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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 311 scheme can be
easily realized when supersymmetry breaking is mediated by gauge interactions and alsoR parity 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 Higgsm parameter 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
periments are beautifully explained by oscillations amo
three active neutrino species@1#. Additional data in favor of
neutrino oscillation have been obtained in the Liquid Scin
lation Neutrino Detector~LSND! experiment@2#. Reconcili-
ation of these experimental results requires three dist
mass-squared differences, implying the existence of a st
neutrino ns . In the four-neutrino oscillation framework
there are two possible scenarios@3,4#: the 212 scheme in
which two pairs of close mass eigenstates are separate
the LSND mass gap;1 eV and the 311 scheme in which
one mass is isolated from the other three by the LSND m
gap. It has been claimed that the LSND results can be c
patible with various short-base-line experiments only in
context of the 212 scheme@5#. However, according to the
new LSND results@6#, the allowed parameter regions a
shifted to a smaller mixing angle, thereby allowing the
11 scheme to be phenomenologically viable@3,4,7#. Al-
though it can be realized in a rather limited parameter sp
the 311 scheme is attractive since the fourth~sterile! neu-
trino can be added without changing the most favorable
ture that the atmospheric and solar neutrino data are
plained by the predominantnm→nt and ne→nm ,nt
oscillations, respectively. In particular, the 311 scheme with
the heaviestns would be an interesting explanation of a
existing neutrino data. On the other hand, it is rather diffic
to find a well-motivated particle physics model which wou
yield the desired four-neutrino masses and mixing in a c
sistent way@8#.

In this paper, we show that the 311 scheme can be easil
realized in a supersymmetric model with U~1! Peccei-Quinn
~PQ! symmetry when supersymmetry~SUSY! breaking is
mediated by gauge interactions. In such model, the axino
be as light as 1 eV, and so play the role of a sterile neutr
@9#. A proper axino-neutrino mixing can be induced b
R-parity-violating couplings which appear as a conseque
of the spontaneous breaking of U(1)PQ . It turns out that
only the large angle Mikheyev-Smirnov-Wolfenstein~MSW!
0556-2821/2001/64~3!/033006~6!/$20.00 64 0330
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solution to the solar neutrino problem is allowed in o
model. The weak scale value of the Higgsm parameter and
the required size ofR-parity violation can be understood b
means of the Frogatt-Nielsen mechanism@10# of spontane-
ously broken U(1)PQ .

The model under consideration contains three sectors:
observable sector, the SUSY-breaking sector, and the PQ
tor. The observable sector contains the usual quarks, lept
and two Higgs superfields, i.e., the superfields of the minim
supersymmetric standard model~MSSM!. The SUSY-
breaking sector contains a gauge-singlet Goldstino super
X and the gauge-charged messenger superfieldsY,Yc as in
conventional gauge-mediated SUSY-breaking models@11#.
Finally the PQ sector contains gauge-singlet superfie
Sk (k51,2,3) which break U(1)PQ by their vacuum expec-
tation values~VEVs!, as well as gauge-charged superfiel
T,Tc which have Yukawa coupling with some ofSk .

The Kähler potential of the model can always be writte
as

K5(
I

F I
†F I1•••, ~1!

whereF I denote generic chiral superfields of the model a
the ellipsis stands for~irrelevant! higher-dimensional opera
tors which are suppressed by some powers of 1/M* where
M* corresponds to the cutoff scale of the model. Through
this paper, we assume thatM* corresponds to the gaug
coupling unification scale, soM* '1016 GeV. The superpo-
tential of the model is given by

W5hS3~S1S22 f PQ
2 !1kS1TTc1lXYYc1WMSSM1WSB,

~2!

whereWMSSM involves the MSSM fields, andWSB describes
SUSY-breaking dynamics enforcing thatX develop a SUSY-
breaking VEV:

lX5MX1u2FX .
©2001 The American Physical Society06-1
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This VEV generates soft masses of the MSSM fields@11#,

msoft'
a

2p

FX

MX
,

which are assumed to be of order the weak scale. One
easily arrange the symmetries of the model, e.g., U(1)PQ and
an additional discrete symmetry, to ensure thatWMSSM is
given by

WMSSM5yi j
(E)H1LiEj

c1yi j
(D)H1QiD j

c1yi j
(U)H2QiU j

c

1
y0

M*
S1

2H1H21
yi8

M
*
2

S1
3LiH21

g i jk

M*
S1LiL jEk

c

1
g i jk8

M*
S1LiQjDk

c1•••, ~3!

where the Higgs, quark, and lepton superfields are in obv
notation and the ellipsis stands for~irrelevant! higher-
dimensional operators. One possible PQ-charge assign
for which the above superpotential is U(1)PQ invariant is
given in Table I. One can also introduce additional discretR
symmetry with which the superpotential of Eq.~2! is the
most generic superpotential allowed by the symmetries
the model.

