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The existence of sterile neutrinos is hinted by the simultaneous presence of diverse neutrino anomalies. We
suggest that the quasi Goldstone fermié@SF's) arising in supersymmetric theory as a result of spontaneous
breaking of global symmetry such as the Peccei-Quinn symmetry or the lepton nhumber symmetry can play the
role of the sterile neutrino. The smallness of the mass of QGRg~(10 3-10 e\) can be related to the
specific choice of superpotential or Kar potential (e.g., no-scale kinetic terms for certain superfiglds
Mixing of QGF's with neutrinos implieRR-parity violation. It can proceed via the coupling of QGF's with
Higgs supermultiplets or directly with a lepton doublet. A model which accounts for the solar and atmospheric
anomalies and dark matter is presen{&0556-282(96)00217-3

PACS numbg(s): 14.60.St, 14.60.Pq, 26.65t, 96.60.Jw

I. INTRODUCTION mass term for the light sterile stat€?) the spontaneous
breakdown of some other global symmetry in supersymmet-
All the experimentally known fermions transform non- ric theory can lead to massless fermions which form the su-
trivially under the gauge group SU(3)SU(2)x U(1) of the  perpartners of the Goldstone bosori8) the spontaneous
standard modelSM). However there are experimental hints breakdown of the global supersymmetry itself would give
in the neutrino sector which suggest the existence ofise to a massless fermion, the Goldstino.
SU(3)X SU(2)x U(1) singlet fermions mixing appreciably =~ Mechanism(1) and its phenomenological consequences
with the known neutrinos. These hints come frge) the  were discussed in Reff6]. Mechanism(3) though appealing
deficits in the solaf1] and atmospheri§2] neutrino fluxes, is not favored phenomenologically in view of the difficulties
(b) the possible need for a significant hot compor&jtin in building realistic models based on the spontaneously bro-
the dark matter of the Universe, ac) some indication of ken global SUSY. We discuss in this paper implications of
y_ev_M oscillations in the laboratorj4]. These hints can be the mechanisni2) concentrating for definiteness on the sim-
reconciled with each other if there exists a fourth very lightplest case of a global @) .
(=1 eV) neutrino mixed with some of the known neutrinos  The spontaneously broken global symmetries are required
preferably with the electron one. The fourth neutrino is re-for reasons unrelated to the existence of light sterile states.
quired to be sterile in view of the strong bounds on theThe most interesting examples are the spontaneously broken
number of neutrino flavors coming both from the experi-lepton number symmetry9] and the Peccei-QuintiPQ
ments at the CERN" e~ collider LEP as well as from pri- Symmetry impose¢10] to solve the stron@ P problem. PQ
mordial nucleosynthesis]. symmetry arises naturally in many supersymmetric models.
The existence of a very light sterile neutrino demandsApart from solving the strong P problem, this symmetry
theoretical justification since, unlike the active neutrinos, thecan also explain the smallness of theparametef11,12.
mass of the sterile state is not protected by the gauge synihenomenologically consistent breaking of these symmetries
metry of the SM and, hence, could be very large. Usually thegenerally needd13] Higgs fields which are singlets of
sterile neutrino is considered on the same footing as the aGU(3)X SU(2)X U(1). In the supersymmetric context this
tive neutrinos and somad hocsymmetry is introduced to automatically generates a massless sterile fermion. While the
keep this neutrino light. Recently there have been severaxistence of these quasi Goldstone fermi@@&F’s) is logi-
attempts to construct models for sterile neutrinos which haveally independent of neutrino physics, there are good reasons
their origin beyond the usual lepton structdife-8]. In par-  to expect that these fermions will couple to neutrinos. In-
ticular, in Ref.[6] we suggested the possibility that super-deed, in the case of lepton number symmetry the superfield
symmetry(SUSY) may be responsible for both the existencewhich is mainly responsible for the breakdown ofll car-
and the lightness of the sterile fermions. ries a nontrivial Y1), charge and therefore it can directly
One could consider three different ways in which super-couple to leptons if the charge is appropriate. In the case of
symmetry can keep sterile states very liglit The combi-  the PQ symmetry ) o, this superfield could couple to the
nation of supersymmetry and tiieontinuoug R symmetry  Higgs supermultiplet. If theory contains small violation of
present in many supersymmetric models may not allow & parity then this mixing with Higgs supermultiplet gets
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communicated to the neutrino sector. Thus the occurrence of One could consider different mechanisms for the QGF
the QGF can have implications for neutrino physics. Wemass generation. In models with spontaneously broken glo-
wish to discuss in this paper prospects for building realistidbal SUSY the QGF generically acquires a mass of
models based on this mechanism. O(m3 s/ fs) [15]. But it can remain massless in spite of

