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Implications of a massless neutralino for neutrino physics
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We consider the phenomenological implications of a soft supersymr(@tigY) breaking ternBN at the
TeV scale[hereB is the U(1), gaugino ancN is the right-handed neutrino fidldin models with a massless
(or nearly masslegsieutralino, 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(abrens} 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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[. INTRODUCTION either a fourth light neutring10,11] (which, to satisfy the
constraints coming frord physics, has to be sterjleor vio-

The atmospheric neutrino dafd] give convincing evi- lation of CPT in the neutrino sectdrl2]. In this later case,
dence of nonzero neutrino masses. These data also imptiie neutrino and antineutrino masses can be different, thus
maximal or close to maximal mixing of muon and tau neu-providing an elegant solution to the LSND question. How-
trinos. Furthermore, the solar neutrino dg#d can also be ever, violation of CPT may be hard to accommodate theo-
naturally explained by a nonzero mass splitting and mixingretically. In the sterile neutrino case, one of the problems is
between the electron and muon neutrino. Recent data favahat there is no compelling reason for the existence of such a
large mixing in this sector as well. particle. Also, even if the sterile neutrino is introduced by

The questions which arise then are what is the physichand, it is hard to find a reason why it is so light, with mass
behind the neutrino masses and mixing patterns? What is thef the order 1 eV, as required to explain LSND.
mechanism of neutrino mass generation? Why is the lepton In this work we propose a scenario in which the sterile
mixing large, in contrast to the small mixing in the quark neutrino is an essentially massléssass of order eV or legs
sector? These are among the most challenging problems &tino. It can be shown that, in the framework of the general
fundamental physics today. minimal supersymmetric standard mod®&SSM), such a

Many mechanisms for neutrino mass generation havénassless neutralino is still allowed experimentally. In order
been suggested so far. Among these, the seesaw mechanitircouple this neutralino to the neutrino sector, we consider a
[3] seems to be the simplest and most natural. In this contexfiéw soft supersymmetr{SUSY) breaking term of the form
large neutrino mixing can appear due to large mixing in thecBN, whereN is the right-handed neutrino ardis a soft
charged lepton mass matii#] or in the Dirac mass matrix SUSY breaking mass parameter. This coupling will give the
of neutrinog5]. It can also appear from large mixing or very B-ino mass through the seesaw mechaniamé~c2/MM,
strong hierarchy in the Majorana mass matrix of the right-thereby relating the mass of the sterile neutrino to the soft
handed neutrinof6]. Large mixing in the lepton sector can SUSY breaking scale. Moreover, the seesaw induced cou-
also be obtained by radiative corrections due to renormalizgplings of this B-ino with the three SM neutrinos naturally
tion group effects in schemes with quasidegenerate neutrindsads to large mixing between the three active families.

[7]. Also, noncanonicaltype Il) seesaw models are good  The paper is organized as follows. In Sec. Il we show how
candidates for generating large mixing in the neutrino sectoa massless neutralino can become the sterile neutrino. We
[8]. also discuss the connection between the neutrino mass and

Models with three light neutrinos can explain the solarthe SUSY breaking scale, and how large mixing arises natu-
and atmospheric neutrino oscillation data, and also the remally in this model. In Sec. Il we formulate and review the
sults of all laboratory neutrino experiments, with the excep-conditions under which the lightest neutralino can be mass-
tion of the Liquid Scintillator Neutrino Detectgt. SND) [9]. less[both in MSSM and in next-to-minimal supersymmetric
The explanation of the LSND experimental results requirestandard mode{lNMSSM)], and satisfy all the existing ex-

perimental constraints. A new U(A symmetry is introduced
in order to allow theB-ino—neutrino(or singlino-neutrino, in

