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Implications of a massless neutralino for neutrino physics
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We consider the phenomenological implications of a soft supersymmetry~SUSY! breaking termB̃N at the

TeV scale@hereB̃ is the U(1)Y gaugino andN is the right-handed neutrino field#. In models with a massless
~or nearly massless! neutralino, such a term will give rise through the seesaw mechanism to new contributions
to the mass matrix of the light neutrinos. We treat the massless neutralino as an~almost! sterile neutrino and
find that its mass depends on the square of the soft SUSY breaking scale, with interesting consequences for
neutrino physics. We also show that, although it requires finetuning, a massless neutralino in the minimal
supersymmetric standard model or next-to-minimal supersymmetric standard model is not experimentally
excluded. The implications of this scenario for neutrino physics are discussed.
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I. INTRODUCTION

The atmospheric neutrino data@1# give convincing evi-
dence of nonzero neutrino masses. These data also im
maximal or close to maximal mixing of muon and tau ne
trinos. Furthermore, the solar neutrino data@2# can also be
naturally explained by a nonzero mass splitting and mix
between the electron and muon neutrino. Recent data f
large mixing in this sector as well.

The questions which arise then are what is the phy
behind the neutrino masses and mixing patterns? What is
mechanism of neutrino mass generation? Why is the lep
mixing large, in contrast to the small mixing in the qua
sector? These are among the most challenging problem
fundamental physics today.

Many mechanisms for neutrino mass generation h
been suggested so far. Among these, the seesaw mecha
@3# seems to be the simplest and most natural. In this con
large neutrino mixing can appear due to large mixing in
charged lepton mass matrix@4# or in the Dirac mass matrix
of neutrinos@5#. It can also appear from large mixing or ve
strong hierarchy in the Majorana mass matrix of the rig
handed neutrinos@6#. Large mixing in the lepton sector ca
also be obtained by radiative corrections due to renormal
tion group effects in schemes with quasidegenerate neutr
@7#. Also, noncanonical~type II! seesaw models are goo
candidates for generating large mixing in the neutrino se
@8#.

Models with three light neutrinos can explain the so
and atmospheric neutrino oscillation data, and also the
sults of all laboratory neutrino experiments, with the exce
tion of the Liquid Scintillator Neutrino Detector~LSND! @9#.
The explanation of the LSND experimental results requi
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either a fourth light neutrino@10,11# ~which, to satisfy the
constraints coming fromZ physics, has to be sterile!, or vio-
lation of CPT in the neutrino sector@12#. In this later case,
the neutrino and antineutrino masses can be different,
providing an elegant solution to the LSND question. Ho
ever, violation ofCPT may be hard to accommodate the
retically. In the sterile neutrino case, one of the problems
that there is no compelling reason for the existence of suc
particle. Also, even if the sterile neutrino is introduced
hand, it is hard to find a reason why it is so light, with ma
of the order 1 eV, as required to explain LSND.

In this work we propose a scenario in which the ster
neutrino is an essentially massless~mass of order eV or less!
B-ino. It can be shown that, in the framework of the gene
minimal supersymmetric standard model~MSSM!, such a
massless neutralino is still allowed experimentally. In ord
to couple this neutralino to the neutrino sector, we conside
new soft supersymmetry~SUSY! breaking term of the form
cB̃N, whereN is the right-handed neutrino andc is a soft
SUSY breaking mass parameter. This coupling will give t
B-ino mass through the seesaw mechanism:mn0

;c2/M M ,
thereby relating the mass of the sterile neutrino to the s
SUSY breaking scale. Moreover, the seesaw induced c
plings of this B-ino with the three SM neutrinos naturall
leads to large mixing between the three active families.

The paper is organized as follows. In Sec. II we show h
a massless neutralino can become the sterile neutrino.
also discuss the connection between the neutrino mass
the SUSY breaking scale, and how large mixing arises na
rally in this model. In Sec. III we formulate and review th
conditions under which the lightest neutralino can be ma
less@both in MSSM and in next-to-minimal supersymmetr
standard model~NMSSM!#, and satisfy all the existing ex
perimental constraints. A new U(1)R symmetry is introduced
in order to allow theB-ino–neutrino~or singlino-neutrino, in
NMSSM! couplings, while forbidding all the usualR-parity
violating ~RPV! terms. In Sec. IV we consider the implica
tions of our model for neutrino phenomenology in somew
more detail. Conclusions are summarized in Sec. V.
©2003 The American Physical Society04-1
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II. SEESAW MECHANISM AND THE MASSLESS
NEUTRALINO

In this section we will assume the existence of a mass
neutralino, leaving the justification for this assumption f
later. This neutralino can be thought of as a superpositio
higgsino and gaugino states. In the next section we will
that in the MSSM it has to be mostlyB-ino in order to satisfy
the existing experimental constraints.

