Table I.
The superpotential of this model is given by

W ¼ YuQ
T�2�1�2Q

c þ YdQ
T�2�2�2Q

c

þ Y�L
T�2�1�2L

c þ Y‘L
T�2�2�2L

c þ H:c:

þ ifLcT�2�
cLc þ S½�Trð�c ��cÞ

þ �ij Trð�T
i �2�j�2Þ �M2

R� þW 0; (2.1)

where

W 0 ¼ ½M� Trð�c ��cÞ� þ�ij Trð�T
i �2�j�2Þ

þMSS
2 þ �SS

3: (2.2)

Here, Yu;d and Y�;‘ in Eq. (2.1) are quark and lepton

Yukawa coupling matrices, while f is the Majorana neu-
trino Yukawa coupling. We choose to work with W 0 ¼ 0,
which leads to an enhanced R symmetry and a natural
interpretation of the supersymmetric � term, as explained
below.

The model is minimal in the following sense: �c and ��c

fields are needed for breaking SUð2ÞR �Uð1ÞB�L symme-
try without R-parity violation, and the two bidoublets �1

and�2 are needed to generate the quark and lepton masses
and Cabibbo-Kobayashi-Maskawa (CKM) mixings. The
singlet field S is introduced to so that SUð2ÞR �Uð1ÞB�L

symmetry breaking occurs in the supersymmetric limit. For

parity invariance, two left-handed triplet Higgses � and ��
are sometimes introduced. We do not include them here,
as we wish to construct a minimal model. If included,

the VEVs of the left-handed triplet fields � and ��, which

TABLE I. Higgs sector in the minimal supersymmetric left-
right model.

Higgs Field Matrix Representation Vacuum Expectation Values

�cð1; 1; 3;�2Þ
�c�ffiffi
2

p �c0

�c�� � �c�ffiffi
2

p

0
@

1
A 0 vR

0 0

� �

��cð1; 1; 3; 2Þ
��cþffiffi
2

p ��cþþ

��c0 � ��cþffiffi
2

p

0
@

1
A 0 0

�vR 0

� �

�1ð1; 2; 2; 0Þ �þ
1 �0

2

�0
1 ��

2

� �
0 �0

1

�1 0

� �

�2ð1; 2; 2; 0Þ �þ
1 �0

2

�0
1 ��

2

� �
0 �2

�0
2 0

� �

Sð1; 1; 1; 0Þ
S0 hSi
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determine the tree-level left-handed neutrino masses, must
be extremely small and are assumed to be zero. In this case,
the left-handed triplet fields decouple, and their addition
amounts only to the proliferation of Higgs masses and
representations in this model.

The charge is defined as

Q ¼ I3L þ I3R þ B� L

2
: (2.3)

The VEVs of the Higgs fields in this model needed to break
the symmetries, as described above, are given in Table I. If
we assume that the VEVs of the bidoublet Higgs are real,
the fermion mass matrices become Hermitian. In the super-
symmetric limit, the VEV of the singlet S Higgs boson is
zero, but, after SUSY breaking, hSi �mSUSY. Thus, the �
term for the bidoublet � will arise from the coupling �ij,

with a magnitude of order mSUSY [11]. In the SUSY limit,

jvRj ¼ j �vRj; �vR �vR ¼ M2
R; hSi ¼ 0: (2.4)

The VEV of the S field, generated after SUSY breaking,
arises from linear terms in SUSY breaking

Vsoft ¼ A��STrð�c ��cÞ � C�M2
RSþ H:c: (2.5)

Minimization of the resulting potential yields hS�i ¼ 1
2� �

ðC� � A�Þ, which is of order mSUSY. If the coupling � is
small, then hSi can be above the SUSY-breaking scale.
This feature can be used to make one pair of Higgs
doublet superfields heavier than the SUSY-breaking scale.
However, the masses of doubly charged fermionic fields,
which are equal to �hSi, must remain below 1 TeV.
Consistency of the model (a nonvanishing CKM mixing
angle) requires the asymmetry �12 ¼ �21.

The full potential of the model relevant for symmetry
breaking includes the F term, the D term, and soft SUSY-
breaking contributions. They are given by

VF ¼ j�Trð�c ��cÞ þ �ij Trð�T
i �2�j�2Þ �M2

Rj2
þ �2jSj2jTrð�c�cyÞ þ Trð ��c ��cyÞj;

Vsoft ¼ M2
1 Trð�cy�cÞ þM2

2 Trð ��cy ��cÞ þM2
3 Trð�y

1�1Þ
þM2

4 Trð�y
2�2Þ þM2

SjSj2
þ fA��STrð�c ��cÞ � C�M2

RSþ H:c:g;

VD ¼ g2L
8

X
i

jTrð�a�
T
i �

y
b Þj2 þ

g2R
8

X
i

jTrð2�cy�i�c

þ 2 ��cy�i ��c þ�a�
T
i �

y
b Þj2

þ g02

2
jTrð��cy�c þ ��cy ��cÞj2: (2.6)

We use this potential and proceed in the usual way to find
the masses and mixing matrices for the Higgs bosons in
this model. We minimize the Higgs potential given in the
previous section

@V

@�1

¼ @V

@�2

¼ @V

@vR

¼ @V

@ �vR

¼ @V

@hSi ¼ 0

to obtain masses and compositions of the Higgs bosons.
However, this procedure does not lead to the correct mini-
mum of the potential. The reason is that all the terms in the
scalar potential are identical for the configurations in
which VEVs are given to the neutral right-handed triplet
Higgs, except for theD term, which is lower for the charge-
breaking configuration

h�ci ¼ 1ffiffiffi
2

p 0 vR

vR 0

� �
; h ��ci ¼ 1ffiffiffi

2
p 0 �vR

�vR 0

� �
:

(2.7)

Previous solutions suggested are breaking R parity, which
would have the attractive feature that vR � 1 TeV, but
which abandons the lightest supersymmetric particle as
the candidate for dark matter [7]; or, they are introducing
higher-dimensional operators to lower the charge-
conserving vacuum, with vR � 1011 GeV, but loosing the
solution to strong and weak CP violation [12]. More
recently, a new version of the model [11] examined the
effects of introducing a one-loop Coleman-Weinberg ef-
fective potential generated by a one-family right-chiral
neutrino to the �c field:

V1-loop
eff ¼ 1

16	2

X
i

ð�1Þ2sð2sþ 1ÞM4
i

�
ln

�
M2

i

�2

�
� 3

2

�
:

(2.8)

Expanding this potential in the limit in which the SUSY-
breaking parameters are small with respect to the triplet
VEVs ðvR; �vRÞ, one obtains an effective form, in terms of
the small parameter

x ¼ Trð�c�cÞTrð�cy�cyÞ
½Trð�cy�cÞ�2 :

The one-loop potential becomes

V1-loop
eff ’ � jfj2m2

LcTrð�c�cÞTrð�cy�cyÞ
128	2jvRj2

�
�
ða1 � a2Þg2R

�
2 ln

jfvRj2
�2

þ lnx� 2 ln2� 2

�

� ½2þ ða1 þ a2Þg2B�L�ðlnx� 2 ln2Þ
�
: (2.9)

Here, a1 and a2 are coefficients which vanish in the SUSY
limit (whenD terms vanish), andm2

Lc are soft right-handed
scalar lepton masses. The effect of this potential is to
mimic the effects of the higher-dimensional operators in
previous versions, without the need to introduce them
explicitly, thus solving the problem of the global minimum.
Whereas before, the global minimum contained at least one
doubly charged Higgs boson with zero or negative mass,
after one-loop corrections, all the masses are positive. The
advantage of such a formalism is that the masses are very
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predictive, as they do not depend on coefficients of ad hoc
higher-order terms or arbitrary sneutrino VEVs. In the next
section, we study explicitly the implications for the Higgs
masses in this model. Before continuing, we wish to point
out that, should the model have included left-handed triplet
Higgs bosons, their mass would remain negative and could
not be fixed by the first-order loop corrections. A left-
handed counterpart of the one-loop correction would not
work, as the VEVs of these fields vL is zero, or very small.
Thus, one would have to consider higher-order corrections
or additional Higgs representations.