*Email address: ilia@hep.phy.okstate.edu NMSSM) couplings, while forbidding all the usu&-parity
TEmail address: lykken@fnal.gov violating (RPV) terms. In Sec. IV we consider the implica-
*Email address: mcos@pas.rochester.edu tions of our model for neutrino phenomenology in somewhat
SEmail address: shaown@okstate.edu more detail. Conclusions are summarized in Sec. V.
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[l. SEESAW MECHANISM AND THE MASSLESS [which are of the order of the electroweak breaking scale,
NEUTRALINO i.e., O(100 GeV)]. This means that the mass of the sterile

In this section we will assume the existence of a masslegd®utrno will be a_bout two orders of .magnltude above the
neutralino, leaving the justification for this assumption for Mass of the heavier SM neutrino, which, to account for the
later. This neutralino can be thought of as a superposition Othoszphenc neutrino data, has to be of the order of 5
higgsino and gaugino states. In the next section we will see<10 “ €V. This makes the mass of the sterile neutrino of

that in the MSSM it has to be mostBino in order to satisfy €V Size, which is the right value to explain the LSND ex-
the existing experimental constraints. periment results. Moreover, we will show in Sec. IV that Eq.

Let us consider scenarios under which mixing betweer{3) predicts the right value of mixing between the sterile and
this state and the three SM neutrinos can arise. The fir@Ctive neutrinos as well. . .
possibility is direct mixing: the higgsino states can couple to  Notwithstanding the LSND experiment, the mass matrix
the neutrinos through bilinear RPV couplings; we will i Ed. (3) with |c[>[mp| naturally gives large mixing be-
not study this scenario here. We shall consider the more inWeen the three light neutrinos. To see this we can decouple
teresting case when the mixing with the three SM neutrinoghe sterile neutrino from the other three by using the seesaw
is obtained through coupling of the massless neutralino to th@PProximation, and the mass matrix becomes
right-handed neutrino and the seesaw mechanism.

We take the right-handed neutrino fields to be singlets

under the SU(2)XU(1)y gauge group. Then they can cc’ 0
couple only with theB-ino component of the massless neu- ,:i (cmb);(cmb). ()
tralino, and to SU(2)xU(1)y singlet components of the “myl O (mpmy);; — D! = o[
neutralino, if present. The corresponding bilinear couplings cc
to the B-ino:

BN,; ) From this expression it can be seen that evemgfis diag-

onal, we get off-diagonal entries of the same magnitude as
have dimension three, and are therefore soft SUSY breakintdne diagonal elements in the three SM neutrino mass matrix.
terms[13]. The coefficients with which these terms appear inThis means that at least one mixing angle is large. Of course,
the Lagrangiarilet us call thenx;) will have dimensions of in order to obtain the specific pattern of two large mixing
mass, and their magnitude is expected to be of the order @gingles and a small one, further conditions must be imposed.

SUSY breaking scale, that i€)(TeV). We will study this further in Sec. IV.
The Lagrangian for the neutrino sector of our model will We end this section with some comments. Above, we
then be have assumed that the sterile neutrino is a massless neu-
tralino. This does not necessarily have to be so. What is
L:(mD)ij;iNj"'(MM)ijNiNj +¢;N;xo+H.c., 2 needed for the above seesaw scenario to work is a massless

fermion, which is(or contains among its componehgssin-
wheremp andM,, are the Dirac and Majorana mass matri- glet under the SU(2)<U(1)y gauge group. Then, this fer-
ces for the three SM neutrinos, ang is the massless neu- Mmion can couple with the right-handed neutrinos through the
tralino. We treat the massless neutralino agamos} sterile ~ Soft SUSY breaking term&l), and the mechanism presented
neutrino. Upon decoupling the heavy neutrino stategbove works. In the next section we will actually consider
(through the seesaw approximatidhe mass matrix for the the case when the sterile neutrino is the NMSSM singlino.

remaining four light neutrinos takes the form Some other SUSY particlgfike a Goldstino, which has the
advantage of being naturally masslessn also play this
cMpytcT cMytm] role.
M,= _ _ , 3
mpMpylcT  mpMytm) ®

where the first line corresponds to the sterile neutrino. lll. MASSLESS NEUTRALINO