In the following section we elaborate upon the expectedSUSY breaking(a) if SUSY is broken by aD term of the
properties of the QGF’s, especially their masses when SUSYauge field or(b) if the F terms that break SUSY do not
is broken. Section Il discusses various mechanisms of mixearry anyG charges. The latter is exemplified by a simple
ing of these fermions with the active neutrinos. An explicit generalization of Eq(2):
model based on the scenario presented in Secs. Il and Il is
given in Sec. IV and the last section presents our conclu- Ws=\1(g0' —f2)y;+N\y(aa’ —f3)y,.
sions.

SUSY is broken in this example 2+ f5. For a minimum
Il. QUASI GOLDSTONE FERMIONS AND THEIR MASSES with theF terms:F,=F,,=0, the Goldstone fermion in Eq.
) ) _ _ (3) remains massless at the tree level in spite of the SUSY

In this section and subsequently, we will consider the genpreakdown. As we noticed before this version has phenom-
eral superpotential enological problems and further on we will concentrate on
possibilities related to supergravity.

The mass of the QGF in supergravity theory is typically
of the order of gravitino massg, (=mgygy) [16—-18. For
instance, the superpotential in E(R) leads tomg~msg;,
when generic SUSY breaking soft terms are allov26€].
However, the massng can be much smaller for specific
choices of(1) the superpotential and/¢2) soft SUSY break-
ing terms. Let us consider these possibilities in order.

(1) The superpotential

W=Wyssut+Ws+ Wmixing ) 1)

whereW is assumed to be invariant under some global sym
metry U1) . As we outlined in the Introduction, this sym-

metry may be identified with the PQ symmetry, lepton num-
ber symmetry, or combination thereof. The first term in Eq.
(2) refers to the superpotential of the minimal supersymmet
ric standard model(MSSM). The second term contains

SU(3)X SU(2)xU(1)singlet superfields which are respon-

sible for the breakdown of (). The minimal choice for Moo’ —X2)y+ N (X—fg)?3
Wy is
) is shown[17] to generate the tree-level mass
Ws=N(oa’ = 13)y, 2
M3
whereo,o’ carry nontrivialG charges andg sets the scale Mg~ —— (5)
of U(1) g breaking. The last term of E¢l) describes mixing G

of the singlet fields with the superfields of the MSSM.

In the supersymmetric limit the fermionic component of
the Goldstone boson is massless. In the ¢@sehis Gold-
stone fermion is contained in