III. HIGGS BOSON COMPOSITION AND MASSES

The Higgs boson spectrum was previously analyzed in a
variant of the model [10] with R-parity violation. The new
features of the present analysis are 1) we employ a version
of the model that uses the right-chiral neutrino couplings to
the triplet Higgs bosons to eliminate the need for L-number
violation and 2) we include constraints from flavor-
changing neutral current (FCNC) processes to predict the
range of Higgs masses and parameters in LRSUSY.
Effectively, we are looking at a very different model and
Higgs sector than in [10].

After minimizing the Higgs potential, as in the previous
section, we evaluate the masses by taking into account
corrections induced by the heavy Majorana neutrino
Yukawa couplings. We shall give the expressions for these
contributions explicitly. We proceed to give the masses
obtained by minimizing the potential. For simplicity, we
use the abbreviations

�2
dif ¼ �2

1 � �2
2; (3.1)


2
dif ¼ v2

R � �v2
R þ 1

2ð�2
1 � �2

2Þ; (3.2)

Y ¼ A��Sþ �ð�M2
R � 2�21�1�2 þ �vR �vRÞ; (3.3)

M ¼ 2�21ð�M2
R � 2�21�1�2 þ �vR �vRÞ; (3.4)

fð�Þ ¼ �

�
M

2�21

� 2�21�1�2 � ��1�2

�
; (3.5)

gð�Þ ¼ ���1�2; (3.6)

hð�Þ ¼ ��1�2ð4�21 þ �Þ; (3.7)

with � ¼ �21 ��12 small but nonzero after symmetry
breaking.

A. Doubly charged Higgs boson masses

Mass matrices for the doubly charged Higgs fields are
of block diagonal form of one two-by-two matrix for

ð�c���
; ��cþþÞ fields

M2

�c��� ��cþþ ¼ �2g2R

2
dif � �vR

vR
Y0 Y0

Y0 2g2R

2
dif � vR

�vR
Y0

 !
;

(3.8)

where Y0 ¼ Y � gð�Þ. From these expressions, we can find
the exact analytic forms for the doubly charged Higgs

masses. Setting tan� ¼ �vR

vR
, these are

M2
Hþþ

1;2

¼ � Y0

sin2�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4g4R


4
dif þ

Y02

sin22�
� 4Y0g2R
2

dif cot2�

s
: (3.9)

It is clear that one must require Y0 < 0, but, even so, one of
the mass eigenvalues will be negative. It is thus essential
that we include the first-order correction to the doubly
charged Higgs masses, which arise from derivatives of
the quartic potential (2.9) with respect to the doubly
charged Higgs boson fields. The corrected (Mass2) matrix
elements are

M2
�c���

�c�� ¼�f2m2
Lc

16	2

�
a1g

2
R

�
2ln

�jfvRj
�

�
�1

�

þ ln2ð2�a1ðg2R�g2B�LÞÞ
�
�2g2R


2
dif�

�vR

vR

Y0;

M2
��cþþ

�c�� ¼Y0;

M2

�c��� ��cþþ� ¼Y0;

M2
��cþþ ��cþþ� ¼2g2R


2
dif�

�vR

vR

Y0; (3.10)

yielding a positive correction to the masses for
m2

Lc < 0. The first-order correction is not finite at x ¼ 0;
however, the divergence is very mild (logarithmic), and
higher-order effects cure it without altering the masses
significantly [13].

B. Singly charged Higgs boson masses

Mass matrices for the singly charged Higgs fields are
of block diagonal form of one two-by-two matrix for
ð�þ

1 ; �
��
2 Þ fields and one four-by-four matrix for

ð�cþ ; ��c��
; ���

2 ; �þ
1 Þ fields, respectively,

M2
�þ

1
;���

2

¼
�2

�1
M0 M0

M0 �1

�2
M0

 !
; (3.11)

where M0 ¼ Mþ fð�Þ. The elements of the four-by-four
matrix are

M2
�c��

�c� ¼ g2Rv
2
R � g2R


2
dif �

�vR

vR

Y0; (3.12)

M2

�c�� ��cþ� ¼ �g2RvR �vR þ Y0; (3.13)

MARIANA FRANK AND BESTE KORUTLU PHYSICAL REVIEW D 83, 073007 (2011)

073007-4



M2
�c��

��
2

¼ � 1ffiffiffi
2

p g2R�1vR; (3.14)

M2
�c��

�þ�
1

¼ � 1ffiffiffi
2

p g2R�2vR; (3.15)

M2
��cþ ��cþ� ¼ g2R �v

2
R þ g2R


2
dif �

vR

�vR

Y0; (3.16)

M2
��cþ��

2

¼ 1ffiffiffi
2

p g2R�1 �vR; (3.17)

M2
��cþ�þ�

1

¼ 1ffiffiffi
2

p g2R�2 �vR; (3.18)

M2
���

2
��

2
¼ 1

2
�2
1ðg2L þ g2RÞ �

1

2
g2L�

2
dif � g2R


2
dif þ

�2

�1

M0;

(3.19)

M2
���

2
�þ�
1

¼ 1
2�1�2ðg2L þ g2RÞ þM0; (3.20)

M2
�þ
1 �

�
1
¼ 1

2
�2
2ðg2L þ g2RÞ þ

1

2
g2L�

2
dif þ g2R


2
dif þ

�1

�2

M0:

(3.21)

C. Neutral Higgs boson masses

Mass matrices for the neutral scalar Higgs fields are
of block diagonal form of one two-by-two matrix for
ð�0r

2 ; �
0r
1 Þ fields and one five-by-five matrix for

ð�c0r ; ��c0r ; �0r
1 ; �

0r
2 ; S

0rÞ fields, respectively,
M2

�0r
2
;�0r

1

¼
�1

2g
2
L�

2
dif�g2R


2
difþ�2

�1
M0 �M0

�M0 1
2g

2
L�

2
difþg2R


2
difþ�1

�2
M0

0
@

1
A:

(3.22)

The elements of the five-by-five matrix are

M2

�c0r�c0r
¼ 2v2

Rðg2B�L þ g2RÞ þ �2 �v2
R � �vR

vR

Y0; (3.23)

M2

�c0r ��c0r
¼ �2vR �vRðg2B�L þ g2RÞ þ �2vR �vR þ Y0;

(3.24)

M2

�c0r�0r
1

¼ g2R�1vR � 2��21�2 �vR � 2
�vR

�1

gð�Þ; (3.25)

M2

�c0r�0r
2

¼ �g2R�2vR � 2��21�1 �vR � �vR

�2

gð�Þ; (3.26)

M2

�c0r S0r
¼ 2�2SvR þ A�� �vR; (3.27)