To discuss the effective action at scales belowf PQ , let us
define the axion superfield as

A5~f1 ia !1uã1u2FA ,

wherea, f, andã are the axion, saxion, and axino, respe
tively. It is then convenient to parametrizeS1 andS2 as

S15SeA/ f PQ, S25Se2A/ f PQ.

Note that the VEV ofS5AS1S2 is uniquely determined to be
^S&5 f PQ by the superpotential~2!. As will be discussed

TABLE I. Peccei-Quinn charges of superfields. All superfie
in the SUSY-breaking sector are assumed to be U(1)PQ neutral.

Fields Peccei-Quinn charge

PQ sector
S1 21
S2 1
S3 0
T 0
Tc 1

MSSM sector
H1 1
H2 1
L 2
Ec 23
Q 0
Uc 21
Dc 21
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later, the VEV ofef/ f PQ5AS1 /S2 can be determined to be o
order unity by SUSY-breaking effects. We then have^S1&
'^S2&' f PQ , and thenf PQ corresponds to the axion deca
constant which would determine most of the low-energy d
namics of the axion. After integrating out the SUSY-breaki
sector as well as the heavy fields in the PQ sector, the l
energy effective action includes the following Ka¨hler poten-
tial and superpotential of the axion superfieldA:

Keff5 f PQ
2 $e(A1A†)/ f PQ1e2(A1A†)/ f PQ%1DKeff

Weff5m0e2A/ f PQH1H21m i8e
3A/ f PQLiH2

1eA/ f PQ~l i jkLiL jEk
c1l i jk8 LiQjDk

c!, ~4!

whereDKeff is A-dependentloop corrections involving the
SUSY-breaking effects and

m05y0f PQ
2 /M* , m i85yi8 f PQ

3 /M
*
2 ,

l i jk5g i jk f PQ /M* , l i jk8 5g i jk8 f PQ /M* .
~5!

This shows that in our framework a weak-scalem0 and also
small but nonvanishingR-parity-violating couplings arise a
a consequence of spontaneous U(1)PQ breaking with f PQ
!M* . In other words, the smallness ofR-parity-violating
couplings can be understood by means of the Frogatt-Nie
mechanism of U(1)PQ @10#. Although not written explicitly,
the coefficients ofB-violating operatorsUi

cD j
cDk

c turn out to
be small enough to avoid too rapid proton decay,including
decays into an axino or gravitino@12#.

The best lower bound onf PQ from astrophysical argu-
ments implies f PQ*109 GeV @13#. To accommodate the
LSND data, we need an axino-neutrino mixing mass of or
0.1 eV. It turns out that this value is difficult to be obtaine
for f PQ.1010 GeV. We thus assumef PQ5109–1010 GeV
with M* 5MGUT for which m0 takes a weak scale valu
~with appropriate value ofy0) and allR-parity-violating cou-
plings are appropriately suppressed.

Low-energy properties of the axion superfield crucia
depend on how the saxion component is stabilized. O
dominant contribution to the saxion effective potential com
from DKeff which is induced mainly by threshold effects o
T,Tc having anA-dependent massMT5k f PQeA/ f PQ. If MT
&lX'MX , one finds@14#

DKeff'
NT

16p2

MTMT
†

ZTZ Tc

lnS L2ZTZ Tc

MTMT
† D , ~6!

whereNT is the number of chiral superfields inT, ZT is the
Kähler metric ofT, andL is a cutoff scale which is of orde
MX . If MT*lX, the relevant quantum correction toKeff
would be DKeff;ulu2XX†/16p2ZTZ Tc; however, then the
resulting saxion effective potential cannot stabilizef at the
desired VEV with^ef/ f PQ&'1. We thus assumeMT&lX, so
DKeff is given as Eq.~6!. With ZTuu2ū2'2msoft

2 , DKeff of
Eq. ~6! gives a negative-definite saxion potential
6-2
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AXINO AS A STERILE NEUTRINO AND R PARITY . . . PHYSICAL REVIEW D64 033006
Vf
(1)'2

NT

16p2
msoft

2 uk f PQu2e2f/ f PQ. ~7!