Let us consider scenarios under which mixing betwe
this state and the three SM neutrinos can arise. The
possibility is direct mixing: the higgsino states can couple
the neutrinos through bilinear RPV couplingsm i ; we will
not study this scenario here. We shall consider the more
teresting case when the mixing with the three SM neutri
is obtained through coupling of the massless neutralino to
right-handed neutrino and the seesaw mechanism.

We take the right-handed neutrino fieldsNi to be singlets
under the SU(2)L3U(1)Y gauge group. Then they ca
couple only with theB-ino component of the massless ne
tralino, and to SU(2)L3U(1)Y singlet components of the
neutralino, if present. The corresponding bilinear couplin
to theB-ino:

B̃Ni ~1!

have dimension three, and are therefore soft SUSY brea
terms@13#. The coefficients with which these terms appear
the Lagrangian~let us call themci) will have dimensions of
mass, and their magnitude is expected to be of the orde
SUSY breaking scale, that is,O(TeV).

The Lagrangian for the neutrino sector of our model w
then be

L5~mD! i j n̄ iNj1~M M ! i j NiNj1ciNix01H.c., ~2!

wheremD andM M are the Dirac and Majorana mass mat
ces for the three SM neutrinos, andx0 is the massless neu
tralino. We treat the massless neutralino as an~almost! sterile
neutrino. Upon decoupling the heavy neutrino sta
~through the seesaw approximation! the mass matrix for the
remaining four light neutrinos takes the form

M n5S cMM
21cT cMM

21mD
T

mDM M
21cT mDM M

21mD
T D , ~3!

where the first line corresponds to the sterile neutrino.
For simplicity of presentation let us assume in the follo

ing that the right-handed neutrino mass matrix is diago
and proportional to the identity matrix: (M M) i j 5mMd i j . It
can easily be seen then that the 4-neutrino mass matrix a
has a zero eigenvalue, two eigenvalues of ordermD

2 /mM ,
and one eigenvalue of order (c21mD

2 )/mM . The first three
eigenvectors can be identified with the three SM neutr
mass eigenstates. The fourth eigenvector~which is mostly
x0) can be identified with the sterile neutrino.

Note that, since the magnitude of thec terms is of the
order of soft SUSY breaking scale, they are naturally ab
ten times larger than the Dirac mass terms appearing inmD
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@which are of the order of the electroweak breaking sca
i.e., O(100 GeV)]. This means that the mass of the ste
neutrino will be about two orders of magnitude above t
mass of the heavier SM neutrino, which, to account for
atmospheric neutrino data, has to be of the order o
31022 eV. This makes the mass of the sterile neutrino
eV size, which is the right value to explain the LSND e
periment results. Moreover, we will show in Sec. IV that E
~3! predicts the right value of mixing between the sterile a
active neutrinos as well.

Notwithstanding the LSND experiment, the mass mat
in Eq. ~3! with ucu@umDu naturally gives large mixing be
tween the three light neutrinos. To see this we can decou
the sterile neutrino from the other three by using the see
approximation, and the mass matrix becomes

M n85
1

mM
S ccT 0

0 ~mDmD
T ! i j 2

~cmD
T ! i~cmD

T ! j

ccT
D . ~4!

From this expression it can be seen that even ifmD is diag-
onal, we get off-diagonal entries of the same magnitude
the diagonal elements in the three SM neutrino mass ma
This means that at least one mixing angle is large. Of cou
in order to obtain the specific pattern of two large mixin
angles and a small one, further conditions must be impo
We will study this further in Sec. IV.

