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AXino as a sterile neutrino andR parity violation
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We suggest that the axino can be a natural candidate for a sterile neutrino which would accommodate the
LSND data with atmospheric and solar neutrino oscillations. It is shown that the so-called&eme can be
easily realized when supersymmetry breaking is mediated by gauge interactions aRdalsty is properly
broken. Among the currently possible solutions to the solar neutrino problem, only the large angle MSW
oscillation is allowed in this scheme. The weak scale value of the Higgarameter and the required size of
R-parity violation can be understood by means of spontaneously broken Peccei-Quinn symmetry.
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Current data from the atmospheric and solar neutrino exsolution to the solar neutrino problem is allowed in our
periments are beautifully explained by oscillations amongnodel. The weak scale value of the Higgsparameter and
three active neutrino specigs]. Additional data in favor of the required size oR-parity violation can be understood by
neutrino oscillation have been obtained in the Liquid Scintil-means of the Frogatt-Nielsen mechanighd] of spontane-
lation Neutrino DetectofLSND) experimen{2]. Reconcili-  ously broken U(13q.
ation of these experimental results requires three distinct The model under consideration contains three sectors: the
mass-squared differences, implying the existence of a sterilebservable sector, the SUSY-breaking sector, and the PQ sec-
neutrino »¢. In the four-neutrino oscillation framework, tor. The observable sector contains the usual quarks, leptons,
there are two possible scenari@4]: the 2+2 scheme in and two Higgs superfields, i.e., the superfields of the minimal
which two pairs of close mass eigenstates are separated Bypersymmetric standard modéMSSM). The SUSY-
the LSND mass gap-1 eV and the 31 scheme in which breaking sector contains a gauge-singlet Goldstino superfield
one mass is isolated from the other three by the LSND mas¥ and the gauge-charged messenger superfi¢JdfS as in
gap. It has been claimed that the LSND results can be confonventional gauge-mediated SUSY-breaking modzl.
patible with various short-base-line experiments only in theFinally the PQ sector contains gauge-singlet superfields
context of the 2-2 schemd5]. However, according to the S¢ (k=1,2,3) which break U(1pq by their vacuum expec-
new LSND results6], the allowed parameter regions are tation values(VEVs), as well as gauge-charged superfields
shifted to a smaller mixing angle, thereby allowing the 3T, T which have Yukawa coupling with some & .
+1 scheme to be phenomenologically viatp®4,7]. Al- The Kahler potential of the model can always be written
though it can be realized in a rather limited parameter spac&s
the 3+1 scheme is attractive since the fouf#terile neu-
trino can be added without changing the most favorable pic- K=> ®fd+- -, (1)
ture that the atmospheric and solar neutrino data are ex- [
plained by the predominant,—v, and ve—v,,v, , ) i
oscillations, respectively. In particular, the-3 scheme with where®, denote generic chiral superfields of the model and
the heaviestys would be an interesting explanation of all the eII|95|s stands fofirrelevany higher-dimensional opera-
existing neutrino data. On the other hand, it is rather difficuliOrS Which are suppressed by some powers bf livhere
to find a well-motivated particle physics model which would M« corresponds to the cutoff scale of the model. Throughout
yield the desired four-neutrino masses and mixing in a conthis paper, we assume thit, corresponds to the gauge
sistent way[8]. coupling unification scale, sl ~10'® GeV. The superpo-

In this paper, we show that thet3l scheme can be easily tential of the model is given by
realized in a supersymmetric model witi1)) Peccei-Quinn -~ 2 c
(PQ symmetry when supersymmetfgUSY) breaking is W=hS$(515, = fp) 745 TT +}‘XYYC+WMSSM+WSBé
mediated by gauge interactions. In such model, the axino can @
be as light as 1 eV, and so play the role of a sterile neutringuherew,,ss), involves the MSSM fields, andgg describes

[9]. A proper axino-neutrino mixing can be induced by SUSY-breaking dynamics enforcing thétdevelop a SUSY-
R-parity-violating couplings which appear as a consequencgreaking VEV:

of the spontaneous breaking of Ugk). It turns out that
only the large angle Mikheyev-Smirnov-WolfenstéMSW) AX=My+ 0?Fy.
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TABLE I. Peccei-Quinn charges of superfields. All superfields|ater, the VEV ofe?fro= /S, /S, can be determined to be of

in the SUSY-breaking sector are assumed to be pgIfeutral. order unity by SUSY-breaking effects. We then ha&)