M2
��c0r ��c0r

¼ 2ðg2B�L þ g2RÞ �v2
R þ �2v2

R � vR

�vR

Y0; (3.28)

M2
��c0r�0r

1

¼ �g2R�1 �vR � 2��21�2vR � vR

�1

gð�Þ; (3.29)

M2
��c0r�0r

2

¼ g2R�2 �vR � 2��21�1vR � vR

�2

gð�Þ; (3.30)

M2
��c0r S0r

¼ 2�2S �vR þ A��vR; (3.31)

M2
�0r

1
�0r

1

¼ 1

2
�2
1ðg2L þ g2RÞ þ 4�2

21�
2
2 þ

�2

�1

½M0 þ hð�Þ�;
(3.32)

M2
�0r

1
�0r
2

¼ �1
2�1�2ðg2L þ g2RÞ þ 4�2

21�1�2 � ½M0 � hð�Þ�;
(3.33)

M2
�0r

1
S0r

¼ 0; (3.34)

M2
�0r
2
�0r
2

¼ 1

2
�2
2ðg2L þ g2RÞ þ 4�2

21�
2
1 þ

�1

�2

½M0 þ hð�Þ�;
(3.35)

M2
�0r
2
S0r

¼ 0; (3.36)

M2
S0rS0r

¼ M2
S þ �2ðv2

R þ �v2
RÞ: (3.37)

Mass matrices for the neutral pseudoscalar Higgs fields
are similar, of block diagonal form of one two-by-two
matrix for ð�0i

2 ; �
0i
1 Þ fields and one five-by-five matrix for

ð�c0i ; ��c0i ; �0i
1 ; �

0i
2 ; S

0iÞ fields, respectively,
M2

�0i
2
;�0i

1

¼
�1

2g
2
L�

2
dif�g2R


2
difþ�2

�1
M0 M0

M0 1
2g

2
L�

2
difþg2R


2
difþ�1

�2
M0

0
@

1
A:

(3.38)

The elements of the five-by-five matrix are

M2

�c0i �c0i
¼ �2 �v2

R � �vR

vR

Y0; (3.39)

M2

�c0i ��c0i
¼ �2vR �vR � Y0; (3.40)

M2

�c0i�0i
1

¼ �2��21�2 �vR � �vR

�1

gð�Þ; (3.41)

M2

�c0i �0i
2

¼ �2��21�1 �vR � �vR

�2

gð�Þ; (3.42)

M2

�c0i S0i
¼ �A�� �vR; (3.43)
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M2
��c0i ��c0i

¼ �2v2
R � vR

�vR

Y0; (3.44)

M2
��c0i�0i

1

¼ �2��21�2vR � vR

�1

gð�Þ; (3.45)

M2
��c0i �0i

2

¼ �2��21�1vR � vR

�2

gð�Þ; (3.46)

M2
��c0i S0i

¼ �A��vR; (3.47)

M2
�0i

1
�0i

1

¼ 4�2
21�

2
2 þ

�2

�1

½M0 þ hð�Þ�; (3.48)

M2
�0i

1
�0i
2

¼ 4�2
21�2�2 þ ½M0 þ hð�Þ�; (3.49)

M2
�0i

1
Si
¼ 0; (3.50)

M2
�0i
2
�0r
2

¼ 4�2
21�

2
1 þ

�1

�2

½M0 þ hð�Þ�; (3.51)

M2
�0i
2
S0i

¼ 0; (3.52)

M2
S0iS0i

¼ M2
S þ �2ðv2

R þ �v2
RÞ: (3.53)

The one-loop correction to the Higgs boson masses is
significant for doubly charged bosons only.

IV. CONSTRAINTS ON THE HIGGS SECTOR

A. Flavor-changing neutral Higgs bosons

As any model with more than one Higgs doublet, the
LRSUSY is plagued by tree-level FCNC-inducing Higgs
bosons [14]. We proceed first by isolating the flavor-
violating and flavor-conserving field combinations, then
proceed to subject them to constraints coming from mix-
ings in the kaon, B, and D neutral meson states. We show
more explicitly the expressions for the down-quark sector;
the up-quark sector can be obtained simply by the same
method. The Yukawa Lagrangian in the quark sector is
given by

L Y ¼ �dLYu�
0
2dR þ �dLYd�

0
2dR þ �uLYu�

0
1uR

þ �uLYd�
0
1uR þ H:c:; (4.1)

where Yu and Yd are 3� 3 Hermitian matrices in flavor
space. When the bidoublets acquire the VEV, as in Table I,
with �1, �2, �

0
1, and �0

2 real, the up- and the down-type
quark mass matrices are given by

Mu ¼ Yu�1 þ Yd�
0
2; Md ¼ Yu�

0
1 þ Yd�2: (4.2)

Inserting the expressions obtained for Yu and Yd in terms of
masses, the Yukawa Lagrangian in the down-type quark
sector reads

LN
Y ðdÞ ¼

½di�LMij
u d

j
Rð�2�

0
2 � �0

2�
0
2Þ þ di�LM

ij
d d

j
Rð�1�

0
2 � �0

1�
0
2Þ�

�1�2 � �0
1�

0
2

þ ½dj�R Mij�
u diLð�2�

0�
2 � �0

2�
0�
2 Þ þ dj�R M

ij�
d diLð�1�

0�
2 � �0

1�
0�
2 Þ�

�1�2 � �0
1�

0
2

: (4.3)

To obtain the physical states, we diagonalize the mass
matrices by the unitary transformations

Mij
u ¼ Uik

u M̂
km
u Wjm�

u �km; Mij
d ¼ Uik

d M̂
km
d Wjm�

d �km;

(4.4)

where M̂u and M̂d are diagonal up- and down-type quark
mass matrices. Since dL and dR are weak eigenstates,
unitary transformations convert them into mass eigenstates

diL ! Uij
d d

j
L; diR ! Wij

d d
j
R: (4.5)

We define Uji�
d Uik

u ¼ Vjk
L and Wlj�

u Wjm
d ¼ Vlm

R , where VL

and VR are the components of the left-handed and right-
handed CKM matrices. Then, the Yukawa Lagrangian for
down-type quark fields is given by

L N
Y ðdÞ ¼

dn�L Vkn�
L M̂km

u Vml
R dlR�

kmð�2�
0
2 � �0

2�
0
2Þ

�1�2 � �0
1�

0
2

þ dn�L �nkM̂km
d �mldlR�

kmð�1�
0
2 � �0

1�
0
2Þ

�1�2 � �0
1�

0
2

þ dn�R Vmn�
R M̂km�

u Vkl
L d

l
L�

kmð�2�
0�
2 � �0

2�
0�
2 Þ

�1�2 � �0
1�

0
2

þ dn�R �nmM̂km�
d �kldlL�

kmð�1�
0�
2 � �0

1�
0�
2 Þ

�1�2 � �0
1�

0
2

;

(4.6)

where the up and down mass matrices are Hermitian,
since the VEVs of bidoublets are taken to be real. For
simplicity, we assume VL ¼ VR ¼ V. The fields �0

2 and
�0
2 are complex. Thus, we can isolate two terms in

the Lagrangian, one flavor-violating and one FCNC-
conserving. Writing the neutral and imaginary parts sepa-
rately, the FCNC Lagrangian reads
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L FCNCðdÞ ¼ dn�L Vkn�M̂kk
u VkldlRð�2�

0r
2 � �0

2�
0r
2 Þ

�1�2 � �0
1�

0
2

þ idn�L Vkn�M̂kk
u VkldlRð�2�

0i
2 � �0

2�
0i
2 Þ

�1�2 � �0
1�

0
2

þ dn�R Vkn�M̂kk�
u VkldlRð�2�

0r
2 � �0

2�
0r
2 Þ

�1�2 � �0
1�

0
2

� idn�R Vkn�M̂kk�
u VkldlRð�2�

0i
2 � �0

2�
0i
2 Þ

�1�2 � �0
1�

0
2

;

(4.7)

where�0r
2 and �0r

2 are the two of the nine bare scalar fields,
and �0i

2 and �0i
2 are the two of the nine bare pseudoscalar

fields appearing in the LRSUSY Lagrangian. The d� s
coupling in Eq. (4.7) allows a �S ¼ 2 transition at tree
level. To evaluate explicitly, we use the Wolfenstein pa-
rametrization with every parameter expanded as a power
series in the parameter � ¼ jVusj ¼ 0:2246� 0:0012 [15]:

V¼
1� �2

2 � A�3ð
� i�Þ
�� 1� �2

2 A�2

A�3ð1�
� i�Þ �A�2 1

0
B@

1
CAþOð�4Þ:

(4.8)

For � ¼ 0:2246, A ¼ 0:832, 
 ¼ 0:130, and � ¼ 0:350 [16,17],

Vkd�M̂kk
u Vks ¼ðmu�mcÞ

�
���3

2

�
�mtA

2�5ð1�
þ i�Þ: (4.9)

We express the bare scalar c 0rT ¼ ð�c0r ��c0r�0r
1 �

0r
2 �

0r
1 �

0r
2 S

0rÞ and pseudoscalar Higgs fields c 0iT ¼
ð�c0i ��c0i�0i

1 �
0i
2 �

0i
1 �

0i
2 S

0iÞ as physical CP-even Higgs fields H0rT ¼ ðH0r
1 H0r

2 H0r
3 H0r

4 H0r
5 H0r

6 H0r
7 Þ and physical CP-odd

Higgs fields H0iT ¼ ðH0i
1 H

0i
2 H

0i
3 H

0i
4 H

0i
5 H

0i
6 H

0i
7 Þ. Call Aij the transformation matrix which transforms the bare scalar fields

into the physical CP-even ones and Bij the matrix which transforms the bare pseudoscalar fields into the physical CP-odd
ones;H0r

i ¼ Aijc
0r
j ,H

0i
i ¼ Bijc

0i
j and, substituting these into the Eq. (4.7), we obtain the explicit Lagrangian responsible

for FCNC in the down sector

L�S¼2
FCNCðdÞ ¼

mt�

�1�2 � �0
1�

0
2

���
mu

mt

�mc

mt

��
1� �2

2

�
� A2�4ð1� 
Þ

�
ð�2A

�
i4 � �0

2A
�
i6ÞH0r

i ð �dPRsþ �dPLsÞ

þ A2�4�ð�2B
�
i4 � �0

2B
�
i6ÞH0i

i ð �dPRs� �dPLsÞ
�
þ imt�

�1�2 � �0
1�

0
2

��
mu

mt

�mc

mt

��
1� �2

2

�
� A2�4ð1� 
Þ

�

� ð�2B
�
i4 � �0

2B
�
i6ÞH0i

i ð �dPRs� �dPLsÞ � A2�4�ð�2A
�
i4 � �0

2A
�
i6ÞH0r

i ð �dPRsþ �dPLsÞ
�
: (4.10)

We proceed in similar fashion to evaluate the flavor-conserving and flavor-violating Higgs contributions to the up sector.
The Yukawa Lagrangian for the up-quark sector is

LN
Y ðuÞ ¼ ui�L Y

ij
u �0

1u
j
R þ ui�L Y

ij
d �

0
1u

j
R þ uj�R �0�

1 Yji�
u uiL þ uj�R �0�

1 Yji�
d uiL: (4.11)

We use the same substitutions as before and express the Lagrangian in terms of the complex fields�0
2 and �

0
2. The first and

third terms in the Lagrangian above are flavor-conserving. Writing the neutral and imaginary parts separately, the FCNC
Lagrangian reads

L FCNCðuÞ ¼ un�L VnkM̂kk
d Vlk�ulRð�2�

0r
1 � �0

2�
0r
1 Þ

�1�2 � �0
1�

0
2

þ iun�L VnkM̂kk
d Vlk�ulRð�2�

0i
1 � �0

2�
0i
1 Þ

�1�2 � �0
1�

0
2

þ un�R VnkM̂kk�
d Vlk�ulRð�2�

0r
1 � �0

2�
0r
1 Þ

�1�2 � �0
1�

0
2

� iun�R VnkM̂kk�
d Vlk�ulRð�2�

0i
1 � �0

2�
0i
1 Þ

�1�2 � �0
1�

0
2

; (4.12)

where�0r
1 and �0r

1 are the two of the nine bare scalar fields, and�0i
1 and �0i

1 are the two of the nine bare pseudoscalar fields
appearing in the LRSUSY Lagrangian. The u� c coupling in Eq. (4.12) allows a�C ¼ 2 transition at tree level. Inserting
VukM̂kk

u Vck� in terms of Wolfenstein parameters,

VukM̂kk
u Vck� ¼ ðms �mcÞ

�
�� �3

2

�
�mbA

2�5ð�
þ i�Þ; (4.13)

and using physical states instead of�0r
1 and �0r

1 , we obtain the explicit form of the Lagrangian responsible for FCNC in the
up sector
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L�C¼2
FCNC ðuÞ ¼

mb�

�1�2 � �0
1�

0
2

���
ms

mb

�md

mb

��
1� �2

2

�
þ A2�4


�
ð�2A

�
i3 � �0

2A
�
i5ÞH0r

i ð �uPRcþ �uPLcÞ

þ A2�4�ð�2B
�
i3 � �0

2B
�
i5ÞH0i

i ð �uPRc� �uPLcÞ
�
þ imb�

�1�2 � �0
1�

0
2

���
ms

mb

�md

mb

��
1� �2

2

�
þ A2�4


�

� ð�2B
�
i3 � �0

2B
�
i5ÞH0i

i ð �uPRc� �uPLcÞ � A2�4�ð�2A
�
i3 � �0

2A
�
i5ÞH0r

i ð �uPRcþ �uPLcÞ
�
: (4.14)

These expressions will be used to calculate the real and imaginary parts of the K0 � �K0, D0 � �D0, and B0 � �B0 mixing.

B. �K and K0 � �K0 mixing

We evaluate the real and imaginary parts of the K0 � �K0 transition. We assume a common mass for scalar and
pseudoscalar Higgs fields.