as in the global case if the minimal kinetic terms of the fields
are assumed. For the commonly accepted value of the PQ
symmetry breaking scalef,g=fpo=10'"—10'? GeV, one
gets from Eq(5) mg~ (10— 10°) eV. On the other hand, the
value of mg in Eq. (4) desired for explanation of the solar
S= i((,_ a'). 3) neutrino deficit require$g~ 10'® GeV which can be related
NA to the grand unification scale. To identify; with fpo, one
should overcome the cosmological boufigh< 10" GeV.
The SUSY breakdown results in generation of the mass ofhe bound can be removed by axion mixing with some other
the Goldstone fermion. In general, this mass can be as big aoldstone boson in their kinetic termi$9] or by a dilaton
the SUSY breaking scaleng,sy. Broken supersymmetry field driven to small values in an inflationary perif2D]. In
itself cannot automatically protect the masses of QGF in Eqgthis case however, the axion cannot play the role of cold dark
(3) much belowmgsy. However as discussed in R¢1L7] matter.
the mass resulting after the SUSY breaking is quite model (2) Another possibility to get very lighs is based on the
dependent. It depends on the manner in which SUSY is broidlea of no-scale supergravif21]. The Kénler potential and
ken and on the way this breaking is communicated to thehe superpotential can be arranged in such a way that super-
singletS. It also depends on the structure of superpotentiasymmetry breaking is communicated to the sin@eia a set
and the scalds. Below we identify theories which can al- of interactions. As a result, the mass $fappears in one,
low for very light QGF (ms<1 eV). As a case of special two, or even three loops.
interest we will consider the mass of QGF and its mixing Let us consider the Kder potential
with the electron neutrino in the range
K=-3In(T+T*-Z,Z5)+C,Cf", (6)
ms=(2—3)x 103 eV,
whereT is the moduli field appearing in the underlying su-
SiNfe=tanfes=(2—6) X 10 2. (4) perstring theoryZ, andC; are the matter superfields which
have the no-scale kinetic ternZ (sectoj and the minimal
These values of parameters allow one to solve the solar nelinetic term (C sectoy, respectively. The corresponding sca-
trino problem through the resonance conversign>S[14].  lar potential at the Planck scale reads
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FIG. 1. One-loop diagram for the QGF mass. The solid lines are
fermions and the dotted lines are bosohg.is the soft parameter of FIG. 2. Two-loop diagram for the QGF mas& is the soft
NNo. parameter oLNH,.

=|Wi|2+{mOC-W-+ H.c.}+m§|Ci|2+|Wa|2, 7) This mechani;m is similar. to that of the axino mass genera-
tion by coupling of S with heavy quarks[18,22. For
An=0(mg,) and M/fg)~10 3, mgis in the keV range.
(i) Let us suppose that not onty,o’,y but alsoN have
the no-scale kinetic terms. In this ca8g=0 at tree level,
but nonzerdAy will be generated in one loofsee Fig. 2 by

wheremy=0O(mg,). The tree-level masses of the fermionic
components of the fieldZ€, are determined by the global
supersymmetric results. Therefore, if the singlet fields trig-
?near;r;?eilll? tggezlggﬁe?[ggﬁn'mg Schliovrviltlhaecgj?rE ;Vlggses the soft breaking tg_rp related to the usual ngawa in'Ferac-
through the interactions with fields; having minimal ki-  fion_LNH;: Apm°LNH,, and by the quartic coupling
netic terms, and consequently, the usual soft SUSY breaklngNL H3 which follows from|Wy|? term of the supersym-
terms. MoreoversS (or o,0’) may not couple tcC; directly. ~ metric scalar potential. As a result one has
It can interact withC; via couplings with some other fields D\ 2
Z, having no-scale kinetic terms. In this caSewill get the An~ Lz m_)
mass in two or larger number of loops. 16w

Let us consider realizations of this idea in the context of
the seesaw mechanism, wheno' couple with right-handed C
(RH) neutrinosN. Let us introduce the following terms in the !

Ap. (12)

orrespondinglymg appears in two loop&-ig. 2). Combin-
ng Egs.(10) and(11) we get the estimation ahg:

superpotential: 1 AM?
= —m,. 12
D M Mg (16722 22 M (12)
W:—LNH2+ NNo+A (oo’ —f2)y. (8) s
fs Here m,=(m")“/M. For the HDM mass scale,=3 eV,