- — ~(S;)~Tfpq, and thenfpq corresponds to the axion decay
Fields Peccei-Quinn charge constant which would determine most of the low-energy dy-
PQ sector namics of the axion. After integrating out the SUSY-breaking
s 1 sector as well as the heavy fields in the PQ sector, the low-
S; 1 energy effective action includes the following dar poten-

s, 0 tial and superpotential of the axion superfiéid

T 0

T 1 Ker=f3ole®" A/ fPat = (ArANfra} 1+ AK oy

MSSM sector W= ,LLOGZA/fPQHle-i‘,LLi’ e3Nfeal H,

Hy 1 A/ N c

H, 1 +ée PQ()\ijkLiLjEk+)\ijkLinDk)v (4)

L 2

EC -3 where AK is A-dependentoop corrections involving the

Q 0 SUSY-breaking effects and

ue -1 2 '3 2

D¢ 1 Ho=Yofp/My  wi =Yifpo/ML,

Nijk=Yikfro/Mys  Nik=7vikfro/M, .
This VEV generates soft masses of the MSSM figltH, 5)
_a Fy This shows that in our framework a weak-scalg and also

Msoft™ 5 — My’ small but nonvanishingr-parity-violating couplings arise as

a consequence of spontaneous W(J preaking with fpq
which are assumed to be of order the weak scale. One cagM, . In other words, the smallness Bparity-violating
easily arrange the symmetries of the model, e.g., g¢lgnd  couplings can be understood by means of the Frogatt-Nielsen
an additional discrete symmetry, to ensure tiéjssy is  mechanism of U(1)q [10]. Although not written explicitly,

given by the coefficients oB-violating operatord) DDy turn out to
be small enough to avoid too rapid proton dedagluding
_(E D U . . .-
Wissy=Y P H1LiES+y(PH QDS+ y(PH,QUS decays into an axino or gravitifd.2].
y/ The best lower bound offipq from astrophysical argu-
Yo i Yijk ments impliesfpo=10° GeV [13]. To accommodate the
+ == SIH H,+ — SiLiH,+ - SiL L ES pliesTpo= :
e VT e VR LSND data, we need an axino-neutrino mixing mass of order

* 0.1 eV. It turns out that this value is difficult to be obtained

for fpo>10 GeV. We thus assumbso=10°—10" GeV
with M, =Mgyt for which po takes a weak scale value
(with appropriate value of ;) and allR-parity-violating cou-
where the Higgs, quark, and lepton superfields are in obviouplings are appropriately suppressed.

notation and the ellipsis stands fdirrelevan) higher- Low-energy properties of the axion superfield crucially
dimensional operators. One possible PQ-charge assignmetiépend on how the saxion component is stabilized. One
for which the above superpotential is Ugl) invariant is  dominant contribution to the saxion effective potential comes
given in Table I. One can also introduce additional discRete from AK g4 which is induced mainly by threshold effects of
symmetry with which the superpotential of E() is the T,T° having anA-dependent mashl = KpreA”PQ. If M+
most generic superpotential allowed by the symmetries ofsAX~My, one findg[14]

—=SLiQDf+ -, ()

the model.
To discuss the effective action at scales befey, let us Ny M{MI [A2Z 2.
define the axion superfield as AKg= 5 n T (6)
167 ZTZTC MTMT

A=(¢+ia)+ba+ 6°F,,
(# ) A whereN+ is the number of chiral superfields i Z; is the

wherea, ¢, anda are the axion, saxion, and axino, respec-Kéhler metric of T, andA is a cutoff scale which is of order
My. If Mt=\X, the relevant quantum correction .
would be AK g4~ |\|2XXT/167% Z1 Z 1c; however, then the
S,=Sé'frq, S,=Se Afrq, resulting saxion effective potential cannot stabilizeat the
desired VEV with(e?/'PQ)~ 1. We thus assume =<\ X, so
Note that the VEV ofS=/S;S, is uniquely determined to be AK.¢ is given as Eq(6). With 21| g2z~ —mZy, AKeq Of
(S)="fpq by the superpotential2). As will be discussed Eq. (6) gives a negative-definite saxion potential

tively. It is then convenient to parametri&g andS, as
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Nt
6m?