For simplicity of presentation let us assume in the follow-  |n this section we will explore the possibility that super-
ing that the right-handed neutrino mass matrix is diagonagymmetry allows the existence of a near|y massless neu-
and proportional to the identity matrixMy);j=myd;;. It tralino. For the MSSM and the NMSSM, we show that a
can easily be seen then that the 4-neutrino mass matrix aboygassless neutralino can be obtained by a finetuning of the
has a zero eigenvalue, two eigenvalues of oméfmy,  soft breaking parameters. While we do not provide a reason
and one eigenvalue of ordec¥+ sz)/m,\,I . The first three  for such a tuning, we do verify that the resulting massless
eigenvectors can be identified with the three SM neutrinmeutralino is not yet excluded by experiment. By extending
mass eigenstates. The fourth eigenvedimhich is mostly  the visible sector particle content beyond that of the MSSM
Xo) can be identified with the sterile neutrino. or NMSSM, it may be possible to achieve TeV scale visible

Note that, since the magnitude of tlseterms is of the sector SUSY breaking in a phenomenologically viable way.
order of soft SUSY breaking scale, they are naturally aboutn such a case the lightest neutralino can be the Goldstino
ten times larger than the Dirac mass terms appearinggn and thus naturally massless, up to supergravity corrections of
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order TeV¥/Mpjanei 104 @V. This is an interesting direc- searches. We shall consider two SUSY models, first the

tion for further study. MSSM, and then the NMSSM, which contains an extra sin-
In this section we will explore the possibility that super- glet.

symmetry allows the existence of a massless neutralino. Note

that we will not try to give a reason why there should be such

a particle(at this point, we do not knoy but we will just

simply verify that the existence of a massless neutralino is In the MSSM we have the following mass matrix for neu-

compatible with the experimental results from SUSY tralinos:

A. MSSM case

-M; 0 —m, cosB sin b, m, sinB sin 6,,
0 —M, m, cosp cosé,, —m,sinB cosé,,
Mi=| _ m,cosBsinéd,  m,cosp cosé, 0 — i ’ ©
m, sinB sin 6,, —m,sinB cosé,, — 0

whereM; and M, are the soft SUSY breaking mass terms In the search for a massless neutralino we are therefore
for the U(1), and SU(2), gaugino fieldsm, is the mass of led to give up the assumption of universal gaugino masses.
theZ boson, tarB=v,/v,, andu is the Higgs boson mixing Then, values for th&, parameter
term.

The existence of a massless neutralino requires that the M,m?Z sin 28 sin?6,, 2

m
determinant of the mass matrix in E@) be zero: M= > =—2sin 2Bsirte, (9)
uM,—mZ sin 28 cog 6,

_ 2 . . 2 _
Ao=pm; Sin 28(M1 COS b+ M2 i’ 6,) — u*M 1M (()6) of order of a few Ge\Mor even smaller, for large ta8), can
satisfy Eq.(6). M, andu can be chosen sufficiently large to
Most studies of the MSSM have been performed with theggti%fy the constraints coming fro decay tox™x~ and
assumption of universal gaugino masses, widfeandM,  XiXj, With i andj not 1 at the same time. One more con-

are related by the Grand Unified Thedi@UT) relation: straint we have to consider comes from the massless neu-

tralino, which will give contribution to the invisibl& width.
M,=3tarf oM. (7)  The current experiment&l6] value
In this framework, Eq(6) requires that ]"iZ”U:499_0t 1.5 MeV (10)
m§ . . requires that the branching ratio d@fto the massless neu-
uMy=-=sin25(r COS 6+ Sin’ 0y,) ®  tralino pair be smaller than about 0.3%:

with r=M,/M,=0.5, which implies either that both and Br(Z— xIx9)<3x10°2, (11

M, are of orderm,, or one of these parameters is much . . . _

smaller thannz_ However, Sincm and m, are responsib|e In order to flgure out this branChIng ratio, we need to

for the masses of the other neutralinos, as well as for th€valuate the particle content of the lightest neutralino and its
masses of the charginos, this can bring us into conflict witinteractions. If we define the mass eigenstates of the neu-
direct searches for these particles at LEP. A detailed analyst§alino matrix by