Reh �K0jHeffjK0i¼ m2
t �

2

4M2
i ð�1�2��0

1�
0
2Þ2

���
mu

mt

�mc

mt

�
ð2��2Þ�2A2�4ð1�
Þ

�

�ð½ð�2A
�
i4��0

2A
�
i6Þ2�ð�2B

�
i4��0

2B
�
i6Þ2�ðh ~Q1ð�ÞiþhQ1ð�ÞiÞ

þ½ð�2A
�
i4��0

2A
�
i6Þ2þð�2B

�
i4��0

2B
�
i6Þ2�ðh ~Q2ð�ÞiþhQ2ð�ÞiÞÞþ4A4�8�2ð½ð�2A

�
i4��0

2A
�
i6Þ2

þð�2B
�
i4��0

2B
�
i6Þ2�ðh ~Q1ð�ÞiþhQ1ð�ÞiÞþ½ð�2A

�
i4��0

2A
�
i6Þ2�ð�2B

�
i4��0

2B
�
i6Þ2�ðh ~Q2ð�ÞiþhQ2ð�ÞiÞÞ

�
;

(4.15)

and

ImhK0jHeffj �K0i

¼ im2
t �

2

4M2
i ð�1�2 � �0

1�
0
2Þ2

��
mu

mt

�mc

mt

�
ð2� �2ÞA2�4�

� 2A4�8ð1� 
Þ��ð½ð�2B
�
i4 � �0

2B
�
i6Þ2

� ð�2A
�
i4 � �0

2A
�
i6Þ2

�
ðh ~Q1ð�Þi þ hQ1ð�ÞiÞ

� ½ð�2B
�
i4 � �0

2B
�
i6Þ2 þ ð�2A

�
i4 � �0

2A
�
i6Þ2�

� ðh ~Q2ð�Þi þ hQ2ð�ÞiÞÞ: (4.16)

The quantitiesQ1,Q2, ~Q1, and ~Q2 are four quark operators
and are given by

Q1 ¼ ð �q1PLq

2 Þ � ð �q�1PLq

�
2 Þ;

~Q1 ¼ ð �q1PRq

2 Þ � ð �q�1PRq

�
2 Þ;

Q2 ¼ ð �q1PLq

2 Þ � ð �q�1PRq

�
2 Þ;

~Q2 ¼ ð �q1PRq

2 Þ � ð �q�1PLq

�
2 Þ;

(4.17)

where  and � are the color indices. The matrix elements
are [18]

hQ1ð�Þi¼� 5

24

�
ma

mq1ð�Þþmq2ð�Þ
�
2
maF

2
aB1ð�Þ;

hQ2ð�Þi¼ 1

4

�
ma

mq1ð�Þþmq2ð�Þ
�
2
maF

2
aB2ð�Þ;

(4.18)

where a ¼ K, Bd, Bs, and D mesons, and no summation is
assumed. Fa is the decay constant of the corresponding

meson, and B1ð�Þ and B2ð�Þ are the bag parameters [19]
calculated in the naı̈ve dimensional regularization scheme
for an energy scale �. The numerical values for all the
parameters involved in the calculation of K0 � �K0, D0 �
�D0, and B0

d;s � �B0
d;s mixings are summarized in Table II,

and those for the quark mass values are summarized in
Table III. The same expressions for the operators Q1 and
Q2 are valid for the operators ~Q1 and ~Q2.
Substituting � ¼ 2 GeV in the expressions for �MK

and the CP-violating parameter �K given below,

TABLE II. QCD parameters used for meson mixing.

K0 � �K0 B0
d � �B0

d B0
s � �B0

s D0 � �D0

� 2 GeV mb mb 2 GeV

q1 s b b u
q2 d d s c
ma 498 MeV 5.28 GeV 5.37 GeV 1.86 GeV

Fa 160 MeV 0.21 GeV 0.25 GeV 232 MeV

B1ð�Þ 0.76 0.82 0.83 1

B2ð�Þ 1.30 1.16 1.17 1

TABLE III. Quark masses.

muð2 GeVÞ mdð2 GeVÞ msð2 GeVÞ
2:49þ0:81

�0:79 MeV 5:05þ0:75
�0:95 MeV 101þ29

�21 MeV
mcðmcÞ mbðmbÞ mtðmtÞ
1270þ70

�90 MeV 4190þ180
�60 MeV ð172� 0:9� 1:3Þ � 103 MeV
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�MK ¼ 2Reh �K0jHeffjK0i;
��K ¼ 1ffiffiffi

2
p

�MK

Imh �K0jHeffjK0i;
(4.19)

we get

�MK¼6:9269�10�7A2�
i4 þ2:0088�10�7B2�

i4

M2
i

ð1þ tan�2Þ (4.20)

and

�K ¼ 9:9975� 106A2�
i4 � 9:8616� 10�9A�

i4B
�
i4 þ 2:8993� 107B2�

i4

M2
i

ð1þ tan�2Þ: (4.21)

By comparing the calculated expressions with their experi-
mental values, we obtain on the sources of flavor and CP
violation in the LRSUSY.

The experimental value for the mass difference of KL

and KS is given by [20]

j�MKj ¼ MKL
�MKS

¼ ð3:483� 0:006Þ � 10�12 MeV;

(4.22)

and indirectCP violation inK ! 		 [21] and inK ! 	l�
decays is given by [20]

j�Kj ¼ ð2:228� 0:011Þ � 10�3: (4.23)

We give below the analytical expressions for the con-
straints on the parameters in the neutral scalar and pseu-
doscalar mixing from K-meson mixing. Taking the lightest
neutral Higgs mass to be MH0r

i
¼ MH0i

i
¼ Mi, the value of

�MK ¼ 3:483� 10�15 GeV yields the constraint

M2
i � ð1:9888� 108A2�

i4 þ 5:7675� 108B2�
i4 Þð1

þ tan�2Þ GeV2; (4.24)

while the value of �K ¼ 2:228� 10�3 [20] yields the
constraint

M2
i � ð4:4872� 109A2�

i4 � 4:4262� 10�6A�
i4B

�
i4

þ 1:3013� 1010B2�
i4 Þð1þ tan�2Þ GeV2: (4.25)

In the above expressions, we assumed that the lightest
Higgs mass provides the dominant contribution and ne-
glected the rest, while, in our numerical evaluations, we
have summed over all mass contributions, as in (4.20) and
(4.21). These constraints become, for example, when
tan� ¼ 10:

M2
i � ð2:0087� 1010A2�

i4 þ 5:8251� 1010B2�
i4 Þ GeV2

(4.26)

and

M2
i � ð4:5320� 1011A2�

i4 � 4:4704� 10�4A�
i4B

�
i4

þ 1:3143� 1012B2�
i4 Þ GeV2: (4.27)

We tried varying the lightest relative masses in the scalar
and pseudoscalar sector and found that the results do not
change.

C. B0
d � �B0

d mixing

We proceed the same way as for K0 � �K0 mixing to
evaluate the constraints from the B0

d, B
0
s meson mixing. We

use again four quark operatorsQ1,Q2, ~Q1, and ~Q2, defined
previously. Setting as before the Higgs mass to be equal to
the lightest scalar massMH0r

i
¼ MH0i

i
¼ Mi, the expression

for �MBd
becomes

�MBd
¼ ð9:4139� 10�6A2�

i4 þ 3:6405� 10�5B2�
i4 Þð1þ tan2�Þ

M2
i

GeV3: (4.28)

Using the experimental value of �MBd
¼ 3:337�

10�13 GeV [20], we obtain, assuming, as before, domi-
nance by the lightest mass

M2
i � ð2:8211� 107A2�

i4 þ 1:6909� 108B2�
i4 Þ

� ð1þ tan2�Þ GeV2; (4.29)

which becomes, for tan� ¼ 10,

M2
i � ð2:8493� 109A2�

i4 þ 1:1019� 1010B2�
i4 Þ GeV2:

(4.30)

D. B0
s � �B0

s mixing

We proceed exactly as in the previous subsection, sub-
stituting the s quark instead of the d quark. The parameters
for B0

s � �B0
s mixing are given in Table II;
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�MBs
¼ ð4:2314� 10�4A�2

i4 þ 1:6469� 10�3B�2
i4 Þð1þ tan2�Þ

M2
i

GeV3: (4.31)

Using the experimental value of �MBd
¼ 117� 10�13 GeV [20,22],

M2
i � ð3:6166� 107A2�

i4 þ 1:4076� 108B2�
i4 Þð1þ tan2�Þ GeV2 (4.32)

or, for tan� ¼ 10,

M2
i � ð3:6528� 109A2�

i4 þ 1:4217� 1010B2�
i4 Þ GeV2: (4.33)

E. D0 � �D0 mixing

In Subsec. IVA, we evaluated the real and imaginary parts of the D0 � �D0 transition. We assume, as before, a common
mass for scalar and pseudoscalar Higgs fields.

