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We propose a supersymmetric extension of the minimal B� L model where we consider a new

Z2-parity under which one right-handed neutrino is assigned odd parity. When the Majorana Yukawa

coupling of a Z2-even right-handed neutrino is large, radiative corrections will drive the mass squared of

the corresponding right-handed sneutrino to negative values, breaking the B� L gauge symmetry at the

TeV scale in a natural way. Additionally, R-parity is broken and thus the conventional supersymmetric

dark matter candidate, the neutralino, is no longer viable. Thanks to the Z2-parity, the Z2-odd right-handed

neutrino remains a stable dark matter candidate even in the presence of R-parity violation. We

demonstrate that the dark matter relic abundance with an enhanced annihilation cross-section by the

B� L gauge boson (Z0) resonance is in accord with the current observations. Therefore, it follows that the
mass of this dark matter particle is close to half of the Z0 boson mass. If the Z0 boson is discovered at

the Large Hadron Collider (LHC), it will give rise to novel probes of dark matter: The observed Z0 boson
mass will delineate a narrow range of allowed dark matter mass. If the Z0 boson decays to a pair of dark

matter particles, a precise measurement of the invisible decay width can reveal the existence of the dark

matter particle.

DOI: 10.1103/PhysRevD.85.055011 PACS numbers: 12.60.Jv, 11.30.Qc, 95.35.+d

I. INTRODUCTION

The minimal supersymmetric (SUSY) extension of the
Standard Model (MSSM) is one of the prime candidates for
physics beyond the Standard Model (SM), which naturally
solves problems in the SM, in particular the gauge hier-
archy problem. In addition, a candidate for the cold dark
matter, which is missing in the SM, is also naturally
incorporated in the MSSM. Searching for SUSY is one of
the major occupations of the Large Hadron Collider re-
sources. The LHC is operating at unprecedented luminos-
ities, and is collecting data very rapidly. Discovery of
physics beyond the Standard Model in the near future is
highly likely, and anticipated.

The MSSM can solve the gauge hierarchy problem and
the dark matter problem, which it is able to achieve merely
by virtue of it being supersymmetric. However, it is clear
that the SUSY extension is not enough to solve the afore-
mentioned problems in addition to explaining neutrino
phenomena. This is because the solar and atmospheric
neutrino oscillation have established nonzero neutrino
masses and mixings between different neutrino flavors
[1]. Unlike the quark sector, the scale of neutrino masses
is very small and the different flavors are largely mixed.
We have no choice but to extend the MSSM in order to
incorporate such neutrino masses and flavor mixings. The
seesaw extension [2] has gained much attention, since it
not only accounts for the neutrino mass but also explains
the smallness of the mass in a natural way. Corresponding
to the seesaw scale (the typical scale of right-handed
neutrinos) being, for example, from 1 TeV to 1014 GeV,

the scale of the neutrino Dirac mass varies from 1 MeV
(the electron mass scale) to 100 GeV (the top quark mass
scale).
The B� L (baryon number minus lepton number) is an

anomaly-free global symmetry in the SM and it can be
easily gauged. The minimal B� L model is the simplest
gauged B� L extension of the SM [3], where right-handed
neutrinos of three generations and a Higgs field with two
units of the B� L charge are introduced. The existence of
the three right-handed neutrinos is crucial in canceling the
gauge and gravitational anomalies. In this model, the mass
of right-handed neutrinos arises associated with the B� L
gauge symmetry breaking.
Although the scale of the B� L gauge symmetry break-

ing is arbitrary as long as phenomenological constraints
are satisfied, it is interesting to consider it at the TeV scale
[4]. For example, it has been pointed out recently [5] that
when the classical conformal invariance is imposed on
the minimal B� L model, the symmetry breaking scale
appears to be the TeV scale naturally. If this is the case, all
new particles in the model, the Z0 gauge boson, the B� L
Higgs boson, and the right-handed neutrinos appear at the
TeV scale, which can be discovered at the LHC [6]. The
minimal B� L model also has interesting cosmological
prospects such as dark matter physics [7] and baryogenesis
[8].
In this paper, we investigate supersymmetric extension

of the minimal B� L model. It has been pointed out [9]
that in this model, the B� L symmetry is radiatively
broken by the interplay between large Majorana Yukawa
couplings of right-handed neutrinos and the soft SUSY
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breaking masses, a mechanism that is analogous to radia-
tive electroweak symmetry breaking in the MSSM. The
mechanism naturally places the B� L symmetry breaking
scale at the TeV scale.