[15] shows that a massless neutralino is excluded in the

MSSM with the GUT relatior{7), except for a narrow region xX0= Nij¢; where ={B,W3,h,h’°}, (12)
in the parameter space, where & 1. However, this value
for tang is excluded from other considerations. then
m? sin 23 sin 26\,/2 m,M, sin B sin 6y, m,M, cosg sin 6y
Nli = (13)

"mZ2sin 28 oLy — uM,  mZsin 28 coL0y— uM, mZsin 28 oL by — uM,
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up to a normalization constant. /f>m,, that normalization pressed by the small coupling B (and the large selectron
constant is 1, and the massless neutralino is mdaflyo.  mass, our neutralino will behave very much as a sterile neu-
The interaction Lagrangian with th& boson in terms of trino. Recent cosmological data impose an upper limit on a

physical states is the followindL4]: sterile neutrino mass of around 1.4 ¢9], which we as-
sume to be also valid for the neutralino considered in this
_ AL R _ section.
Lzxx, (2 cos&W)Z“X'y (OjPLF O PrX; (19 So far we have shown that a massless neutralino is con-
sistent with experimental constraihtéf we give up the as-
where sumption of gaugino mass universality at GUT sgalhis

L1 . . R ALx massless state, however, does not appear naturally in the
Ojj=2(=NisNj3+NiaNjy),  Ojj=-0j". (19 theory; finetuning of order 1 eV/ 100 Ge¥10 ! is neces-
sary to satisfy Eq(6). Moreover, we have to impose this

Therefore, for the massless neutralino we have finetuning on the complete theory: for example, if E6)

1 m2 holds at tree level, it will be broken by loop corrections, and
o'ilz > —zsinzgw cos 28. (16) the neutralino will acquire GeV size mass. For these reasons,
M this model is not very compelling theoretically; however, it is

. . L _ experimentally allowed.
Equation(11) requires thatO7,<1/30; we see that this can

be easily satisfied for values @f of order 500 GeV(Note B. NMSSM case
also that although in the limit tg8~1 the massless neu-

tralino is decoupled fronZ boson, this is not a necessary . -

condition) possible to get a ma_ssless neutrall_no in the framework of
One must also consider cosmological constraints on th’e\IMSSM' Let us cqn§|der NMSSM with the following terms

existence of a light neutralino. From constraints on the neu™ the superpotential:

tralino relic abundance, recent analy$é&s] infer a lower W=\e H HIS— 1,3 (17)

limit of 6 to 18 GeV on the neutralino mass. However, these Weem s

analyses are valid for neutralinos with mass in the GeMwherei,j=1,2, ¢; is the antisymmetric tensol; andH,

range. Superlight neutralinosnass of order e} will not  are the standard Higgs boson doublets, &nsl the MSSM

annihilate before decoupling, and therefore different limitsHiggs boson single(The first term replaces the usual SUSY

apply. Since the annihilation cross sectionetoe™ is sup-  u term) In this case the neutralino mass matrix becomes

In the event we want to keep the GUT relation, it is

-M; 0 —m,cosp sin b, m,sinB sin 6,, 0

0 —M, m,Ccosp coséb,, —m,Sin B cosé,, 0
M;j=| —m.cosp siné,, m,cosp cosé,, 0 AX \v sing
m,sin B sin4,, —m,SinB cosé,,a AX 0 \v cosB
0 0 \v sing \v cosf —2kX