We end this section with some comments. Above,
have assumed that the sterile neutrino is a massless
tralino. This does not necessarily have to be so. Wha
needed for the above seesaw scenario to work is a mas
fermion, which is~or contains among its components! a sin-
glet under the SU(2)L3U(1)Y gauge group. Then, this fer
mion can couple with the right-handed neutrinos through
soft SUSY breaking terms~1!, and the mechanism presente
above works. In the next section we will actually consid
the case when the sterile neutrino is the NMSSM singli
Some other SUSY particles~like a Goldstino, which has the
advantage of being naturally massless! can also play this
role.

III. MASSLESS NEUTRALINO

In this section we will explore the possibility that supe
symmetry allows the existence of a nearly massless n
tralino. For the MSSM and the NMSSM, we show that
massless neutralino can be obtained by a finetuning of
soft breaking parameters. While we do not provide a rea
for such a tuning, we do verify that the resulting massle
neutralino is not yet excluded by experiment. By extend
the visible sector particle content beyond that of the MSS
or NMSSM, it may be possible to achieve TeV scale visib
sector SUSY breaking in a phenomenologically viable w
In such a case the lightest neutralino can be the Golds
and thus naturally massless, up to supergravity correction
4-2
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order TeV2/MPlanck;1024 eV. This is an interesting direc
tion for further study.

In this section we will explore the possibility that supe
symmetry allows the existence of a massless neutralino. N
that we will not try to give a reason why there should be su
a particle~at this point, we do not know!, but we will just
simply verify that the existence of a massless neutralino
compatible with the experimental results from SUS
s

t

th

ch

th
it

lys
th
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searches. We shall consider two SUSY models, first
MSSM, and then the NMSSM, which contains an extra s
glet.

A. MSSM case

In the MSSM we have the following mass matrix for ne
tralinos:
Mi j [S 2M1 0 2mz cosb sinuw mz sinb sinuw

0 2M2 mz cosb cosuw 2mz sinb cosuw

2mz cosb sinuw mz cosb cosuw 0 2m

mz sinb sinuw 2mz sinb cosuw 2m 0

D , ~5!
fore
ses.

o

n-
neu-

-

to
its
eu-
whereM1 and M2 are the soft SUSY breaking mass term
for the U(1)Y and SU(2)w gaugino fields,mz is the mass of
theZ boson, tanb[v1 /v2, andm is the Higgs boson mixing
term.

The existence of a massless neutralino requires that
determinant of the mass matrix in Eq.~5! be zero:

D0[mmz
2 sin 2b~M1 cos2uw1M2 sin2uw!2m2M1M250.

~6!

Most studies of the MSSM have been performed with
assumption of universal gaugino masses, whereM1 andM2
are related by the Grand Unified Theory~GUT! relation:

M25 5
3 tan2uWM1 . ~7!

In this framework, Eq.~6! requires that

mM25
mz

2

r
sin 2b~r cos2uw1sin2uw! ~8!

with r 5M1 /M2.0.5, which implies either that bothm and
M2 are of ordermz , or one of these parameters is mu
smaller thanmz . However, sincem andm2 are responsible
for the masses of the other neutralinos, as well as for
masses of the charginos, this can bring us into conflict w
direct searches for these particles at LEP. A detailed ana
@15# shows that a massless neutralino is excluded in
MSSM with the GUT relation~7!, except for a narrow region
in the parameter space, where tanb.1. However, this value
for tanb is excluded from other considerations.
he

e

e
h
is
e

In the search for a massless neutralino we are there
led to give up the assumption of universal gaugino mas
Then, values for theM1 parameter

M15
M2mz

2 sin 2b sin2uw

mM22mz
2 sin 2b cos2uw

.
mz

2

m
sin 2b sin2uw ~9!

of order of a few GeV~or even smaller, for large tanb), can
satisfy Eq.~6!. M2 andm can be chosen sufficiently large t
satisfy the constraints coming fromZ decay tox1x2 and
x i

0x j
0 , with i and j not 1 at the same time. One more co

straint we have to consider comes from the massless
tralino, which will give contribution to the invisibleZ width.
The current experimental@16# value

GZ
inv5499.061.5 MeV ~10!

requires that the branching ratio ofZ to the massless neu
tralino pair be smaller than about 0.3%:

Br~Z→x1
0x1

0!,331023. ~11!