Despite this remarkable feature of the SUSY minimal
B� L model, a more thorough analysis [10] indicated that
most of the B� L symmetry breaking parameter space is
occupied by nonzero vacuum expectation values (VEVs)
from right-handed sneutrinos. Therefore, the most likely
scenario in the SUSY minimal B� L model with the
radiative B� L symmetry breaking is that R-parity is
violated in the vacuum. This means that the lightest super-
partner (LSP) neutralino, which is the conventional dark
matter candidate in SUSY models, becomes unstable and
no longer remains a viable dark matter candidate. As
discussed in Ref. [11], even though R-parity is broken,
an unstable gravitino, if it is the LSP, has a lifetime longer
than the age of the Universe and can still be the dark matter
candidate. Although this is an interesting possibility, a
mechanism of SUSY breaking mediations providing us
with the LSP gravitino is limited, and we do not consider
the LSP gravitino in this paper.

Recently, a cogent framework for dark matter was elu-
cidated in the context of the (non-SUSY) minimal B� L
model [7], where a new Z2-parity was introduced and one
right-handed neutrino was assigned odd Z2-parity while
the other fields were assigned even Z2. Calculation of the
relic abundance of the Z2-odd right-handed neutrino
showed that it could account for the observed relic abun-
dance, and therefore the dark matter in our universe. We
mention this to emphasize that we are not introducing any
new particle in the current model.

In this paper, we apply the same idea to the SUSY
generalization of the minimal B� L model with the radia-
tive B� L symmetry breaking, and we investigate the
resulting phenomenology. What we discovered is that the
B� L gauge symmetry and R-parity are both broken at
the TeV scale by the nonzero VEV of a Z2-even right-
handed sneutrino, for suitable regions of parameter space.
Even in the presence of R-parity violation, the Z2-parity is
still exact and the stability of the Z2-odd right-handed
neutrino is guaranteed. Therefore, the Z2-odd right-handed
neutrino appears to be a natural, stable dark matter candi-
date. We calculated the relic abundance of the Z2-odd
right-handed neutrino and found that the resultant relic
abundance was in agreement with observations.

This paper is organized as follows: In the next section,
we define the SUSY minimal B� L model with Z2-parity
and introduce superpotential and soft SUSY breaking
terms relevant for our discussion. In Sec. III, we perform
a numerical analysis of the renormalization group equation
(RGE) evolution of the soft SUSY breaking masses of the
right-handed sneutrinos and B� L Higgs fields and show
that the B� L gauge symmetry is radiatively broken at the
TeV scale. It will be shown that one Z2-even right-handed

sneutrino develops a VEV and hence R-parity is also
radiatively broken. In Sec. IV, we calculate the relic abun-
dance of the right-handed neutrino and identify the pa-
rameter region consistent with the observed dark matter
relic abundance. We also discuss phenomenological con-
straints of the model in Sec. V. The last section is devoted
to conclusions and discussions.

II. SUPERSYMMETRIC MINIMAL B� L MODEL
WITH Z2-PARITY

The minimal B� L extended SM is based on the gauge
group SUð3Þc � SUð2ÞL � Uð1ÞY � Uð1ÞB�L, with three
right-handed neutrinos and one Higgs scalar field with
B� L charge 2 but which is a singlet under the SM gauge
group.1As far as the motivation to introduce three gener-
ations of right-handed neutrinos (Nc

i ) is concerned, the
introduction of the three generations of right-handed
neutrinos is in no way ad hoc; on the contrary, once we
gauge B� L, their introduction is forced upon us by the
requirement of the gauge and gravitational anomaly can-
cellations. The SM singlet scalar works to break the
Uð1ÞB�L gauge symmetry by its VEV, and at the same
time generates Majorana masses for right-handed neutri-
nos, which then participate in the seesaw mechanism.
It is easy to supersymmetrize this model, and the particle

contents are listed in Table I.2The gauge invariant super-
potential relevant for our discussion is given by