The determinant of this mass matrix is

A=—2kxAo+N202(M2(M o 0,,+ M,sirtB,,) — uM 1 M,sin 28), (18

where v=174 GeV, x is the vacuum expectation value v
(VEV) of Sfield, and we defingx to beAx. We assume in Ngji=[A\
the following that we are in a region of the parameter space

where M ;M ,>m2(M ;coS 6+ M,sirth,)=0.6m2M,; we v 0.6m2sinB—uM,cosB
also assume that tghis large. Them o= — u?M;M,, and -

vm,

uM;

m,

uM

cos 28 sinfy,—\ COS 2B CcoSbyy,

% puM '
v 0.6m2 cosB— uM;sing
1/\v)20.6m2M,—0.5uM2sin 23 -2 2, (20)
K=Nz|— (19 ® uMy
2\ u —uMM,

will provide a massless neutralino. The particle content of For a similar analysis, including additional constraints, see, for
this neutralino is given by example, Ref[17].
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that is, in the limit whemv/u <1, it is mostly singlino. The N(1,1,0: 2 E%1,1,1):4—2g-2u
coupling to theZ is given by
Hq(1,2-1/2:q+u  H,(1,2,1/2:2—q—u

2 2 2\2 2
SR L [N o 1 22

1~
H (uMy)? ~

where the SU(3)XSU(2) XU(1)y quantum numbers of

and with u of order 500 GeV anc=0.3, the constraint the particles are given in the brackets, ahds the Grass-

coming from the invisibleZ width is satisfied again(Note  mann coordinate. We choose the UgIharge of the Grass-

that this implies thai is quite small as well. mann coordinate to be unity. It is easy to check that this
charge assignment forbids the us®&aparity breaking terms
C. The c terms and allows all MSSM Yukawa couplings as well as the right-

We have seen that bilinear terni®) which couple the handed neutrin@N coupling and the Higgs boson mixing
B-ino (or, in the NMSSM case, the singlipand the right-  €rm- In our U(1) charge approach we assume that the
handed neutrino are allowed by the requirement that supefi9ht-handed neutrino fields have U@l Fharge equal to
symmetry is softly broken. However, these terms break usual - This means that the corresponding mass terms are gen-
R parity, which may not be desirable. In order to forbid the €rated though a heavy field VE\=(10! GeV). This field
usual RPV terms, we can introduce a new U{symmetry. &S0 breaks the U()symmetry at the high scale. o
Let us then consider the following generation independent !N the NMSSM case, when the massless neutralino is
assignment of U(1 charges to the MSSM and right-handed mostl_y S|_ngl|no, the relevant coupling with the right-handed
neutrino superfields: neutrino Is

Q(3,2,1/6: q D%3,1,1/3:2—2q—u CiSN; (23
This coupling also breaks usu@lparity. But we can choose

U%3,1,-23: u L(1,2~ 1/2):=2+qg+u the following U(1) charge assignments:
|
Q (321/6: q D° (3,1,1/3: $%-2gq-u
U (3,1,-2/3): u L (1,2-12: —-YL4q+u
N (1,1,0): Q E® (1,1,1): 6—2q—2u
Hy (1,2-12: —2+q+u H, (1,21/2: 2-qg-u
o: 1 S z

(24)

and in this case only th€3) couplings are allowed from Moreover, LSND data[9] and constraints from short
general the RPV term. baseline experimen{&0,21] require that the admixture of,
andv, in the fourth neutringlet us call itvy) has to be of
the order of 0.1. In terms of the elements of the rotation
IV. IMPLICATIONS FOR NEUTRINO SECTOR matrix U ,; (a stands forx‘f,ve,v”,vT) which diagonalizes
the (M,).z4%x4 mass matrix (3), we need U, U,
~0.12-0.14. On the other hand, as long Ms(x3,v;)
<M,(x3.x9) we can employ the seesaw approximation to

In this section we will consider the implications of a ster-
ile neutrino coming from supersymmetry for neutrino phys-

Ics. decouple the fourth neutrino from the other three, and we
will have
A. LSND result and massless neutralino 0
) ) ) ) M,(x1,vi) mp 1
As was mentioned briefly in Sec. Il, a massless neutralino 0~ "5 o ~ 1N

seems ideally suited to explain the LSND experiment results.
Since the magnitude af couplings is given by the SUSY
breaking scale, we can expect the mass of the fourth neutringhich fits nicely the experimental requirements.