In order to figure out this branching ratio, we need
evaluate the particle content of the lightest neutralino and
interactions. If we define the mass eigenstates of the n
tralino matrix by

x i
05Ni j c j where c j5$B̃,W̃3,h̃0,h̃80%, ~12!

then
N1i5S 1,
mz

2 sin 2b sin 2uW/2

mz
2 sin 2b cos2uW2mM2

,2
mzM2 sinb sinuW

mz
2 sin 2b cos2uW2mM2

,
mzM2 cosb sinuW

mz
2 sin 2b cos2uW2mM2

D ~13!
4-3
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up to a normalization constant. Ifm@mz , that normalization
constant is 1, and the massless neutralino is mostlyB-ino.
The interaction Lagrangian with theZ boson in terms of
physical states is the following@14#:

LZx ix j
5S g

2 cosuw
DZmx̄ ig

m~Oi j
L PL1Oi j

R ,PR!x j , ~14!

where

Oi j
L 5 1

2 ~2Ni3Nj 3* 1Ni4Nj 4* !, Oi j
R52Oi j

L* . ~15!

Therefore, for the massless neutralino we have

O11
L .

1

2

mZ
2

m2
sin2uW cos 2b. ~16!

Equation~11! requires thatO11
L <1/30; we see that this ca

be easily satisfied for values ofm of order 500 GeV.~Note
also that although in the limit tanb'1 the massless neu
tralino is decoupled fromZ boson, this is not a necessa
condition.!

One must also consider cosmological constraints on
existence of a light neutralino. From constraints on the n
tralino relic abundance, recent analyses@18# infer a lower
limit of 6 to 18 GeV on the neutralino mass. However, the
analyses are valid for neutralinos with mass in the G
range. Superlight neutralinos~mass of order eV! will not
annihilate before decoupling, and therefore different lim
apply. Since the annihilation cross section toe1e2 is sup-
e

ac

o
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pressed by the small coupling toZ ~and the large selectron
mass!, our neutralino will behave very much as a sterile ne
trino. Recent cosmological data impose an upper limit o
sterile neutrino mass of around 1.4 eV@19#, which we as-
sume to be also valid for the neutralino considered in t
section.

So far we have shown that a massless neutralino is c
sistent with experimental constraints1 ~if we give up the as-
sumption of gaugino mass universality at GUT scale!. This
massless state, however, does not appear naturally in
theory; finetuning of order 1 eV/ 100 GeV.10211 is neces-
sary to satisfy Eq.~6!. Moreover, we have to impose thi
finetuning on the complete theory; for example, if Eq.~6!
holds at tree level, it will be broken by loop corrections, a
the neutralino will acquire GeV size mass. For these reas
this model is not very compelling theoretically; however, it
experimentally allowed.

B. NMSSM case

In the event we want to keep the GUT relation~7!, it is
possible to get a massless neutralino in the framework
NMSSM. Let us consider NMSSM with the following term
in the superpotential:

W5l« i j H1
i H2

j S2 1
3 kS3, ~17!

where i , j 51,2, e i j is the antisymmetric tensor,H1 and H2
are the standard Higgs boson doublets, andS is the MSSM
Higgs boson singlet.~The first term replaces the usual SUS
m term.! In this case the neutralino mass matrix becomes
Mi j [S 2M1 0 2mzcosb sinuw mzsinb sinuw 0

0 2M2 mzcosb cosuw 2mzsinb cosuw 0

2mzcosb sinuw mzcosb cosuw 0 lx lv sinb

mzsinb sinuw 2mzsinb cosuwa lx 0 lv cosb

0 0 lv sinb lv cosb 22kx

D .

The determinant of this mass matrix is

D522kxD01l2v2
„mz

2~M1cos2uw1M2sin2bw!2mM1M2sin 2b…, ~18!
for
where v5174 GeV, x is the vacuum expectation valu
~VEV! of S field, and we definem to belx. We assume in
the following that we are in a region of the parameter sp
wheremM1M2@mz

2(M1cos2uW1M2sin2uW).0.6mz
2M2; we

also assume that tanb is large. ThenD0.2m2M1M2, and

k5l
1

2 S lv
m D 2 0.6mz

2M220.5mM2
2sin 2b

2mM1M2
~19!

will provide a massless neutralino. The particle content
this neutralino is given by
e

f

N1i5S l
vmz

mM1
cos 2b sinuW ,2l

vmz

mM2
cos 2b cosuW ,

2l
v
m

0.6mz
2 sinb2mM1cosb

mM1
,

2l
v
m

0.6mz
2 cosb2mM1sinb

mM1
,1D , ~20!