Ap=v,=100 GeV andfs=10" GeV it follows from Eq.
We will specify the generation structure of these terms in(12) thatmg=3x 102 eV can be achieved if the mass of the
Sec. IV, when we describe a concrete model. The first ternRH component isvl =10° GeV.
in Eq. (8) gives rise to the Dirac mass of the neutrino, In this version of the model the left and right neutrino
whereas the second one gives the Majorana mass of the Rtbmponents have different kinetic terms which may look un-
neutrino component. The scafg~ 10°—10'°GeV gener- natural.
atesM ~ 10'°— 10'! GeV required by the hot dark matter (i) Finally we consider the case where all chiral super-
(HDM) and atmospheric neutrinos. fields belong to theZ sector. This so-called strict no-scale
(i) Suppose that only,o’,y superfields belong to th2  model[23,24] has only one seed of SUSY breakdovire.,
sector, whereas all other superfields have minimal kinetigaugino mass In this caseAp =0 at the tree level and non-
terms:N,H,,L e C. Then SUSY breaking induces the soft zeroAp is generated in one loop by gaugino exchange. Cor-
term respondinglymg appears in three loof§ig. 3) and it can be
estimated as
AN 9) my,M?3
e o a
"o Mg= (4;)5 lézfz m,. (13
which generates the mass of QGF in one |¢Bfg. 1): Here @, andm,;, are the SWI2) fine structure constant and
5 gaugino mass, respectively. For,=3 eV, my,=v,=100
M= 1 ( M) Ay. 100 GeVv, and fg=102 GeV, one gets from Eq.(13)
1672\ f ms=3X10"% eV with a value ofM=10'° GeV.
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The smallness ofx can be understood ifr couples to the
Higgs field through a nonrenormalizable teffrl]
" AHHp (16)
= 125,
myse Mp
where Mp is the Planck scale mass. In this case,
JiA Hy w=M\(c)?>/Mp is naturally about the weak scale. Since
fpg=(0), the axionic coupling following from Eq16) can
be written as

V2 HIH,S. 17)

s N N s PQ
: Alternatively, theoc may acquire a small VEV-mg;, and the
scale of the PQ symmetry may be set by some other field
xo which would predominantly contain the axionic multiplet

[12]. The u parameter is naturally of the orderg, in this

FIG. 3. Three-loop diagram for the QGF mass. The cross withfaS€. AS long as the field transforms nontrivially under PQ

m,/, denotes the gaugino mass insertion. symmetry, it will contain a small admixture (o)/fpq of the
axionic field S. The interaction in Eq(14) results in the
A contribution to the mass of the QGF can follow also coupling
from interactionsWpixing, Which mix S with usual neutrinos "
(Sec. Il). CM%HleSy (kS)

c,, being of order 1.
IIl. NEUTRINO QGF MIXING It follows from Eqgs.(15), (17), and(18) that the axionic

We now discuss possible ways which lead to mixing 0fCOl_JpIing to the_Higgs superfield is insensitive to mechanism
of implementation of the PQ symmetry. We can, therefore,

the QGF with neutrinos. Such a mixing can occur only in the ) . .
presence of either explicit or spontaneous violation of theFONSider the generic effective term

R parity conventionally imposed in the MSSM\5]. Indeed, w

the Higgs field which breaks (@) g may belong either t&® €7 —HiH2S+ uHiHo+ el Ho. (19
even or odd superfield depending upon the nature of the PQ

U(1) . If it belongs toR even(i.e., Higgs-like superfield Here we also have included the expliBitviolating coupling
then the corresponding QGF B odd and its mixing with  L¢H, which will induce v,— S mixing. The effective terms
neutrinos implies theR violation. In contrast, if the QGF is (19) can be generated starting from{1)g invariant super-

R even, e.g., similar to the right-handed neutrino, then itgootential as the result of @) g symmetry breaking. By this
scalar partner iR odd and theR symmetry gets broken oOne can explain the smallness of the parameters for
together with the [a]_)G Symmetry_ The first alternative is certain G Charges_ of the fields. Before ConStrUCting the
realized when the (1) s is identified with the PQ symmetry. Model let us consider the phenomenology of Eif).