Reh �D0jHeffjD0i ¼ m2
b�

2

4M2
i ð�1�2 � �0

1�
0
2Þ2

���
ms

mb

�md

mb

�
ð2� �2Þ þ 2A2�4


�
2ð½ð�2A

�
i3 � �0

2A
�
i5Þ2 � ð�2B

�
i3 � �0

2B
�
i5Þ2�

� ðh ~Q1ð�Þi þ hQ1ð�ÞiÞ þ ½ð�2A
�
i3 � �0

2A
�
i5Þ2 þ ð�2B

�
i3 � �0

2B
�
i5Þ2�ðh ~Q2ð�Þi þ hQ2ð�ÞiÞÞ

þ 4A4�8�2ð½ð�2A
�
i3 � �0

2A
�
i5Þ2 þ ð�2B

�
i3 � �0

2B
�
i5Þ2�ðh ~Q1ð�Þi þ hQ1ð�ÞiÞ

þ ½ð�2A
�
i3 � �0

2A
�
i5Þ2 � ð�2B

�
i3 � �0

2B
�
i5Þ2�ðh ~Q2ð�Þi þ hQ2ð�ÞiÞ

�
; (4.34)

where Q1, Q2, ~Q1, and ~Q2 are the four quark operators
defined as before; the mass difference �MD ¼
2Reh �D0jHeff jD0i is obtained as

�MD ¼ 5:2816� 10�10A2�
i5 þ 5:8097� 10�9B2�

i5

M2
i

� ð1þ tan�2Þ
tan�2

GeV3: (4.35)

Comparing the calculated expression with the experimen-
tal value [20]

j�MDj ¼ MD0
1
�MD0

2
¼ ð1:573 13Þ � 10�17 MeV;

(4.36)

we obtain

M2
i �

ð3:3574� 1010A2�
i5 þ 3:6931� 1011B2�

i5 Þð1þ tan�2Þ
tan�2

GeV2; (4.37)

which becomes, for tan� ¼ 10,

M2
i � ð3:3909� 1010A2�

i5 þ 3:7300� 1011B2�
i5 Þ GeV2:

(4.38)

V. NUMERICAL RESULTS AND DISCUSSION

The FCNC tree-level diagrams are mediated by the
physical scalar fields H0

2 and H0
6 and the pseudoscalars

A0
1 and A

0
4. These fields are linear superpositions of the �

0r
1

or �0r
2 (�0i

1 or �0i
2 , respectively, for the pseudoscalars)

components from the bidoublet Higgs.
As the fields H0

2 and H0
6 must be heavy, the light neutral

scalars would likely be linear combinations of the compli-
mentary �0r

2 or �0r
1 components from the bidoublets, or

�0r, ��0r, �c0r , and ��c0r from the triplet Higgs. We set vR in
the interval obtained from the requirement that the doubly
charged Higgses are light. Varying vR outside this range
adversely affects the masses of the lightest doubly charged

Higgs and some of the light neutral and singly charged
scalars.
The mass of the lightest scalar field H0

1 (SM-like)
changes, at most, a few GeV, if we vary any of the parame-
ters, whereas the second-lightest scalar field H0

2 is highly

dependent on the changes in the parameter vR. Similarly,
the lightest pseudoscalar field A0

1 behaves like the second-

lightest neutral scalar field and is also affected by the
changes in vR.H

0
1 is SM-like, and the parameter that seems

to affect the H0
1 mass the most is the �21 coupling. (This

parameter is the coupling that generates the �21 ¼ �21hSi
Higgsino coupling.) The dependence is not smooth, but
varying j�21j in the interval 0.01–1 produces a 30% change
in MH0

1
.

The tree-level flavor-changing neutral currents in the
down-quark sector are governed by H0

6 and A0
4. The mass

values of the fields H0
6 and A0

4 are the same, and they are

dependent on the parameters �21, vR, �, tan�, and MR.
Numerical investigation reveals that only tan�, �21, and
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MR can affect the H0
6 and A0

4 masses significantly, while

there is practically no variation with vR. These masses are
dependent on the parametersMR, �21, and tan�, such that,
when they increase, mass values of these physical fields
also increase. The dependence of the H0

6 mass on the

parameter MR is more dominant than on tan�. Requiring
MR � 100 TeV insures that Higgs-mediated FCNCs in K
and B neutral mesons are suppressed to levels consistent
with experimental data. The variations of H0

6 mass with

these parameters are shown in Fig. 1.
The fieldsH0

2 and A
0
1 are responsible for flavor-changing

neutral currents in the up-quark sector. Their masses are
the same (as one can infer from the mass matrices in
Sec. III), and, although they depend, in principle, on vR,
tan�, and �21, the only significant dependence is on vR,
such that if vR increases from 3 to 10 TeV, their mass
values increase approximately 3–12 times. The mass also
varies with the ratio tan� ¼ �vR=vR, while it is almost
independent of the changes in the other parameters. The
parameter dependence is shown in Fig. 2, where we plot
the explicit vR dependence for three values of tan�, as well
as a more extensive illustration of the vR � �vR dependence
in a contour plot. D0 � �D0 mixing constraints require

vR � 3 TeV. While the dependence on both tan� and
�21 is very weak, the dependence on vR is almost linear.
From the approximate analytical expressions in Sec. III,

the mass of the lightest doubly charged physical field H��
1

depends on vR, �, and MR, as well as on the soft slepton
mass m2

Lc . Analysis shows that only the dependence on vR

and m2
Lc is significant. However, the exact mass also de-

pends on �vR through the ratio tan� ¼ �vR=vR. As before,
we show, in Fig. 3, the dependence of these parameters as a
plot, as a function of vR for different values of tan�, as well
as contour plot in the vR �m2

Lc plane. The mass of H��
1

increases with the increasing values of vR, as shown on the
right-hand side of Fig. 3, for three values of tan�, while it is
basically independent on MR. One can see that the mass is
highly dependent on �vR=vR.
For example, when we change vR from 3 to 10 TeV, the

H��
1 mass values increase approximately 4 times. Of

course, in all cases, different m2
Lc < 0 are needed to keep

the masses positive. Within the parameter space consid-
ered, mLc 2 ð4:5i–10iÞ TeV. The effect of varying the
other parameters is negligible for the lightest doubly
charged Higgs, whereas the mass of the heavier doubly
charged Higgs H��

2 depends almost exclusively on MR.
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FIG. 1 (color online). The variation of the FCNC neutral Higgs H0
6 mass with the parameters of the LRSUSY model. H0

6 induces
tree-level FCNC in the down-quark sector. Shown are contour plots in the MR � tan� plane and the mass dependence on vR for three
values of tan� ¼ �vR=vR (top row) and the mass dependence on �21 and MR for tan� ¼ 10 or tan� ¼ 50 (bottom row). Masses are
given in GeV.
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The lightest singly charged physical field H�
1 mass

corresponds to the MSSM-like charged Higgs boson. The
singly charged state that is tripletlike is Hþ

2 and is heavy.
The orthogonal combination of tripletlike charged Higgs
bosons is the Goldstone boson G�

2 responsible for giving
mass to W�

R bosons. The other charged Higgses which
come from bidoublet components are heavy, a conse-
quence of requiring the mass parameters to satisfy FCNC
bounds.