1For a similar analysis, including additional constraints, see,
example, Ref.@17#.
4-4
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that is, in the limit whenlv/m!1, it is mostly singlino. The
coupling to theZ is given by

O11
L .S lv

m D 2~mM1!22~0.6mz
2!2

~mM1!2
.S lv

m D 2

~21!

and with m of order 500 GeV andl.0.3, the constraint
coming from the invisibleZ width is satisfied again.~Note
that this implies thatk is quite small as well.!

C. The c terms

We have seen that bilinear terms~1! which couple the
B-ino ~or, in the NMSSM case, the singlino! and the right-
handed neutrino are allowed by the requirement that su
symmetry is softly broken. However, these terms break us
R parity, which may not be desirable. In order to forbid t
usual RPV terms, we can introduce a new U(1)R symmetry.
Let us then consider the following generation independ
assignment of U(1)R charges to the MSSM and right-hande
neutrino superfields:

Q~3,2,1/6!: q Dc~ 3̄,1,1/3!:222q2u

Uc~ 3̄,1,22/3!: u L~1,2,21/2!:221q1u
r-
s

lin
lt

tri
e
i

07300
r-
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N~1,1,0!: 2 Ec~1,1,1!:422q22u

Hd~1,2,21/2!:q1u Hu~1,2,1/2!:22q2u

u: 1, ~22!

where the SU(3)c3SU(2)L3U(1)Y quantum numbers o
the particles are given in the brackets, andu is the Grass-
mann coordinate. We choose the U(1)R charge of the Grass
mann coordinateu to be unity. It is easy to check that thi
charge assignment forbids the usualR-parity breaking terms
and allows all MSSM Yukawa couplings as well as the rig
handed neutrinoB̃N coupling and the Higgs boson mixingm
term. In our U(1)R charge approach we assume that t
right-handed neutrino fields have U(1)R charge equal to
21. This means that the corresponding mass terms are
erated though a heavy field VEV (>1014 GeV). This field
also breaks the U(1)R symmetry at the high scale.

In the NMSSM case, when the massless neutralino
mostly singlino, the relevant coupling with the right-hand
neutrino is

ciS̃Ni . ~23!

This coupling also breaks usualR parity. But we can choose
the following U(1)R charge assignments:
Q ~3,2,1/6!: q Dc
~ 3̄,1,1/3!: 8

3 22q2u

Uc
~ 3̄,1,22/3!: u L ~1,2,21/2!: 2 10

3 1q1u

N ~1,1,0!: 10
3 Ec ~1,1,1!: 622q22u

Hd ~1,2,21/2!: 2 2
3 1q1u Hu ~1,2,1/2!: 22q2u

u: 1 S 2
3

~24!
t

ion

to
we

cu-
re
me
and in this case only the~23! couplings are allowed from
general the RPV term.

IV. IMPLICATIONS FOR NEUTRINO SECTOR

In this section we will consider the implications of a ste
ile neutrino coming from supersymmetry for neutrino phy
ics.

A. LSND result and massless neutralino

As was mentioned briefly in Sec. II, a massless neutra
seems ideally suited to explain the LSND experiment resu
Since the magnitude ofc couplings is given by the SUSY
breaking scale, we can expect the mass of the fourth neu
to be of orderc2/mD

2 .100 times larger than the mass of th
heaviest SM neutrino. This puts it in the eV range, which
the right value needed to account for the LSND result.
-

o
s.

no

s

Moreover, LSND data@9# and constraints from shor
baseline experiments@20,21# require that the admixture ofne
andnm in the fourth neutrino~let us call itn0) has to be of
the order of 0.1. In terms of the elements of the rotat
matrix Ua i (a stands forx1

0 ,ne ,nm ,nt) which diagonalizes
the (M n)ab434 mass matrix ~3!, we need Ue0 ,Um0

;0.12–0.14. On the other hand, as long asM n(x1
0 ,n i)

!M n(x1
0 ,x1

0) we can employ the seesaw approximation
decouple the fourth neutrino from the other three, and
will have

Ui0.
M n~x1

0 ,n i !

M n~x1
0 ,x1

0!
.

mD

c
.