There is another~positive-definite! potential from the
A-dependentm parameter:

Vf
(2)'e4f/ f PQum0u2~ uH1u21uH2u2!. ~8!

Thenf is stabilized byVf
(1)1Vf

(2) at

^e2f/ f PQ&'
NTmsoft

2 uk f PQu2

32p2um0u2~ uH1u21uH2u2!
. ~9!

Some of our previous discussions are based on the ass
tion thatf is stabilized at̂ ef/ f PQ&'1. The above expressio
of the saxion VEV shows that^ef/ f PQ&'1 whenk f PQ is of
the order of a few TeVs. This requires a rather small Yuka
coupling k;1026 which may be a consequence of som
flavor symmetry. Oncef is stabilized byVf

(1)1Vf
(2) , the

resulting saxion and axino masses are given by

mf
2 '

2um0u2~ uH1u21uH2u2!e4f/ f PQ

f PQ
2

1Dmf
2

'~10–102 keV!21Dmf
2 ,

mã'
2m0H1H2e2f/ f PQ

f PQ
2

1Dmã

'~1024–1022 eV!1Dmã , ~10!

where the numbers in the brackets represent the ga
mediated contributions for f PQ5109–1010 GeV, m0
'300 GeV, and̂ ef/ f PQ&'1, andDmf and Dmã are the
supergravity-mediated contributions which will be discuss
in the subsequent paragraph.

The supergravity-mediated contributions to the saxion
axino masses can be quite model dependent, in partic
dependent on the couplings of light moduli in the underlyi
supergravity model. However, they are still generically of t
order of the gravitino massm3/2 @15#. One model-
independent supergravity-mediated contribution is from
auxiliary componentu of the off-shell supergravity multiplet
In the Weyl-compensator formulation,u corresponds to theF
component of the Weyl-compensator superfield:

F511u2FF , ~11!

where the scalar component ofF is normalized to be unity
and theF component is given by@16#

FF5eK/6S m3/21
FI

3

]K

]F I
D , ~12!

whereFI52e2K/2KIJ](eKW†)/]FJ
† denotes theF compo-

nent ofF I for the inverse Ka¨hler metricKIJ which is deter-
mined by the Ka¨hler potentialK of the underlying supergrav
ity model. Note thatF is defined as a dimensionles
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superfield, soFF has mass dimension 1. The above expr
sion shows thatFF is generically of orderm3/2. However, it
can be significantly smaller thanm3/2 in some specific mod-
els. For instance, in the no-scale model withK523 ln(T
1T†2FiFi

†) and]W/]T50, one easily findsFF50.
The Weyl-compensator contribution to the saxion a

axino masses can be easily read off from the super-W
invariant supergravity action on superspace@16#:

23E d4u FF†e2K/31F E d2u F3W1H.c.G . ~13!

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

E d4u FF†Keff5E d4u FF†~A1A†!21•••, ~14!

whereKeff is the effective Ka¨hler potential in Eq.~4!. It is
then straightforward to see that the Weyl-compensator c
tributions to the saxion and axino masses are

Dmf
2 52uFFu25O~m3/2

2 !,

Dmã5FF5O~m3/2!. ~15!

In gauge-mediated SUSY-breaking models@11#, the pre-
cise value ofm3/2 depends on the details of the SUS
breaking sector. However, most models givem3/2*1 eV,
implying that mã is dominated by a supergravity contribu
tion. In this paper, we assume thatDmã;1 eV, so

mã'1 eV, ~16!

which would allow the axino to be a sterile neutrino for th
LSND data. We note again that although it is generically
order m3/2, Dmã can be significantly smaller thanm3/2
when the supergravity Ka¨hler potential takes a particula
form, e.g., the no-scale form@15#.

Having defined our supersymmetric axion model, we d
cuss the full 434 axino-neutrino mass matrix

1

2
mabnanb , ~17!

wherea,b5s,e,m,t and ns[ã with mss5mã . The effec-
tive superpotentialWeff in Eq. ~4! gives the following super-
potential couplings:

E d2uFm0S 11
2A

f PQ
DH1H21m i8S 11

3A

f PQ
DLiH2G .