Finally, we present two explicit numerical scenarios for
the Higgs masses, which obey the constraints from meson
mixings: one for vR ¼ 3:5 TeV and tan� ¼ 10 (Table IV),
the other for vR ¼ 5 TeV and tan� ¼ 50 (Table V). The
other parameters in both scenarios are taken to be tan� 	
�vR=vR ¼ 1=1:05, MR ¼ 100 TeV, � ¼ 1, �21 ¼ �0:1,
C� ¼ 2:5 TeV, hSi ¼ 1 TeV, and MS ¼ 1 TeV. We give

masses and compositions in terms of the bare states. One
can see that, except for raising the lightest neutral Higgs
mass, increasing tan� has little effect on the spectrum.
However, raising vR increases the mass of the lighter non-
SM-like Higgs bosons in the neutral scalar and pseudosca-
lar sector, as well as in the singly and doubly charged
Higgs sectors. While we did not prove, in general, that
the model conserves R parity, the numerical results ob-
tained from minimizing the masses confirm the results of
[11]. Both of these scenarios allow for a light flavor-
conserving neutral scalar Higgs boson; one light doubly
charged Higgs boson; and three other Higgs bosons
with masses below 1 TeV, one neutral and two singly
charged. The FCNC Higgs responsible for mixing in the
up- (D0 � �D0) or down- (K0 � �K0 and B0

d;s � �B0
d;s) quark

sectors are heavy and satisfy the experimental constraints
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FIG. 2 (color online). The variation of the FCNC neutral Higgs H0
2 mass with the parameters of the LRSUSY model. H0

2 induces
tree-level FCNC in the up-quark sector. To the left, a contour plot in the vR � �vR plane; and, at the right, a plot as a function of vR for
three values of tan� ¼ �vR=vR. Masses are given in GeV.
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FIG. 3 (color online). The masses of the lightest doubly charged Higgs boson as a function of the vR plane for three values of
tan� ¼ �vR=vR (left) and as a contour plot in the vR �m2

Lc plane (right). Masses are given in GeV.
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TABLE IV. Masses and compositions of physical Higgs fields and unphysical Goldstone
bosons. Parameters are chosen as follows: tan� ¼ 10, tan� ¼ 1=1:05, vR ¼ 3:5 TeV, MR ¼
100 TeV, � ¼ 1, �21 ¼ �0:1, C� ¼ 2:5 TeV, hSi ¼ 1 TeV, MS ¼ 1 TeV, m2

Lc ¼ �20 TeV2,

and f ¼ 1.

Particle Mass (GeV) Composition

H0
1 111.6 0:100�0r

1 þ 0:995�0r
2

H0
2 680.9 �0:100�0r

2 � 1:000�0r
1

H0
3 4557.4 0:720�c0r þ 0:685 ��c0r þ 0:001�0r

2 � 0:129S0r

H0
4 11 140.6 0:045�c0r þ 0:043 ��c0r þ 0:998S0r

H0
5 141 537.9 0:690�c0r � 0:724 ��c0r

H0
6 141 686.6 �1:000�0r

2 þ 0:100�0r
1

H0
7 141 688.2 0:001�c0r � 0:001 ��c0r þ 1:000�0r

1 � 0:100�0r
2

A0
1 680.9 0:100�0i

2 � 1:000�0i
1

A0
2 11 106.8 1:000S0i

A0
3 141 502.0 0:690�c0i þ 0:724 ��c0i � 0:003�0i

2

A0
4 141 686.6 �1:000�0i

2 � 0:100�0i
1

A0
5 141 688.2 �0:002�c0i � 0:002 ��c0i � 1:000�0i

1 � 0:100�0i
2

Hþ
1 690.2 �0:018�c�� � 0:018 ��cþ � 0:099���

2 þ 0:995�þ
1

Hþ
2 141 454.6 0:690�c�� � 0:724 ��cþ

Hþ
3 141 686.6 �0:995�þ

1 � 0:100���
2

Hþ
4 449 688.2 �0:995���

2 � 0:100�þ
1

Hþþ
1 217.9 �0:724�c��� � 0:690 ��cþþ

Hþþ
2 141 419.9 �0:690�c��� þ 0:724 ��cþþ

G0
1 0 0:568�c0i þ�0:540 ��c0i þ 0:062�0i

1 � 0:617�0i
2

G0
2 0 �0:449�c0i þ 0:428 ��c0i þ 0:078�0i

1 � 0:780�0i
2

Gþ
1 0 0:100�þ

1 � 0:995���
2

Gþ
2 0 �0:724�c�� � 0:690 ��cþ þ 0:003���

2 � 0:025�þ
1

TABLE V. Masses and compositions of physical Higgs fields and unphysical Goldstone
bosons. Parameters are chosen as follows: tan� ¼ 50, tan� ¼ 1=1:05, vR ¼ 5 TeV, MR ¼
100 TeV, � ¼ 1, �21 ¼ �0:1, C� ¼ 2:5 TeV, hSi ¼ 1 TeV, MS ¼ 1 TeV, m2

Lc ¼ �30 TeV2,

and f ¼ 1.

Particle Mass (GeV) Composition

H0
1 113.6 0:020�0r

1 þ 1:000�0r
2

H0
2 998.6 �0:020�0r

2 � 1:000�0r
1

H0
3 6797.1 0:714�c0r þ 0:680 ��c0r � 0:168S0r

H0
4 12 214.8 0:068�c0r þ 0:061 ��c0r þ 0:996S0r

H0
5 141 575.2 �0:690�c0r þ 0:724 ��c0r

H0
6 315 121.9 �1:000�0r

2 þ 0:020�0r
1

H0
7 315 123.5 �1:000�0r

1 þ 0:020�0r
2

A0
1 998.6 0:020�0i

2 � 1:000�0i
1

A0
2 12 152.2 1:000S0i

A0
3 141 502.0 0:690�c0i þ 0:724 ��c0i

A0
4 315 121.9 �1:000�0i

2 � 0:020�0i
1

A0
5 315 123.5 �1:000�0i

1 � 0:020�0i
2

Hþ
1 995.3 �0:013�c�� � 0:012 ��cþ � 0:020���

2 þ 1:000�þ
1

Hþ
2 141 405.3 0:690�c�� � 0:724 ��cþ

Hþ
3 315 121.9 �1:000�þ

1 � 0:020���
2

Hþ
4 315 123.5 �1:000���

2 � 0:020�þ
1

Hþþ
1 215.3 �0:724�c��� � 0:690 ��cþþ

Hþþ
2 141 334.2 �0:690�c��� þ 0:724 ��cþþ

G0
1 0 �0:138�c0i þ 0:131 ��c0i þ 0:019�0i

1 � 0:961�0i
2

G0
2 0 0:710�c0i � 0:677 ��c0i þ 0:004�0i

1 � 0:981�0i
2

Gþ
1 0 0:020�þ

1 � 1:000���
2

Gþ
2 0 0:724�c�� þ 0:690 ��cþ þ 0:018�þ

1

HIGGS BOSONS IN A MINIMAL R-PARITY . . . PHYSICAL REVIEW D 83, 073007 (2011)

073007-13



in each sector. This scenario is completely consistent with
the Tevatron [23] and LHC data [24] on Higgs boson
searches.