On the other hand, the lepton number symmetry containing a_ 1 he superpotentiall9) leads to the following mass ma-
right-handed neutrinolike superfield would provide an ex-Irix in the basis ¢¢,S,hy,hy):

ample of the second alternative. We discuss these cases ip 0 0 €
turn.
(1) PQ symmetry The supersymmetric theories with | O mg Cumv SinBlfpg  C uv cogB/fpg
Peccei-Quinn symmetry may contain a term 0 c,uv sing/fpg 0 m ,
€ C coB/ f 0
\H.H,a, (14) uiv C0BlTeq H

(20

with o being a superﬁeld.tra_nsforming nontrivially gnder the where py= m is the weak scale, t@#h=v,/v,; and

PQ s_ymmetry. !f the axionic superfield, _predommantly v1, are the VEV's ofH, ,. In the matrix(20) we have in-
consists of the fieldr, the vacuum expectation valf¥EV)  ¢jided also the direct axino mass that can be generated
(0)~fpq would be large~10'>-10" GeV. Since this py the mechanisms of Sec. II. We have neglected the contri-

VEV generates the parametgr=\(o) of the MSSM | ion from the interactions with the gauginos in E20). In
through the interactiofiL4), one would need to fine-tunein general gauginos mix with Higgsino through ,. This mix-

order to understand the smallnessuofThe coupling of ax-  ing will not change the qualitative results which follow from
ionic supermultipletS to Higgs superfield is then given by Eq. (20). Moreover, the mixing can be small if the gaugino
mass is chosen much larger than jhgarameter. Gauginos
1 u will also mix with neutrinos through the VEV of sneutrino
— —H;H,S. (15  field which may arise due to the presence of éheoupling
\/E feq in Eqg. (19) and soft SUSY breaking terms. This mixing gen-
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erates[26] neutrino mass of ordeg®(v.)2/m,, [g is the
SU(2) coupling constant For m;,>100 GeV and
(ve)<10 keV, this contribution is much smaller than
m2~3x10"% eV which can result from the radiative
corrections- From the conditionm(ve)<m2 implied by
resonance conversion of solar neutrinos one geitess the
masses 08 and v, are strongly degeneratthe upper bound
on the sneutrino VEV(7,)<0.1 MeV. This in turn restricts
€ which is of the order7,), although precise relation be-
tween them depends on SUSY breaking parameters. As
conservative bound one can us€0.1-1 MeV.

Block diagonalization of the matrif20) leads to the fol-
lowing effective mass matrix for the neutrino and the axin

(ve,S):
). (21

|

If m2=0 in Eq. (21), the QGF mass,mg=(2—3)
X103 eV can be obtained for the marginally allowed value
of the PQ scale:

(0]

0

—c, evsingl/fpg m—c’ uu?sin2p/fa,

—c, ev sinB/fpq

sin2g

S

K~ <4x10° GeV.

f PQ% v (22)

In this case, however, axions cannot provide the cold dar
matter of the Universe. Note that the lightest supersymmetri
particles cannot be cold dark matter either because of the
instability due to theR-parity violation or due to their decay
into the lighter axino. Forfpg>10" GeV the QGF mass
generated via. term is too small for the MSW solution. For
fpg~ 10" GeV, mg~10"° eV is in the region of “just-so”

solution of the solar neutrino problem. The axion can how-

ever serve as cold dark matter providigy~10'? GeV. In
this case, the seesaw contributiomtgis very small and one
needs a nonvanishing masg.

If md is the dominant contribution to the mass 8f
mg=m2 one obtains, from Eq21) for the v,-S mixing,

c, €vsing

ta.nﬂe s mg f PO

(23

Then the desired value, tag~(2—6)Xx10 2 (4), can be
obtained if theR-parity breaking parameter equals

M3f pdandes
c,vsing

pr

~(2—6)><10’163m,8. (24

€=

For fpg~10" GeV one hase~0.1 MeV. In general, the
appropriate range of is (10 3—10)MeV. It can be gener-
ated as a radiative correctiogr-h?ms,/1672. Alternatively,
e may arise through the coupling of the produgiH, to

Yf there is also the couplind-.N.H, then N, gets a VEV:
(Ng)~A(ve){(H,)/M?, whereA is the soft symmetry breaking pa-
rameter andM is the mass ofN. For M=10? GeV one gets
(N)~10" 5 eV which is negligibly small. Note that in the model of
Sec. IV the couplind-.N.H, itself is strongly suppressed.
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some fields carrying a nonzero lepton number. In this case
the required smallness &f may be understood in analogy
with that of theu parameter.