Vfﬁ)* - m§0ﬂ|KfPQ|2e2¢/fPQ-

(7
There is another(positive-definit¢ potential from the
A-dependenj parameter:
VP~ e %/1re] g 2(|Hy 2+ |Hof2). ®)
Then ¢ is stabilized byv{?+ V) at
NymZo xfpgl?
3272 ol *([H1 |+ H2[?)

9

<e2</>/pr>%
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superfield, sd~4 has mass dimension 1. The above expres-
sion shows thaF, is generically of ordems,,. However, it
can be significantly smaller than,,, in some specific mod-
els. For instance, in the no-scale model wiKiF —3 In(T
+T'—d;®) and dW/aT=0, one easily find&,=0.

The Weyl-compensator contribution to the saxion and
axino masses can be easily read off from the super-Weyl-
invariant supergravity action on superspaté|:

. (13

—3] d*odPTe KB4

f d?6 ®3W+H.c.

This gives the following couplings ob to the axion super-
field:

Some of our previous discussions are based on the assump-

tion that¢ is stabilized a{e? TPQ)~1. The above expression
of the saxion VEV shows thge? Pe)~1 when«fpq is of

J d4acbq>TKeﬁ:Jd49q>q>T(A+AT)2+--~, (14

the order of a few TeVs. This requires a rather small Yukawa ) o o )
Coup”ng K""1076 which may be a consequence of SomeWhereKeff is the effective Khler pOtentIal n Eq(4) Itis

flavor symmetry. Oncep is stabilized byV)+V), the
resulting saxion and axino masses are given by
5 2[pol’([Hy|?+[Ho|?)et?Tra
m¢~

oo
~(10-1G keV)?+Am3,

2uoH1Hoe*?fPe
a3 tAmg

~(1074-10"2 eV)+Amg, (10)

where the numbers in the brackets represent the gaug

mediated contributions  for fpo=10°-10" GeV, u,g
~300 GeV, and(e?/"Po)~1, andAm, and Am; are the

supergravity-mediated contributions which will be discusse

in the subsequent paragraph.

The supergravity-mediated contributions to the saxion an
axino masses can be quite model dependent, in particular

then straightforward to see that the Weyl-compensator con-
tributions to the saxion and axino masses are

AmG=2|Fq|?=0(m3p),

Amz=Fg=0(mMg). (15

In gauge-mediated SUSY-breaking modElg], the pre-
cise value ofmg, depends on the details of the SUSY-
breaking sector. However, most models givg,=1 eV,
implying thatn; is dominated by a supergravity contribu-
tion. In this paper, we assume thah;~1 eV, so

m~1 eV, (16)
Ev:v'hich would allow the axino to be a sterile neutrino for the

LSND data. We note again that although it is generically of

Oorder M, Anm can be significantly smaller thams,

when the supergravity Kéer potential takes a particular

&orm, e.g., the no-scale forfii5].

Having defined our supersymmetric axion model, we dis-
cuss the full 4<4 axino-neutrino mass matrix

dependent on the couplings of light moduli in the underlying
supergravity model. However, they are still generically of the 1
order of the gravitino massms, [15]. One model-

independent supergravity-mediated contribution is from the

(17

EmaﬁVaVB,

auxiliary componenti of the off-shell supergravity multiplet.

In the Weyl-compensator formulation,corresponds to thE

component of the Weyl-compensator superfield:
d=1+0%F,, (12)

where the scalar component &f is normalized to be unity
and theF component is given bj16]

F, oK
3 9D,

Fo= eKle( Mg+ , (12

whereF,=—e K2k 5(e“W")/ad] denotes thes compo-
nent of®, for the inverse Khler metrick"Y which is deter-

mined by the Kaler potentiaK of the underlying supergrav-
ity model. Note that® is defined as a dimensionless

where @, B=s,e,,7 and vs=a with mg=my. The effec-
tive superpotentialVq in Eq. (4) gives the following super-
potential couplings:

f d?e

We will work in the field basis in whichu/LH, (i
=e,u,7) in W arerotated awayby an appropriate unitary
rotation ofH, andL;. After this unitary rotation, the above
superpotential couplings are changed to

f d?e

2A 3A
Mo 1+ —— H1H2+,LLi, 1+ —— LiH2 .
fro fro

(18

.’A
B2LH,|, 9

2A
Mo 1+ — H1H2+
pr
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TABLE Il. Allowed regions for the LSND oscillation.