~18!

We will work in the field basis in whichm i8LiH2 ( i
5e,m,t) in Weff arerotated awayby an appropriate unitary
rotation ofH1 andLi . After this unitary rotation, the above
superpotential couplings are changed to

E d2uFm0S 11
2A

f PQ
DH1H21

m i8A

f PQ
LiH2G , ~19!
6-3
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leading to the axino-neutrino mass mixing

mis5
e im0^H2&

f PQ
'0.1S e i

1025D S m0

600 GeVD S 1010 GeV

f PQ
D eV,

~20!

wheree i5m i8/m0. Note that this axino-neutrino mixingsur-
vivesunder the unitary rotation eliminatingm i8LiH2 sinceLi

and H1 havedifferent U(1)PQ charges. This charge differ
ence is also responsible for the suppression ofR-parity-
violating couplings as well as the weak-scale value ofm0.

The 333 mass matrix of active neutrinos is induced
R-parity-violating couplings. At the tree level,

mi j '
ga

2^ñ i
†&^ñ j

†&
Ma

, ~21!

where Ma denote the gaugino masses. The sneutrino V

^ñ i& are determined by the bilinearR-parity violations in the
SUSY-breaking scalar potential:mLiH1

2 LiH1
†1Bi8LiH2. In

our model, nonzero values ofmLiH1

2 andBi8 at the weak scale

arise through renormalization group evolution~RGE!,
mainly by the couplingl i338 yb where yb is the b-quark
Yukawa coupling @17#. Moreover, BH1H2 arises also
through RGE which predicts a large tanb'40–60@18#. We
then find

mi j '1022t4S l i338 yb

1026 D S l j 338 yb

1026 D eV, ~22!

where t5 ln(MX /ml̃)/ln(103) for the slepton massml̃ . Here
we have takenml̃ '300 GeV andm0'2ml̃ which has been
suggested to be the best parameter range for correct
troweak symmetry breaking@18#. There are also bunch o
loop corrections tomi j from R-parity-violating couplings
@19#; however, in our case they are too small to be releva

Let us now see how nicely all the neutrino masses
mixing parameters are fitted in our framework. The analy
of Ref. @4# leads to the four parameter regions, R1–R4
Table II, accommodating the LSND with short-base-line
sults. In our model, Eqs.~16! and~20! can easily produce the
LSND mass eigenvaluem4'mss5mã;1 eV and also the
LSND oscillation amplitude

ALSND54Ue4
2 Um4

2 '4S mes

mss
D 2S mms

mss
D 2

~23!

TABLE II. Allowed regions for the LSND oscillation.

uDm41
2 u (eV2) uUe4u uUm4u

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 1.5–2.1 0.11–0.16 0.09–0.14
R4 5.5–7.3 0.13–0.16 0.12–0.16
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as the four mixing elementsUa4 of the 434 mixing matrix
U are given byUi4'mis /mss'0.1 (i 5e,m,t) and Us4
'1.

The masses and mixing of three active neutrinos can
easily analyzed by constructing the effective 333 mass ma-
trix given by

mi j
eff5mi j 2

mismjs

mss
. ~24!

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

mi j
eff5mxx̂i x̂j1myŷi ŷj ~25!

where x̂i and ŷj are unit vectors in the direction ofmis and

^ñ j&, respectively. Remarkably, the mass scalemx
'(mis /mss)

2mss;1022 eV gives the right range of the at
mospheric neutrino mass. Equation~22! shows thatmy is
also in the range of 1022 eV, someff would be able to pro-
vide the right solar neutrino massunlessDmsol

2 !1024 eV2.
Note from Eq. ~5! that the typical size ofe i ,l i jk ,l i jk8 is
around 1026 for f PQ'1010 GeV andM* '1016 GeV.

To discuss in detail the atmospheric and solar neutr
oscillations coming from the mass matrix~25!, we make an
analytic diagonalization by noticing first that the eigenvec

FIG. 1. Scatter plots on the~a! (my ,mx) plane and~b! (cosj,mx)
plane reproducing the correct oscillation parameters for R1.