WBL ¼ X3
i¼2

X3
j¼1

yijDN
c
i LjHu þ

X3
k¼1

yk�Nc
kN

c
k ���

���; (1)

where the first term is the neutrino Dirac Yukawa coupling,
the second term is the Majorana Yukawa coupling for the
right-handed neutrinos, and a SUSY mass term for the SM
singlet Higgs fields is given in the third term. Without loss
of generality, we have worked in the basis where the
Majorana Yukawa coupling matrix is real and diagonal.
Note that Dirac Yukawa couplings between Nc

1 and Lj are

forbidden by the Z2-parity, so that the lightest component
field in Nc

1 is stable, as long as the Z2-parity is exact.
As we will discuss in the next section, the B� L gauge

symmetry is radiatively broken at the TeV scale, and the
right-handed neutrinos obtain TeV-scale Majorana masses.
The seesaw mechanism3 sets the mass scale of light neu-
trinos at m� ¼ Oðy2Dv2

u=MRÞ, where vu is the VEV of the

1Recently, a global B� L extended model with a dark matter
candidate has been proposed [12], which has some interesting
differences from the gauged model.

2It is possible to construct a phenomenologically viable SUSY
B� L model without � and �� [13].

3As we will see in the next section, R-parity is also radiatively
broken. In this case, the right-handed neutrinos mix with the
B� L gaugino and fermionic components of �� and �, and the
seesaw formula is quite involved.
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up-type Higgs doublet in the MSSM and MR ¼ Oð1 TeVÞ
is the mass scale of the right-handed neutrinos. It is natural
to assume that the mass of the heaviest light neutrino is

m� �
ffiffiffiffiffiffiffiffiffiffiffiffi
�m2

23

q
� 0:05 eV, with �m2

23 ’ 2:43� 10�3 eV2

being the atmospheric neutrino oscillation data [1]. Thus,
we estimate yD � 10�6, and point out that such a small
neutrino Dirac Yukawa coupling is negligible in the analy-
sis of RGEs.

Next, we introduce soft SUSY breaking terms for the
fields in the B� L sector:

Lsoft ¼ �
�
1

2
MBL�BL�BL þ h:c:

�

�
�X3
k¼1

m2
~Nc
k

j ~Nc
kj2 þm2

�j�j2 þm2
��
j ��j2

�

þ
�
B�

���þ X3
k¼1

Ak� ~Nc
k
~Nc
k þ h:c:

�
: (2)

Here we have omitted terms relevant to the neutrino Dirac
Yukawa couplings, since they are very small, i.e. Oð10�6Þ
or smaller. For simplicity, in this analysis we consider
the same setup as the constrained MSSM and assume
the universal soft SUSY breaking parameters m2

~Nc
k

¼
m2

� ¼ m2
��
¼ m2

0 and Ak ¼ A0 at the grand unification

scale4 MU ¼ 2� 1016 GeV.
Before closing this section, we comment on the unique-

ness of the Z2-parity assignment in the phenomenological
point of view. One may find the Z2-parity assignment
adhoc, but we cannot assign an odd-parity for any
MSSM particles because the parity forbids the Dirac
Yukawa couplings, which is necessary to reproduce the
observed fermion masses and quark flavor mixings. As we

will see in the next section, the scalars � and ��
develop nonzero VEVs to break the B� L gauge symme-
try, and these fields should be Z2-parity even in order to
keep the parity unbroken. Hence, we can assign Z2-odd
parity only for right-handed neutrinos. Considering the fact
that we need at least two right-handed neutrinos to repro-
duce the observed neutrino oscillation data, two right-
handed neutrinos should be parity even and be involved
in the seesaw mechanism. As a result, we have assigned
Z2-parity odd for only one right-handed neutrino as in
Table I.

III. RADIATIVE B� L SYMMETRY BREAKING
AND R-PARITY

In the non-SUSY minimal B� L model, the B� L
symmetry breaking scale is determined by parameters in
the Higgs potential, which can in general be at any scale as
long as the experimental constraints are satisfied. The LEP
experiment has set the lower bound on the B� L symme-
try breaking scale as mZ0=gBL � 6–7 TeV [14]. Recent
LHC results for Z0 boson search with 1:1 fb�1 [15] ex-
cluded the B� L Z0 gauge boson mass mZ0 & 1:5 TeV
[16] when the B� L coupling is not too small. We see
that the LEP bound is more severe than the LHC bound for
mZ0 * 1:5 TeV. The SUSY extension of the model, how-
ever, offers a very interesting possibility for constraining
the B� L symmetry breaking scale, as pointed out in
Ref. [9].
It is well-known that the electroweak symmetry break-

ing in the MSSM is triggered by radiative corrections to the
up-type Higgs doublet mass squared via the large top
Yukawa coupling [17]. Directly analogous to this situation,
the B� L symmetry breaking occurs through radiative
corrections with a large Majorana Yukawa coupling.
We consider the following RGEs for soft SUSY break-

ing terms in the B� L sector [10,18]:

TABLE I. Particle contents: In addition to the MSSM particles, three right-handed neutrino superfields (Nc
1;2;3) and two Higgs

superfields ( �� and �) are introduced. The Z2-parity for Nc
1 is assigned to be odd. i ¼ 1, 2, 3 is the generation index.

Chiral superfield SUð3Þc SUð2ÞL Uð1ÞY Uð1ÞB�L R-parity Z2

Qi 3 2 þ1=6 þ1=3 � þ
Uc

i 3� 1 �2=3 �1=3 � þ
Dc

i 3� 1 þ1=3 �1=3 � þ
Li 1 2 �1=2 �1 � þ
Nc

1 1 1 0 þ1 � �
Nc

2;3 1 1 0 þ1 � þ
Ec
i 1 1 �1 þ1 � þ

Hu 1 2 þ1=2 0 þ þ
Hd 1 2 �1=2 0 þ þ
� 1 1 0 �2 þ þ
�� 1 1 0 þ2 þ þ

4However, we do not necessarily assume grand unification
behind our model. In fact, it is very nontrivial to unify the Z2-odd
right-handed neutrino with Z2-even fields.
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16�2�
dMBL

d�
¼ 48g2BLMBL;

16�2�
dm2

~Nc
i

d�
¼ 8y2i m

2
� þ 16y2i m

2
~Nc
i

þ 8A2
i � 8g2BLM

2
BL;

16�2�
dm2

�

d�
¼ 4

�X3
i¼1

y2i

�
m2

� þ 8
X3
i¼1

y2i m
2
~Nc
i

þ 4
X3
i¼1

A2
i � 32g2BLM

2
BL;

16�2�
dm2

��

d�
¼ �32g2BLM

2
BL;

16�2�
dAi

d�
¼

�
30y2i þ 2

X
j�i

y2j � 12g2BL

�
Ai

þ 4yi

�X
j�i

yjAj � 6g2BLMBL

�
; (3)

where RGEs for the gauge and Yukawa couplings are given
by

16�2�
dgBL
d�

¼ 24g3BL;

16�2�
dyi
d�

¼ yi

�
10y2i þ 2

X
j�i

y2j � 12g2BL

�
:

(4)

To illustrate the radiative B� L symmetry breaking, we
solve these equations from MU ¼ 2� 1016 GeV to low
energy, choosing the following boundary conditions:

gBL ¼ 0:532; y1 ¼ y2 ¼ 0:4; y3 ¼ 2:5;

MBL ¼ 500 GeV; m ~Nc
i
¼m� ¼m �� ¼ 2 TeV; Ai ¼ 0:

(5)

The RGE running of soft SUSY breaking masses as a
function of the renormalization scale is shown in Fig. 1.
After the RGE running, m2

~Nc
3

becomes negative while the

other squared masses remain positive. The negative mass
squared of the right-handed sneutrino triggers not only the
B� L symmetry breaking but also R-parity violation.
Detailed analysis with random values of parameters has
shown [10] that in most of the parameter region realizing
the radiative B-L symmetry breaking, R-parity is also
broken.