(2) Lepton number symmetriet us identify U1) g with
the lepton number symmetry. Unlike in the previous case, it
is possible now to couple the QGF directly to neutrino
through the term

hLH o (25)

S through a nonrenormalizable term analogous to (E6).
Equation(25) is similar to Eq.(14) but now the scalar com-
ponent ofo is R odd and its VEV break® parity. Elec-
troweak symmetry breaking,#0 leads through the term
(25) to the direct coupling between QGF's and neutrinos.
Note thato is similar to the RH neutrino components. Just as
the interaction in Eq(14) generates the, the interaction
(25) generates the parameter Thus it is possible to corre-
late their origin ofe to the breaking of the lepton number
symmetry. The smallness efmay be due tdi) fine-tuning

of h or (ii) smallness of the VEV o& or due to(iii ) occur-
rence of the nonrenormalizable coupling analogous to that in
Eq. (16). All these possibilities lead to the following effec-
tive coupling ofv to QGF:

€

L (26)

Ce LeH28+ GLeHz,
k

c . .
heref, denotes the scale associated with the spontaneous

reaking of the lepton number symmetry angdis a param-
eter of order unity. The mass matrix generated by (26) is

0
c.ev sing/f,

c.ev sing/f

(27)

0
Mg

and the desired.-S mixing can be obtained far=0.1 MeV
andf, ~3x 10" GeV.

Let us give an example of a model which leads to the
mixing term of Eq.(26). Consider the (1), charge assign-
ments(1,—1,—3) for the fields ¢,a',L), respectively. All
other fields are taken neutral. The relevant part for the
U(1) ¢ invariant superpotential is given as

Oc
WI)\(a'a"—fE)y-i-M—LeHzO's, (29)

2

P
where the first term breaks the lepton symmetry and gener-
ates a majoron supermultiplet of E@). The second term in
Eq. (28) generates the effective interaction displayed in Eq.
(26) with c.=3/y2 and e~ (5./M2)f3. Thus the specific
choice for the lepton charges allows one to corretate the
scalef, . In particular, for5.~0.3 andf, =3x 10" GeV,
one hase~0.1 MeV.

(3) PQ as the lepton number symmetiy.both Higgs
bosons and leptons transform nontrivially under th@)yd
symmetry then the latter can play a dual role of the PQ
symmetry and the lepton number symmetry as in R&T].

In this case one can correlate the origineofind u to the
same symmetry breaking scdlg,. The neutrino coupling to
QGF is given by the combination of Eq&l9) and (26):
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This choice gives rise to the desired phenomenological re-
Frg —LeH2S. (29 sults as we now discusgOne can get more symmetric or
regular charge prescription by introducing more singlet fields

This effective superpotential generates the following mas®' @ horizontal symmetry in addition to(L . ]

L HH,s+e

,LLH1H2+ ELeH2+CMf
PQ

matrix for v, andS which is the combination of Eq21) and Our superpotential consists of two parts. The part contain-
Eq. (27); ing the electron family is based on E(B2) and is given
explicitly as
0 (ce—c,)evsinB/fpg 5, 5.
(cc—c,)evsinBlfpg m3—c2uv?sin2Bifa,| - (30 We=X(00' ~fhgy+ 1= H Hoa2+ VH LeH 03
According to Eq.(30) the v—S mixing angle 6, is deter- +MeNeNe+hNeNeao'/Mp. (33
mined b
y The part of superpotential involving the and = family is
(c,—C.)ev sinB given by the superpotential
tan0V5~ 0 ? 2 2. . (31)
Msfpg—CLuvsin2p/fpq mD
W= 2 —FLNHo+ o
Let us give an example of underlying(l) ¢ invariant a=p,1 U2 PQ PQ
superpotential which generates neutrino-QGF mixing. (34)