[AmZ;| (eV?) Uedl |U
R1 0.21-0.28 0.077-0.1 0.56-0.74
R2 0.88-1.1 0.11-0.13 0.15-0.2
R3 15-21 0.11-0.16 0.09-0.14
R4 5.5-7.3 0.13-0.16 0.12-0.16
leading to the axino-neutrino mass mixing
_ :fiMo<H2> _o0q S Mo 10" GeV oV
s pr ' 10_5 600 Ge pr '
(20)

wheree€;= u/ ng. Note that this axino-neutrino mixingur-
vivesunder the unitary rotation eliminatingj L;H, sinceL;
and H; havedifferentU(1)pq charges. This charge differ-
ence is also responsible for the suppressionRefarity-
violating couplings as well as the weak-scale valug.gf

The 3X3 mass matrix of active neutrinos is induced by

R-parity-violating couplings. At the tree level,

GG

m; M. (21
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FIG. 1. Scatter plots on th@ (m, ,m,) plane andb) (cos¢,m,)
plane reproducing the correct oscillation parameters for R1.

as the four mixing elementd ., of the 4xX 4 mixing matrix
U are given byU;,~m;s/m~0.1 (i=e,u,7) and Uy,
~1.
The masses and mixing of three active neutrinos can be
easily analyzed by constructing the effective 3 mass ma-
trix given by

(29)

Upon ignoring the small loop corrections, this mass matrix
has rank 2, and can be written as

where M, denote the gaugino masses. The sneutrino VEV

(v;) are determined by the biline&parity violations in the
SUSY-breaking scalar potentiamfiHlLiHIJr B/LiH,. In
our model, nonzero values nffiHl andB| at the weak scale

arise through renormalization group evolutiofRGE),
mainly by the coupling\{sy, wherey, is the b-quark
Yukawa coupling [17]. Moreover, BH,H, arises also
through RGE which predicts a large t@40—-60[18]. We
then find

eV,

)\irssyb>(7\j,33\’b 22

106\ 10°©

mij s 10_2t4<

wheret=In(My/m)/In(10% for the slepton masey. Here
we have takem;j~300 GeV anduy~2nm; which has been

suggested to be the best parameter range for correct ele¢_ os

eff

m;j; = mx;(i;(j + my)A/i gfj (25

wherex; andy; are unit vectors in the direction ofis and

<7zj>, respectively. Remarkably, the mass scatg,
~(mis/msd’ms~10"2 eV gives the right range of the at-
mospheric neutrino mass. Equati¢?2) shows thatm, is
also in the range of 1 eV, som®" would be able to pro-
vide the right solar neutrino masslessAm?Z <104 eV2,
Note from Eq.(5) that the typical size ofe;,\ij,\fj is
around 10° for fpo~10'° GeV andM, ~10'® GeV.

To discuss in detail the atmospheric and solar neutrino
oscillations coming from the mass matii25), we make an
analytic diagonalization by noticing first that the eigenvector

Eve
troweak symmetry breakinffl8]. There are also bunch of E - s ' W
loop corrections tom;; from R-parity-violating couplings ¢ °* © i i IS
[19]; however, in our case they are too small to be relevant. i 0 B ?
Let us now see how nicely all the neutrino masses and o L
mixing parameters are fitted in our framework. The analysis o> L _
of Ref. [4] leads to the four parameter regions, R1-R4 of -05 |- ,. g
Table Il, accommodating the LSND with short-base-line re- 1 -
sults. In our model, Eq$16) and(20) can easily produce the o e L
LSND mass eigenvalup,~mgs=mz;~1 eV and also the 04  -02 0
LSND oscillation amplitude (6) m,(eV)
Meg| %[ M s\ 2
ALSND:4U§4Ui4~4(_eS) (_”s) (23) FIG. 2. Scatter plots on th@) (m, ,m,) plane andb) (cos¢,my)
Mg/ | Mss plane reproducing the correct oscillation parameters for R2.
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FIG. 3. Scatter plots on th@) (m, ,m,) plane andb) (cos¢my)
plane reproducing the correct oscillation parameters for R3.