We now analyze the scalar potential with the soft SUSY
breaking parameters obtained from solving RGEs. Since
the B� L symmetry breaking scale is set to be 7 TeV in the
following, we evaluate the RGE solutions at 7 TeV as
follows:

gBL ¼ 0:286; y1 ¼ y2 ¼ 0:304; y3 ¼ 0:561;

MBL ¼ 144 GeV; m2
~Nc
1

¼ m2
~Nc
2

¼ 2:73� 106 GeV2;

m2
~Nc
3

¼ �3:57� 105 GeV2; m2
� ¼ 6:03� 105 GeV2;

m2
��
¼ 4:08� 106 GeV2; A1 ¼ A2 ¼ 34:1 GeV;

A3 ¼ 25:2 GeV: (6)

The scalar potential for ~Nc
3, � and �� consists of super-

symmetric terms and soft SUSY breaking terms,

V ¼ VSUSY þ VSoft; (7)

where

VSUSY ¼ j2y3 ~Nc
3�j2 þ j���j2 þ jy3ð ~Nc

3Þ2 ���
��j2

þ g2BL
2

ðj ~Nc
3j2 � 2j�j2 þ 2j ��j2Þ2;

VSoft ¼ m2
~Nc
3

j ~Nc
3j2 þm2

�j�j2 þm2
��
j ��j2

� ðA3� ~Nc
3
~Nc
3 þ B�

���þ h:c:Þ: (8)

With appropriate values of �� and B�, it is easy to
numerically solve the stationary conditions for the scalar
potential. For example, we find (in units of GeV)

h ~Nc
3i ¼

2762ffiffiffi
2

p ; h�i ¼ 2108ffiffiffi
2

p ; h ��i ¼ 2429ffiffiffi
2

p (9)

for �� ¼ 2695 GeV, B� ¼ 1:019� 107 GeV2, and the
parameters given in Eq. (6). In this case, we have the Z0
boson mass

mZ0 ¼ gBLvBL ¼ 2 TeV; (10)

where

vBL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h ~Nc

3i2 þ 8h�i2 þ 8h ��i2
q

¼ 7 TeV (11)

and the experimental lower bound vBL � 6–7 TeV [14] is
satisfied.

FIG. 1 (color online). The RGE running of the soft SUSY
breaking masses, m2

��
, m2

~Nc
1

¼ m2
~Nc
2

, m2
�, and m2

~Nc
3

from above.
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In order to prove that the stationary point is actually the
potential minimum, we calculate the mass spectrum of the

scalars, ~Nc
3, �, and ��. By straightforward numerical cal-

culations, we find the eigenvalues of the mass matrix of the

scalars <½ ~Nc
3�, <½��, and <½ ��� as (1035, 1868, 5315) in

GeV, while the mass eigenvalues for the pseudoscalars

=½ ~Nc
3�, =½��, and =½ ��� as (0, 3308, 4858) in GeV. As

expected, there is one massless eigenstate corresponding to
the would-be Nambu-Goldstone mode. The other right-
handed sneutrino mass eigenvalues are given by

m2
~NRi

¼ m2
~Nc
i

þ 4y2i h�i2 � 2yiy3h ~Nc
3i2 þ 2Aih�i

þ 2yi��h ��i þDBL;

m2
~NIi

¼ m2
~Nc
i

þ 4y2i h�i2 þ 2yiy3h ~Nc
3i2 � 2Aih�i

� 2yi��h ��i þDBL;

(12)

where m ~NRi
and m ~NIi

(i ¼ 1, 2) are the mass eigenvalues

for scalars and pseudoscalars, respectively, and DBL ¼
g2BLðh ~Nc

3i2 � 2h�i2 þ 2h ��i2Þ. We find m ~NR1
¼ m ~NR2

¼
2626 GeV and m ~NI1

¼ m ~NI2
¼ 1035 GeV. Since the fer-

mion components in Nc
2;3, �, and �� and the B-L gauginos

are all mixed, it is quite involved to find the Majorana
fermion mass eigenvalues. Accordingly, the seesaw
mechanism is realized in a very complicated way.
Although we do not discuss the fermion spectrum in detail
here, our system with two right-handed neutrinos coupling
to the SM neutrinos provides many free parameters,
enough to reproduce the observed neutrino oscillation
data. On the other hand, the mass of the Z2-odd right-
handed neutrino Nc

1 is simply given by

MNc
1
¼ 2y1h�i ¼ 906 GeV: (13)

Before concluding this section, it is interesting to ob-
serve the RGE running of the soft masses for different
choices of the Majorana Yukawa couplings. The results
are depicted in Fig. 2. In the left panel, we have taken
the boundary condition y1 ¼ y2 ¼ y3 ¼ 1, but other

parameters are the same as in Eq. (5), while the right panel
shows the results for y1 ¼ 0:2, y2 ¼ y3 ¼ 1. In general, we
can categorize the results of RGE runnings into three cases:
(i) for only one yi ¼ Oð1Þ and the others are relatively
small, m2