to be of orderczlmZDleO times larger than the mass of the  For the purpose of illustration, we present here a particu-
heaviest SM neutrino. This puts it in the eV range, which islar realization of this situation. We can work in a basis where
the right value needed to account for the LSND result. the Majorana mass matrix is diagonal; let us even assume
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that it is proportional to the identity matrix:My (26) will give a mass to the second neutrino state, which can
=l3x3My . Moreover, let us assume that there is no hieraraccount for the splitting necessary for solar neutrino oscilla-
chy between the soft SUSY breaking parameters=c, tions. An interesting note is that if the second relation in Eqg.
=cgz=c. For the Dirac mass matrix, take a symmetric form (29) remains unchanged, then the solar mixing angle will be

given by také,,=0.5, which is very close to the best fit
m;  as a value for solar neutrino oscillations.
my=| as m, & (25) With these choices, the following neutrino Dirac mass

matrix is obtained:
ap a; ms3

and see what constraints the LSND result imposes on the S 1)
elements of this matrix. mg  mpt E m;+ E
First, we needJ,=U ,o; since in the seesaw approxima- Mp =
tion Ujo=M,(x3,»)/M,(x3.x), this implies =(mp)i, m3 2m;—mg
=2i(mMp);a, Or ms
m1+a2+a3=m2+a1+a3. (26)

(the matrix being symmetricThis texture gives rise the fol-
Moreover, from atmospheric oscillation results and thelowing neutrino masses:
CHOOZ constraints on v, disappearance[22] (6.3
=45°,0,3 smal), we know that|U ,3|=|U s|=1/J2 and
|Ugsl=0, which implies|Uy3/=0, too. From the orthogo- {m,,m,.m,.m,}=33———,0,6
nality of the rotation matrixZ;U;oU;3=0, we then get
U ol =[U 5, or

m2+a1+a3=m3+a1+a2. (27)

A_fter decoupling the sterllg neutr.|n0, the effective mass M2 1 d the 4-neutrino mixing matrix will be
trix for the three SM neutrinos will be

(M,)”_(mDm-lg)ij ~(M,)io(M,)o; 29) Ui
v My (M))oo c2
. . : . _— 0 0 0
Since the determinant of this matrix is zero, there are three c’+ 3m§
possible textures which will explain the observed neutrino —_—
mass splitting and mixing&see, for example, Ref23]). We m \ﬁ \ﬁ 0
shall try to obtain the hierarchical form, where 3 3

trix should look like Eqg.(32). Requiring that|(M)q,|
=|(M)14d=0 we get the following equations:

m;+ 2/6yém 1 1
m2:m3, a1=2m1—m3. (29) % \/% — \/; -

c
(myl,myz,mV3)=(O,5,M), with <M. Then the mass ma- = m1+\/§/6\/m \F \F 1
c 6 3 2

1

V2
Then
0 0 0 (with corrections of ordem, /c). Herem; can be taken to be
1 arbitrary(as long as it is smaller thag), andm; to be fixed
M ,’,=m— 0 2(my—mg)? —2(m;—mg)? by the mass of the third neutrinmz=+ \[Mym, /2+m;.
“\o —2(m;—mg)? 2(m;—mg)? We have obtained the hierarchical structure for neutrino

(30 masses. Takingmv3= M=5x10"2eV and m,,= o=7

X102 eV, the splitting betweern; and v, accounts for

the corresponding mass scale given byl=4(m atmospheric neutrino oscillations, while the splitting between
P g 9 ! v, and v, accounts for the solar neutrinos. The atmospheric

—mg)?/my . The 655 angle is also zero. However, this tex- 2 & : N . N
ture does not explain the solar oscillations. To account for " xINJ angle is 45°, the solar angle is large $5°), and the