of the massless state is given bsxxy/|xxy|. Then per-
forming the 3x 3 unitary rotation byU,=(z",w",x") with
W=xX7/|xX z|, we get

0 o0 0
Uimefu,=| O

2
0 mypces; me+mycs

mysé MyCSe (26)

Wherecgzcosgzi-)?. Note that the vectoﬁ is given byf/
=cXx—sW. The mass matrix26) can be further diagonal-

ized by the rotatiord ,=R,5( ) to get the mass eigenvalues

m2,3=%(mx+ my = \(My+m, cos 2£)2+m; sir? 2¢),
(27

where the rotation angled is determined by tan@
=m, sin 2&/(m+m, cos Z). With this procedure, the 33
submatrixU s, 3 of the full 4xX 4 mixing matrixU is found to
be

U3><3=U]_UZ:(%T,V\A/TCH_)}TS(.},V\A/TS(9+;(TCH). (28)

The Super-Kamiokande datg20] combined with the
CHOOZ resul21] imply thatU?;~U?%~1/2 andUZ;<1.

The solutions to the solar neutrino problem can have either a

large mixing anglgLA)
UZ,~U3%~1/2
or a small mixing angléSA)
Uz ~1.

This specifies the first column’ of Ul 5 as

(LA):  z~(1N2,-1/2,1/2, (SA): 2z~(1,0,0

up to sign ambiguities. Sincex-z=0, the patternz
~(1,0,0) impliesxe~0. This leads to a too small,

PHYSICAL REVIEW D 64 033006
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FIG. 4. Scatter plots on th@) (m, ,m,) plane andb) (cos¢,m,)
plane reproducing the correct oscillation parameters for R4.

~Mes/M=10"2, so the SA solution isiot allowedwithin
our model. Among various LA solutions to the solar neutrino
problem, only the large-angle MSW solution witlzt\m§OI
~10"% eV? can be naturally fitted sincem,~m,
~10 2 eV in our scheme. It is remarkable thdbg
~10'° GeV and M, ~Mgy7 lead to the right size of
R-parity violation, yielding the desired values wfs andm;
also for the atmospheric and solar neutrino masses.

To see the feasibility of our whole scheme, we scanned
our parameter space to reproduce the allowed LSND islands
R1-R4 of Table Il together with the following range of at-
mospheric and solar neutrino paramefdrk

Ami=(1-8)x10° eV?
Am3,=(0.1-8)X10"* eV?,
tarf 6,3=0.33-3.8,
tarf 6,,=0.2-3.0,

tar? 6,3<0.055.

Our parameter space consistsnafs, M;s, \{33y, Whose val-
ues are centered around 1 eV, 0.1 eV, 4, arespectively. For
R1 and R4, we could find some limited parameter spaces
which produce the corresponding oscillation parameters;

however, they need a strong alignment betweemdy and
also a large cancellation between, andm,. On the other
hand, R2 and R3 do not require any severe fine-tuning of
parameters, although bimaximal mixing is obtained by some
accident. We provide in Figs. 1—4 scatter plots on the planes
of (my,m,) and (cost,m)) for the LSND islands R1-R4.

In conclusion, we have shown that the-B scheme of
four-neutrino oscillations can be nicely obtained in a super-
symmetric model endowed with the PQ solution to the strong
CP problem and supersymmetry breaking mediated by
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gauge interactions. In this model, the axino can be as light aand the required size &-parity violation can be understood

1 eV, and so can play the role of a sterile neutrino. A propeby means of the Frogatt-Nielsen mechanism of spontane-
axino-neutrino mixing can be induced ¢parity violating ~ ously broken U(1pq.

couplings which appear as a consequence of the spontaneousThjs work is supported by the BK21 project of the Min-
breaking of U(1pq. It turns out that only the large-angle istry of Education, KOSEF through the CHEP of KNU, KRF
MSW solution to the solar neutrino problem is allowed in Grant No. 2000-015-DP0080, and KOSEF Grant No. 2000-
our model. The weak-scale value of the Higggparameter 1-11100-001-1.
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