1

10
,

which fits nicely the experimental requirements.
For the purpose of illustration, we present here a parti

lar realization of this situation. We can work in a basis whe
the Majorana mass matrix is diagonal; let us even assu
4-5
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that it is proportional to the identity matrix:M M
5I 333mM . Moreover, let us assume that there is no hier
chy between the soft SUSY breaking parameters:c15c2
5c35c. For the Dirac mass matrix, take a symmetric for

mD5S m1 a3 a2

a3 m2 a1

a2 a1 m3

D ~25!

and see what constraints the LSND result imposes on
elements of this matrix.

First, we needUe0.Um0; since in the seesaw approxim
tion Ui05M n(x1

0 ,n i)/M n(x1
0 ,x1

0), this implies ( i(mD) i1

5( i(mD) i2, or

m11a21a35m21a11a3 . ~26!

Moreover, from atmospheric oscillation results and t
CHOOZ constraints on n̄e disappearance@22# (u23

.45°,u13 small!, we know that uUm3u.uUt3u.1/A2 and
uUe3u.0, which impliesuU03u.0, too. From the orthogo
nality of the rotation matrix( iUi0Ui350, we then get
uUm0u.uUt0u, or

m21a11a35m31a11a2 . ~27!

After decoupling the sterile neutrino, the effective mass m
trix for the three SM neutrinos will be

~M n8! i j 5
~mDmD

T ! i j

mM
2

~M n! i0~M n!0 j

~M n!00
. ~28!

Since the determinant of this matrix is zero, there are th
possible textures which will explain the observed neutr
mass splitting and mixings~see, for example, Ref.@23#!. We
shall try to obtain the hierarchical form, wher
(mn1

,mn2
,mn3

)5(0,d,M ), with d!M . Then the mass ma

trix should look like Eq. ~32!. Requiring that u(M n8)12u
.u(M n8)13u.0 we get the following equations:

m25m3 , a152m12m3 . ~29!

Then

M n85
1

mM
S 0 0 0

0 2~m12m3!2 22~m12m3!2

0 22~m12m3!2 2~m12m3!2
D
~30!

leads to maximal mixing for the atmospheric neutrinos, w
the corresponding mass scale given byM54(m1
2m3)2/mM . The u13 angle is also zero. However, this te
ture does not explain the solar oscillations. To account
these, we need corrections of orderd/M to texture ~30!,
whered is the mass scale responsible for solar oscillatio
We are therefore led to consider corrections of orderd/M to
Eqs.~26!, ~27!, and~29!. It turns out that, whenu13 is chosen
to be zero, Eq.~27! and the first one of Eqs.~29! are pro-
tected by the requirement thatu23545°. Breaking relation
07300
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~26! will give a mass to the second neutrino state, which c
account for the splitting necessary for solar neutrino osci
tions. An interesting note is that if the second relation in E
~29! remains unchanged, then the solar mixing angle will
given by tan2u1250.5, which is very close to the best fi
value for solar neutrino oscillations.

With these choices, the following neutrino Dirac ma
matrix is obtained:

mD5S m1 m11
d

A2
m11

d

A2

m3 2m12m3

m3

D
~the matrix being symmetric!. This texture gives rise the fol
lowing neutrino masses:

$mn0
,mn1

,mn2
,mn3

%5H 3
c213m1

2

mM
,0,d

1OS d
m1

2

c2 D ,4
~m12m3!2

M M
J

and the 4-neutrino mixing matrix will be

Ua i

51
c2

c213m1
2

0 0 0

m11A2/3AdmM

c
A2

3
A1

3
0

m11A2/6AdmM

c
A1

6
2A1

3
2

1

A2

m11A2/6AdmM

c
A1

6
2A1

3

1

A2

2
~with corrections of orderm1 /c). Herem1 can be taken to be
arbitrary~as long as it is smaller thanc), andm3 to be fixed
by the mass of the third neutrino:m356AM Mmn3

/21m1.
We have obtained the hierarchical structure for neutr

masses. Takingmn3
5M.531022 eV and mn2

5d.7

31023 eV, the splitting betweenn3 and n2 accounts for
atmospheric neutrino oscillations, while the splitting betwe
n2 andn1 accounts for the solar neutrinos. The atmosphe
mixing angle is 45°, the solar angle is large (.35°), and the
u13 angle is zero. Choosingc51 TeV for mM52.4
31015 GeV, and m150.08c, we obtain the mass of the
fourth neutrinomn0

.1.3 eV, and the elements of the rot
tion matrix

Ue0.0.14, Um05Ut0.0.11,
4-6
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which implies sin22uLSND51.231023, and can therefore ac
count for the LSND results, while at the same time satisfy
the cosmological constraints on a sterile neutrino mass@24#.