~Nc
i

is driven to be negative; as a result, the B� L

symmetry as well as R-parity is broken at low energies.
This case corresponds to Fig. 1. (ii) for y1 � y2 � y3 ¼
Oð1Þ, only m2

� is driven to be negative. In this case,

the B� L symmetry is broken while R-party remains
unbroken. This case corresponds to the left panel in
Fig. 2. (iii) for yi � yj ¼ Oð1Þ (i � j) and the other yk
(k � i, j) is relatively small, all scalar squared masses
remain positive; hence no symmetry breaking occurs.
The right panel in Fig. 2 corresponds to this case.

IV. RIGHT-HANDED NEUTRINO DARK MATTER

As we showed in the previous section, the B� L gauge
symmetry is radiatively broken at the TeV scale.
Associated with this radiative breaking, the right-handed
sneutrino ~Nc

3 develops VEV, and as a result R-parity is also
broken. Therefore, the neutralino is no longer the dark
matter candidate. However, note that in our model the
Z2-parity is still exact, by which the lightest Z2-odd parti-
cle is stable and can play the role of dark matter even in the
presence of R-parity violation. As is evident in the mass
spectrum we found in the previous section, the right-
handed neutrino Nc

1 is the lightest Z2-odd particle. In this
section, we evaluate the relic abundance of this right-
handed neutrino dark matter candidate and identify the
parameter region(s) consistent with the observations.
In Ref. [7], the relic abundance of the right-handed

neutrino dark matter is analyzed in detail, where annihila-
tion processes through the SM Higgs boson in the
s-channel play the crucial role to reproduce the observed
dark matter relic abundance. In the non-SUSY minimal
B� L model, the right-handed neutrino has a sizable
coupling with the SM Higgs boson due to the mixing
between the SM Higgs doublet and the B� L Higgs in
the scalar potential. However, in supersymmetric extension

FIG. 2 (color online). The RGE runnings of the soft SUSY breaking masses. The left panel shows the results for the boundary
condition y1 ¼ y2 ¼ y3 ¼ 1 and others are the same as in Eq. (5), m2

��
, m2

~Nc
1

¼ m2
~Nc
2

¼ m2
~Nc
3

and m2
� from above. The results for the

boundary condition y1 ¼ 0:2, y2 ¼ y3 ¼ 1 are shown in the right panel, where m2
��
, m2

~Nc
1

, m2
~Nc
2

¼ m2
~Nc
3

and m2
� from above.
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of the model, there is no mixing between the MSSM
Higgs doublets and the B� L Higgs superfields in the
starting superpotential. Although such a mixing emerges
through the neutrino Dirac Yukawa coupling with the VEV
of the right-handed sneutrino ~Nc

3, it is very small because
of the small neutrino Dirac Yukawa coupling yD ¼
Oð10�6Þ. Among several annihilation channels of a pair
of the Z2-odd right-handed neutrinos, we find that the
s-channel Z0 boson exchange process gives the dominant
contribution.

Nowwe evaluate the relic abundance of the right-handed
neutrino by integrating the Boltzmann equation [19],

dYNc
1

dx
¼ � x�Z0

sHðMÞ
��YNc

1

Yeq
Nc

1

�
2 � 1

�
; (14)

where YNc
1
is the yield (the ratio of the number density to

the entropy density s) of the Z2-odd right-handed neutrino,
Y
eq
Nc

1
is the yield in thermal equilibrium, temperature of the

universe is normalized by the mass of the right-handed
neutrino x ¼ M=T, and HðMÞ is the Hubble parameter at
T ¼ M. The space-time densities of the scatterings medi-
ated by the s-channel Z0 boson exchange in thermal equi-
librium are given by

�Z0 ¼ T

64�4

Z 1

4M2
ds�̂ðsÞ ffiffiffi

s
p

K1

� ffiffiffi
s

p
T

�
; (15)

where s is the squared center-of-mass energy, K1 are the
modified Bessel function of the first kind, and the total
reduced cross-section for the process Nc

1N
c
1 ! Z0 ! f �f (f

denotes the SM fermions) is

�̂ Z0 ðsÞ ¼ 26

12�
g4BL

ffiffiffi
s

p ðs� 4M2Þ3=2
ðs�m2

Z0 Þ2 þm2
Z0�2

Z0
(16)

with the decay width of the Z0 boson,

�Z0 ¼ g2BL
24�

�
13þ 2

�
1� 4M2

m2
Z0

�
3=2

�ðm2
Z0=M2 � 4Þ

�
: (17)

For simplicity, we have assumed that y1 ¼ y2 as in the
previous section and that the other particles (except for the
SM particles) are all heavy with mass>mZ0=2. This as-
sumption is consistent with the parameter choice in our
analysis below.