Finally, we comment on the scalar leptons and gaugino
masses. In [11], the authors attempt a complete model
building, incorporating general (approximate) constraints
on doubly charged Higgs boson fields and scalar lepton
masses, as functions of gaugino masses. Using two-loop
MSSM renormalization group equations [25], the relations
between these parameters are

M2þþðmZÞ< 24

5b1
M2

~1
ðmZÞ

�
2
B�LðvRÞ

2
B�LðmZÞ

� 1

�
;

M2
~�R
ðmZÞ< 5

6b1
M2

~1
ðmZÞ

�
2
B�LðvRÞ

2
B�LðmZÞ

� 1

�
;

M2
~�L
ðmZÞ< 3

10b1
M2

~1
ðmZÞ

�
2
B�LðvRÞ

2
B�LðmZÞ

� 1

�

þ 3

2b2
M2

~L
ðmZÞ

�
2
LðvRÞ

2
LðmZÞ

� 1

�
; (5.1)

where M~1 and M ~L are gaugino masses, b1 and b2 are
renormalization group equation coefficients, Mþþ is the
soft doubly charged Higgs mass, and the last two equations
give bounds on the right and left tau slepton masses. We
use the renormalization group equations for the left-right
supersymmetric model with triplets and an arbitrary num-
ber of singlets [26] to evaluate the mass bounds.1 In our
case, taking vR in the 3.5–10 TeV region, the limits become

M2þþðmZÞ< 1

8
M2

~1
ðmZÞ

�
2
B�LðvRÞ

2
B�LðmZÞ

� 1

�

þM2
~R
ðmZÞ

�
2
RðvRÞ

2
RðmZÞ

� 1

�
;

M2
~�R
ðmZÞ< 1

32
M2

~1
ðmZÞ

�
2
B�LðvRÞ

2
B�LðmZÞ

� 1

�

þ 3

16
M2

~R
ðmZÞ

�
2
RðvRÞ

2
RðmZÞ

� 1

�
;

M2
~�L
ðmZÞ< 1

32
M2

~1
ðmZÞ

�
2
B�LðvRÞ

2
B�LðmZÞ

� 1

�

þ 3

16
M2

~L
ðmZÞ

�
2
LðvRÞ

2
LðmZÞ

� 1

�
: (5.2)

The approximate bounds on the soft masses depend
critically on the relationship between the Uð1ÞB�L,
SUð2ÞL, and SUð2ÞR gaugino masses. For instance,
for M ~L ¼ M ~R ¼ M~1: MþþðmZÞ 
 0:24M~1ðmZÞ,
M~�RðmZÞ 
 0:11M~1ðmZÞ, and M~�L ðmZÞ 
 0:11M~1ðmZÞ;
for M ~L ¼ M ~R ¼ 2M~1, the bounds become MþþðmZÞ 

0:4M~1ðmZÞ, M~�RðmZÞ 
 0:2M~1ðmZÞ, and M~�LðmZÞ 


0:2M~1ðmZÞ; while, for 2M ~L ¼ M ~R ¼ 4M~1, the limits are
MþþðmZÞ 
 0:7M~1ðmZÞ, M~�RðmZÞ 
 0:32M~1ðmZÞ, and

M~�LðmZÞ 
 0:2M~1ðmZÞ. While no precise conclusions

can be reached, the bounds push the gaugino mass parame-
ter M~1 to be very large, which is consistent with soft
slepton masses in the TeV range. Note that these mass
bounds are only a rough estimate, as we include gaugino
masses but neglect other terms. The purpose of our calcu-
lations was to show that a self-consistent Higgs sector can
be obtained within the framework of the minimal model,
leaving the door open for a more thorough exploration of
the model.

VI. SUMMARYAND CONCLUSION

We analyzed the Higgs sector of a minimal left-right
supersymmetric model with automatic R-parity violation.
Symmetries of the model forbid explicit R-parity violation.
Inclusion of the effects of the Yukawa coupling of the heavy
Majorana neutrino insures a global minimum which is
charge-conserving, thus avoiding spontaneous R-parity
breaking or the need to introduce higher-dimensional terms.
The Higgs sector contains two doubly charged

Higgses, four singly charged Higgs fields, seven neutral
scalar fields, and five pseudoscalar fields (in addition to
two neutral Goldstone bosons and two charged ones). One
would expect that, with so many free parameters in the
Lagrangian and so many free masses, almost any scenario
is possible for the Higgs masses in this model. We show
that the requirements that 1) there is a light neutral scalar
Higgs boson, flavor-conserving, which is the counterpart to
the SM Higgs boson; 2) there exists at least one light
doubly charged Higgs boson (as it is interesting for phe-
nomenology); and 3) the flavor-violating neutral Higgs
bosons satisfy the constraints imposed by the experimental
data from K0 � �K0, D0 � �D0, and B0

d;s � �B0
d;s mixings,

make the Higgs sector fairly predictive and fix some of
the parameters in a narrow range. The masses of
the light neutral and doubly charged Higgs bosons depend
on very few parameters. For instance, we find that require-
ments 1) and 2) are related and satisfied by the vR 2
ð3; 10Þ TeV range. One could obtain much heavier Higgs
bosons by increasing vR. As long as m2

Lc is also increased,
one of the doubly charged Higgs bosons remains light, but
the rest of the mass spectrum shifts to higher scales.
Assuming vR � �vR and gL ¼ gR, this predicts masses for
the WR around 4–13 TeV (assuming negligible mixing
with WL) and for ZR bosons in the 3–10 TeV range.
Thus, while the model can allow for light neutral and
singly and doubly charged Higgs bosons, it predicts new
gauge bosons just outside the range MWR

< 2ð4Þ TeV,
which can be observed at the LHC with a luminosity of
1ð30Þ fb�1 [27].
The parameter MR, associated with the singlet Higgs

field in the superpotential, must be of Oð100Þ TeV, which
insures high masses for the FCNC Higgs. And our rough

1These bounds are completely consistent with what we obtain
using relations given in [11] for M~1 ¼ M ~L ¼ M ~R.
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estimates show that requiring some of the Higgs bosons
to be light will likely push the scale of supersymmetry
above 1 TeV.

Our analysis is important for two reasons: first, we have
shown that a reasonable Higgs mass spectrum is possible in
LRSUSY. This analysis shows that, except for these two
bosons, the rest are heavy (with only three—one neutral
scalar, one pseudoscalar and one singly charged) just be-
low the TeV scale. Second, as most Higgs masses are
sensitive to few parameters, the model is very predictive
and free of additional parameters, such as the sneutrino
VEVs or extra higher-dimensional terms. The best signal
for this model from the Higgs sector remains the observa-
tion of a doubly charged Higgs boson, decaying copiously
to charged leptons. Observation of a light non-SM Higgs

(neutral or singly charged) will invalidate the model, at
least within the present minimal prescription for the Higgs
sector. This analysis can now form the basis of a consistent
phenomenological study of signals from such a Higgs
sector, including production and decay rates, and has im-
plications for the masses of the additional gauge bosons
and of the right-handed neutrinos, as well as for the super-
symmetric partners.
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