B. Massless neutralino and large mixing

Another interesting question is if it is possible to expla
the large mixing among the three SM flavor eigensta
through the coupling to the neutralino. To this purpose, le
assume that the neutrino Dirac mass matrix has a diag
structure:

~mD!ab5madab .

Let us, moreover, assume thatM n(x0,x0)5(c1
21c2

2

1c3
2)/mM is much larger than the neutrino massesma

2/mM .
Then, we can decouple the fourth neutrino, and in the see
approximation the mass matrix for the three SM neutrin
will become

~M n!ab8 .
mamb

mM
S dab2

cacb

cW2 D
with cW25c1

21c2
21c3

2. Note that this matrix has zero dete
minant, but it is not traceless. As a consequence, the o
possible diagonal neutrino mass matrices which can be
tained by diagonalization are the hierarchical diag(0,d,M )
structure and the inverted hierarchy case diag(M ,M1d,0).
Both of these require that

u~M n8!12u.u~M n8!13u.0,

u~M n!228 u.u~M n8!33u.u~M n8!23u.M /2

with corrections to these equations of orderd/M . A simple
choice which satisfies the above equations is

~c1 ,c2 ,c3!5~0,c,c!; ~m1 ,m2 ,m3!5~0,AMmM,AMmM !,
~31!

which leads to a neutrino mass matrix:

M n85S 0 0 0

0 M /2 2M /2

0 2M /2 M /2
D . ~32!

This is the hierarchical case, withmn3
5M and the angles

u23545°, u1350. Corrections of orderd/M to Eq. ~31!:

~c1 ,c2 ,c3!5cSA 4d

3M
,12

d

3M
,12

d

3M D ;

~m1 ,m2 ,m3!5~AdmM/3,AMmM,AMmM ! ~33!

will provide a massd for n2 and make theu12 angle.35°.
Finally, we want to mention that using a sterile neutrino

order to explain large mixing in the active sector is not a n
idea ~see, for example, Ref.@11#!. However, while in Ref.
07300
g

s
s
al

w
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b-

@11# the couplings of the sterile neutrino with the three S
flavors is introduced in a somewhatad hocmanner, in our
model it arises naturally.

V. CONCLUSIONS

In this paper we have addressed two questions. First,
massless neutralino allowed by experimental data? Sec
can such a neutralino couple with the neutrino sector
explain the LSND result, and/or large mixing among t
three active neutrino flavors? We answered both question
the affirmative. By giving up the assumption of univers
gaugino masses, we can obtain a massless neutralino in
MSSM. This would require finetuning, but, since its co
plings to theZ can be suppressed, it will still satisfy the LE
constraints on the invisibleZ width. Conversely, we can ob
tain a massless neutralino in the framework of the NMSS
in which case this particle will be mostly a singlino.

The coupling of the massless neutralino with the neutr
sector is achieved through the introduction of new soft SU
breaking terms of the formcB̃N. Then the neutralino, which
is identified with a sterile neutrino, will acquire a mass pr
portional to the square of the soft SUSY breaking sc
(c2/M M; eV), in contrast with the usual seesaw where t
light neutrino mass is proportional to the up quark or charg
lepton mass square. This makes it an ideal candidate
explaining the LSND experiment results. Moreover, the s
saw induced mixing of the neutralino with the three neu
nos is also consistent with constraints from short base
experiments, while large enough to account for LSND. La
mixing among the three active neutrino flavors arises na
rally in this model.

The weak point of this model is that finetuning is requir
to obtain a massless neutralino. A promising candidate fo
massless SUSY particle would be a fermion associated w
spontaneous SUSY breaking, that is, a visible sec
Goldstino. However, this would require some more mo
building, and we leave it for another paper. Even so, we fi
the fact that a massless neutralino is experimentally allow
interesting. Also, the fact that one of the light neutrin
masses can be connected to the soft SUSY breaking sca
another intriguing feature of this scenario.
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