The G-charge prescription €1,—-1, 1-1,—-2) for

(Hy, Hp, o, o, L) permits the following 1) invariant The model is assumed to have the strict no-scale kinetic term

superpotential: K=—3In(T+T*—Z,2%), (35)
W=\ (oo’ — f2 Q)y+ 5# H1H202+ Se LH,od (32) whereZ, denotes all the other chiral super fields. Neglecting
P M2 ® the D-term contribution, the scalar potential takes the super-

_ _ _ _ symmetric formV~|W,|? [21] which immediately leads us
It gives the terms displayed in Eq.(29 with  to the vacuum expectation values of the fields:

e N2, n= '
c.=3N2,c,=\2 (o)=(a"y=fpg, (y)=0. (36)

The rest of the fields have zero VEV in the supersymmetric
Let us put together the basic ingredients discussed ifimit.
Secs. Il and lIl into a model which simultaneously explains The second relation in E¢36) is crucial to ensure the
the solar, atmospheric, and dark matter problems. In prinmasslessness of the quasi Goldstone fernfiat tree level.
ciple the sterile state, such as the axino, could mix with anyBeing a singlet under () s the fieldy can receive tadpole
of the neutrinos but the possibility of the-S mixing solv-  divergence generic in supergravity theori@§]. Even if no
ing the solar neutrino problem seems most preferred phgerm in Egs.(33)—(35) is responsible for such a divergence,
nomenologically. The required range of theS mixing and ~ one may write nonrenormalizable terms ligdoa’'/Mp in
S mass is given in Eq4). The alternative possibility of large the superpotential which may potentially induce a large
v,-S mixing accounting for the atmospheric neutrino deficit vacuum expectation valug) ~myz, due to two-loop tadpole
can conflict with the cosmological bound coming from the[30]. This kind of nonrenormalizable terms can be forbidden
nucleosynthesis. This conflict can be avoid28] if the lep- by a symmetry. Inspecting the superpotenti@3) and (34)
ton asymmetry is much larger than the baryon asymmetry. lone finds that (1) g symmetry under which the fields carry
is argued[29] that for a suitable range of parameters thethe charges:

IV. MODEL

asymmetry can be enhanced by- vg, v.— v4 oscillations. ,
In what follows we will concentrate on a safer possibility Hi H2 o o'y Le L, L, Ne N, N;
with sterile neutrino mixing only with the, . 1 1 0 0 2 1 O 0 1 1 1

We consider here a specific model in whic1l is
identified with U1) pq. The latter is chosen to act nontrivi- can play such a role.
ally on leptons also and is also required to be generation The partW,, . of the superpotential leads to the mass ma-
dependent. This is needed in order to suppress the mixing afix in the (v,,v,,N,,N,) basis:
Swith v, - and to get pseudo-Dirac structure for thg-v,

systent Specifically, the model contains the following fields 0 0 mz 0

with their U(1) pq assignments as given below: 0 0 0 mP
Hi H, o o Lo L, L, No N, N, y M= m 0 0 M| 37
-1 -1 1 -1 -2 =12 32 0 32 -12 O0. 0 mP M., M,

2One can introduce for this an additional horizontal symmetry,The above mass matrix gives rise to pseudo-Dirac neutrino
suggesting that (1) g is generation blind. with a common mass
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mDmE ing anglef,,~m,,/m, which can be in the range of sensi-
Mpm~ I\I/IL . (38) tivity of KARMEN and the Liquid Scintillation Neutrino De-
ur tector[4] for m,,~30 MeV,m,~GeV [6].

This mass can be in the eV range as required for the solution
of the dark matter problem by taking the valum§~0.1
GeV, m>~50 GeV, andV ,,~10° GeV. The mass splitting Simultaneous presence of different neutrino anomalies

V. CONCLUSIONS

is given by points to the existence of a sterile neutrino. We have consid-
ered the possibility that the sterile neutrino is a quasi Gold-
Am? mz M. stone fermion appearing in supersymmetric theory as a result
m, = (m_E’) ( Mm) (39  of the spontaneous breaking of a globallly symmetry.