FIG. 2. Scatter plots on the~a! (my ,mx) plane and~b! (cosj,mx)
plane reproducing the correct oscillation parameters for R2.
6-4
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of the massless state is given byẑ[ x̂3 ŷ/ux̂3 ŷu. Then per-
forming the 333 unitary rotation byU15( ẑT,ŵT,x̂T) with
ŵ[ x̂3 ẑ/ux̂3 ẑu, we get

U1
TmeffU15S 0 0 0

0 mysj
2 mycjsj

0 mycjsj mx1mycj
2
D , ~26!

wherecj[cosj5x̂• ŷ. Note that the vectorŷ is given by ŷ
5cjx̂2sjŵ. The mass matrix~26! can be further diagonal
ized by the rotationU2[R23(u) to get the mass eigenvalue

m2,35
1

2
~mx1my6A~mx1my cos2 2j!21my

2 sin2 2j!,

~27!

where the rotation angleu is determined by tan 2u
5my sin 2j/(mx1my cos 2j). With this procedure, the 333
submatrixU333 of the full 434 mixing matrixU is found to
be

U3335U1U25~ ẑT,ŵTcu2 x̂Tsu ,ŵTsu1 x̂Tcu!. ~28!

The Super-Kamiokande data@20# combined with the
CHOOZ result@21# imply that Um3

2 'Ut3
2 '1/2 andUe3

2 !1.
The solutions to the solar neutrino problem can have eith
large mixing angle~LA !

Ue1
2 'Ue2

2 '1/2

or a small mixing angle~SA!

Ue1
2 '1.

This specifies the first columnẑT of Uu333 as

~LA !: ẑ'~1/A2,21/2,1/2!, ~SA!: ẑ'~1,0,0!

up to sign ambiguities. Sincex̂• ẑ50, the pattern ẑ
'(1,0,0) implies x̂e'0. This leads to a too smallUe4

FIG. 3. Scatter plots on the~a! (my ,mx) plane and~b! (cosj,mx)
plane reproducing the correct oscillation parameters for R3.
03300
a

'mes/mss&1022, so the SA solution isnot allowedwithin
our model. Among various LA solutions to the solar neutri
problem, only the large-angle MSW solution withDmsol

2

;1024 eV2 can be naturally fitted sincemx'my
;1022 eV in our scheme. It is remarkable thatf PQ
'1010 GeV and M* 'MGUT lead to the right size of
R-parity violation, yielding the desired values ofmis andmi j
also for the atmospheric and solar neutrino masses.

To see the feasibility of our whole scheme, we scann
our parameter space to reproduce the allowed LSND isla
R1–R4 of Table II together with the following range of a
mospheric and solar neutrino parameters@1#:

Dm31
2 5~128!31023 eV2,

Dm21
2 5~0.128!31024 eV2,

tan2 u2350.33–3.8,

tan2 u1250.2–3.0,

tan2 u13&0.055.

Our parameter space consists ofmss,mis ,l i338 yb whose val-
ues are centered around 1 eV, 0.1 eV, 1026, respectively. For
R1 and R4, we could find some limited parameter spa
which produce the corresponding oscillation paramete
however, they need a strong alignment betweenx̂ and ŷ and
also a large cancellation betweenmx and my . On the other
hand, R2 and R3 do not require any severe fine-tuning
parameters, although bimaximal mixing is obtained by so
accident. We provide in Figs. 1–4 scatter plots on the pla
of (my ,mx) and (cosj,mx) for the LSND islands R1–R4.

In conclusion, we have shown that the 311 scheme of
four-neutrino oscillations can be nicely obtained in a sup
symmetric model endowed with the PQ solution to the stro
CP problem and supersymmetry breaking mediated

FIG. 4. Scatter plots on the~a! (my ,mx) plane and~b! (cosj,mx)
plane reproducing the correct oscillation parameters for R4.
6-5
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gauge interactions. In this model, the axino can be as ligh
1 eV, and so can play the role of a sterile neutrino. A pro
axino-neutrino mixing can be induced byR-parity violating
couplings which appear as a consequence of the spontan
breaking of U(1)PQ . It turns out that only the large-angl
MSW solution to the solar neutrino problem is allowed
our model. The weak-scale value of the Higgsm parameter
M
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and the required size ofR-parity violation can be understoo
by means of the Frogatt-Nielsen mechanism of sponta
ously broken U(1)PQ .
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