. 013 angle is zero. Choosingc=1 TeV for my=2.4
these, we need corrections of ordéfM to texture (30), 13 5 - .
where § is the mass scale responsible for solar oscillations:; jg; S:J{}ini?: m;zgg% ;’:\Z Shk:etagl]erT:ntr:i?Sth%f r:)r]tg-
We are therefore led to consider corrections of orélé to . : Yo '
Egs.(26), (27), and(29). It turns out that, wheid, 5 is chosen 10N matrix
to be zero, Eq(27) and the first one of Eq429) are pro-
tected by the requirement thap;=45°. Breaking relation Ue=0.14, U ,=U =0.11,

leads to maximal mixing for the atmospheric neutrinos, with
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which implies sik26, snp=1.2% 103, and can therefore ac- [11] the couplings of the sterile neutrino with the three SM
count for the LSND results, while at the same time satisfyingflavors is introduced in a somewhatl hocmanner, in our
the cosmological constraints on a sterile neutrino njag$ model it arises naturally.

B. Massless neutralino and large mixing

Another interesting question is if it is possible to explain V. CONCLUSIONS

the large mixing_ among the thrge SM flgvor eigenstates In this paper we have addressed two questions. First, is a
through the coupling to the neutralino. To this purpose, let u assless neutralino allowed by experimental data? Second,

assume that the neutrino Dirac mass matrix has a d'agonfé‘!':ln such a neutralino couple with the neutrino sector and

structure: explain the LSND result, and/or large mixing among the
_ three active neutrino flavors? We answered both questions in
(mD)aﬁ_maéa,B' : : F : ;
the affirmative. By giving up the assumption of universal
Let us, moreover, assume thaM ,(x%x%)=(c?+cZ gaugino masses, we can obtain a massless neutralino in the
+c§)/mM is much larger than the neutrino massn%/mM. MSSM. This would require finetuning, but, since its cou-

Then, we can decouple the fourth neutrino, and in the seesallings to theZ can be suppressed, it will still satisfy the LEP
approximation the mass matrix for the three SM neutrinofOnstraints on the invisibl# width. Conversely, we can ob-

will become tain a massless neutralino in the framework of the NMSSM,
in which case this particle will be mostly a singlino.
m.m cc The_coupl_ing of the massle;s neutra_lino with the neutrino
(M) = — A i {25) sector is achieved through the introduction of new soft SUSY
My c breaking terms of the forrmBN. Then the neutralino, which

R is identified with a sterile neutrino, will acquire a mass pro-
with c?=c7+c3+c5. Note that this matrix has zero deter- portional to the square of the soft SUSY breaking scale
minant, but it is not traceless. As a consequence, the onlyc?/M,,~ eV), in contrast with the usual seesaw where the
possible diagonal neutrino mass matrices which can be ohight neutrino mass is proportional to the up quark or charged
tained by diagonalization are the hierarchical diag(®l)  lepton mass square. This makes it an ideal candidate for
structure and the inverted hierarchy case diag{l +6,0).  explaining the LSND experiment results. Moreover, the see-

Both of these require that saw induced mixing of the neutralino with the three neutri-
nos is also consistent with constraints from short baseline
[(M])15=]|(M)14=0, experiments, while large enough to account for LSND. Large
mixing among the three active neutrino flavors arises natu-
[(M)3d=[(M})3d=[(M}) o =M/2 rally In this model

The weak point of this model is that finetuning is required
with corrections to these equations of ord¥M. A simple  to obtain a massless neutralino. A promising candidate for a
choice which satisfies the above equations is massless SUSY particle would be a fermion associated with
spontaneous SUSY breaking, that is, a visible sector

(C1,C0,C3)=(0c,C); (My,My,m3)=(0,/Mmy,VMmy), Goldstino. However, this would require some more model
(32) building, and we leave it for another paper. Even so, we find
the fact that a massless neutralino is experimentally allowed

which leads to a neutrino mass matrix: interesting. Also, the fact that one of the light neutrino
masses can be connected to the soft SUSY breaking scale is
0 0 0 another intriguing feature of this scenario.
M!=| 0 M/2 —M/2 |, (32
0 -M/2 M/2
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