This global Ul) ; symmetry can be identified with the PQ
symmetry, the lepton number symmetry, or the horizontal
symmetry.

The mass of QGF generated by SUSY breaking can be as
small as 102 eV so that thev,— S resonance conversion
lowing f th tentidB2 fall in th ired solves the solar neutrino problem. The smallnesmgftan
owing from the Superpoten i4B2) cfan allin ‘3 required e attributed in supergravity theory either to special forms of
range(4) if e~1 MeV and(o)=(0')=fp~10" GeV. o superpotential and the(l) g breaking scalef g=10'®

The mass of the QGF depends on the SUSY breakingsey or to no-scale kinetic terms for certain superfields. In
terms. In no-scale models, this mass can arise in two or threge |ast cases is generated in two or three loops.
loops via the mechanism described in Sec. Il. For the specific The mixing of QGF with the neutrinos implies spontane-
choice made in Eq35), the gauginos provide the only seed qys or explicit violation of theR parity. QGF can mix with
of SUSY breaking. Then the coupling of the QGF to the RHneutrino via interaction with Higgs multipletin the case of
componentsN,, . displayed in Eq.(34) induce the mass at PQ symmetryor directly via coupling with the combination
three loopg(Fig. 3). The dominant contribution comes from LH, (in the case of lepton number symmetry

Taking (M,./M,,)~1, one reproduces both mixing and
Am? required to explain the atmospheric anomaly.

The superpotentidlV, generates the mixing of the, with
QGF contained irS of Eqg. (3). The mixing angle(31) fol-

N, in the loop due to the hierarchy®<mP and is approxi- The U1) s-symmetry being generation dependent can si-
mately given[see Eq(13)] by multaneously explain the dominance of QGF coupling with
electron neutrino and pseudo Dirac structure of thev,
a, (M, 2 m? 2 system needed to explain the atmospheric neutrino problem
Mg=——5 —— | M (40) and HDM.
(4m)>\ fpg) \ va

The PQ breaking scalipg~10'°— 10" GeV determines
With the values of the parameter chosen earlier namelyseveral features of the model presented here. It provides si-
M,~10° GeV, m®~50 GeV, andfpy~10? GeV and for ~ multaneous explanation of the parameterand . and thus
my,~ 200 GeV,v,~ 100 GeV, one getsig~10 2 eV. Thus leads to smalR-parity violation required in order to solve
W, together with the kinetic terms specified in Eg5) lead ~ the solar neutrino problem in our approach. It also provides
to the Mikheyev-Smirnov-WolfensteiMSW) solution of the intermediate scale for the RH neutrino masses which is
the solar neutrino puzzle. required in order to solve the dark matter and the atmo-
Notice that the specific (1) g symmetry of the model spheric neutrino problem. Finally, it controls the magnitude
does not allow Yukawa couplingcH,N, for the electron of the radiatively generated mass of the QGF and allows it to
neutrino, in contrast with muon angd neutrinos. The Dirac be in the range needed for the MSW solution of the solar
mass term of electron neutrino can be generated by a higheReutrino problem. Thus the basic scenario presented here is
order nonrenormalizable termiL,NH,03 /M3, and there- @ble to correlate variety of phenomena. .
fore, meDNme(fPQ/MP)S is negligibly small. At the same If future solar neutrino experiments establish that the

time the charge prescriptiolG(N,)=0, permits the mass S conversion is the cause of the solar neutrino deficit then
terms for N, in Eq. (33 ewhi(;h will produce one might be seeing indirect evidence for the PQ-like sym-
e .

M.~ 10F— 10 GeV metry or for that matter of SUSY itself.
e .

The model presented above does not contain any mixing
betweenv, and v, .. Such mixing can be induced, for ex-
ample, by adding a new Higgs field which could generate a A.S.J. wants to thank ICTP for its hospitality during his
Dirac mass ternm,,v¢N .. This gives rise to the-v, mix-  visit.
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