Now we solve the Boltzmann equation numerically. To
solve the equation for the relevant domain, we inherit
parameter values from those presented in the previous
section, which were already motivated as interesting val-
ues,

gBL ¼ 0:286; mZ0 ¼ 2 TeV; (18)

while MNc
1
¼ M is taken to be a free parameter. With the

asymptotic value of the yield YNc
1
ð1Þ, the dark matter relic

density is written as

�h2 ¼ Ms0YNc
1
ð1Þ

�c=h
2

; (19)

where s0 ¼ 2890 cm�3 is the entropy density of the
present universe, and �c=h

2 ¼ 1:05� 10�5 GeV=cm3 is
the critical density. The result should be compared with the
observations at 2� level [20]

�DMh
2 ¼ 0:1120� 0:0056: (20)

Fig. 3 shows the relic abundance of the right-handed
neutrino dark matter as a function of its mass. The dashed
lines correspond to the upper and the lower bounds on the
dark matter relic abundance in Eq. (20). We find two
solutions

M ’ 906; 1016 GeV: (21)

It turns out from Fig. 3 that in order to reproduce the
observed relic abundance, the enhancement of the annihi-
lation cross-section is necessary, so that the mass of the
dark matter should be close to the Z0 boson resonance
point. The dark matter mass M ¼ 906 GeV coincides
with the value presented in the previous section. For a
different parameter choice, the Z2-odd right-handed sneu-
trino (scalar or pseudoscalar) can be the lightest Z2-odd
particle and a candidate for the dark matter, instead of the
right-handed neutrino. However, in this case, there is no
s-channel Z0 boson mediated process, and the resultant
relic abundance is found to be too large.

V. PHENOMENOLOGICAL CONSTRAINTS

The B� L symmetry works to forbid phenomenologi-
cally dangerous R-parity violating terms in the MSSM.
Although this is a remarkable advantage of the B� L
extended model, the B� L symmetry is eventually broken
at the TeV scale; in particular, R-parity violation also
occurs by nonzero VEVof the right-handed sneutrino ~Nc

3.

FIG. 3 (color online). The relic abundance of the dark matter
right-handed neutrino as a function of its mass. The dashed lines
represent the upper and the lower bounds on the dark matter relic
abundance.
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We here consider phenomenological constraints on our
model associated with the R-parity violation.

Once h ~Nc
3i � 0 has developed, the so-called bilinear

R-party violating term is generated in Eq. (1):

WBL � X3
j¼1

y3jD h ~Nc
3iLjHu: (22)

These terms induce the lepton number violating Yukawa
couplings in the MSSM superpotential,

W�L¼1 � ðyije 	kÞEc
i LjLk þ ðyijd 	kÞDc

iQjLk; (23)

where ye and yd are Yukawa matrices for the charged
leptons and the down-type quarks, and

	k ¼ y3kD
h ~Nc

3i
�

(24)

is the mixing parameter between Hd and Li with the
�-parameter for the Higgs doublets in the MSSM.
Through the interactions, lepton-number–changing pro-
cesses can be active in the early universe and erase an
existing baryon asymmetry. The requirement that this era-
sure should not occur before the electroweak transition
typically gives [21]

ðyije 	kÞ; ðyijd 	kÞ & 10�7; (25)

which in turn implies

	k & 10�5 cos
: (26)

This condition is marginally satisfied with the natural order
of magnitude for yD � 10�6 in the seesaw mechanism at
the TeV scale. Note that this is a sufficient condition and
some flavor structures can relax it [21].

It would be fair to mention that although the renorma-
lizable R-parity violating terms in the MSSM are forbidden
by the B� L symmetry, one may introduce dimension five
B� L symmetric operators such as �ijk‘QiQjQkL‘=MP.

Even though these are Planck-scale suppressed operators,
they can lead to rapid proton decay. In fact, experimental
limits from nucleon stability are very severe, �1121, �1122 &
10�8 [22]. We need to assume such small parameters.
Since the aforementioned dimension five operator is also
R-parity symmetric, the same discussion is applied to the
MSSM.

VI. CONCLUSIONS AND DISCUSSIONS

The minimal gauged Uð1ÞB�L model based on the gauge
group SUð3Þc � SUð2ÞL � Uð1ÞY � Uð1ÞB�L is an elegant
and simple extension of the Standard Model, in which the
right-handed neutrinos of three generations are necessarily
introduced for the gauge and gravitational anomaly

cancellations. The mass of right-handed neutrinos arises
associated with the Uð1ÞB�L gauge symmetry breaking,
and the seesaw mechanism is naturally implemented.
Supersymmetric extension of the minimal B� L model
offers not only a solution to the gauge hierarchy problem,
but also a natural mechanism of breaking the B� L sym-
metry at the TeV scale; namely, the radiative B� L sym-
metry breaking. Although the radiative symmetry breaking
at the TeV scale is a remarkable feature of the model, R-
parity is also broken by nonzero VEV of a right-handed
sneutrino. Therefore, the neutralino, which is the conven-
tional dark matter candidate in SUSY models, becomes
unstable and can no longer play the role of the dark matter.
We have proposed introducing a Z2-parity and assigned

an odd-parity to one right-handed neutrino. This parity
ensures the stability of the right-handed neutrino, and
hence the right-handed neutrino can be a dark matter
candidate even in the presence of R-parity violation. No
new particle introduced for the dark matter is required. We
have shown that for a parameter set, the mass squared of a
right-handed sneutrino is driven to be negative by the RGE
running. Analyzing the scalar potential with RGE solutions
of soft SUSY breaking parameters, we have identified the
vacuum where the B� L symmetry as well as R-parity is
broken at the TeV scale.
We have numerically integrated the Boltzmann equation

for the Z2-odd right-handed neutrino, and we found that its
relic abundance is consistent with the observations. In
reproducing the observed dark matter relic density, an
enhancement of the annihilation cross-section via the Z0
boson s-channel resonance is necessary, so that the dark
matter mass should be close to half of Z0 boson mass.
Associated with the B� L symmetry breaking, all new

particles have TeV-scale masses, which is being tested at
the LHC in operation. Discovery of the Z0 boson resonance
at the LHC [23] is the first step to confirm our model. Once
the Z0 boson mass is measured, the dark matter mass is also
determined in our model. If kinematically allowed, the Z0
boson decays to the dark matter particles with the branch-
ing ratio�0:6% [see Eq. (17)]. Precise measurement of the
invisible decay width of Z0 boson can reveal the existence
of the dark matter particle.
A variety of experiments are underway to detect directly

or indirectly dark matter particles. For the detection, it is
crucial for a dark matter particle to have sizable spin-
independent and/or spin-dependent elastic scattering
cross-sections with nuclei. In our model, the right-handed
neutrino dark matter couples with quarks in two ways. One
is via the Z0 boson exchange process; the other is MSSM
Higgs boson mediated processes. Because of its Majorana
nature, the dark matter particle has the axial vector cou-
pling with the Z0 boson, while the SM fermions have the
vector couplings. As a result, the Z0 boson exchange pro-
cess has no contribution to the elastic scattering between
the dark matter particle and quarks in the nonrelativistic
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limit. Although the right-handed neutrino dark matter has
no direct coupling with the MSSM Higgs bosons, such
couplings are generated after the B� L and electroweak
symmetry breakings. For example, a mixing mass,
jy3j2h�ih ~Nc

3i, between � and ~Nc
3, is generated by the

radiative B� L symmetry breaking, and after the electro-
weak symmetry breaking, another mixing mass such as
jyDj2h ~Nc

3ihHui between ~Nc
3 and Hu is generated. These

mixing masses eventually induce the couplings between
the right-handed neutrino dark matter and the MSSM

Higgs bosons. However, the coupling constants are
suppressed by the small factor jyDj2 � 10�12, so that the
spin-independent cross-section for the elastic scattering off
nuclei mediated by the MSSM Higgs boson exchanges is
too small to be detected.
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