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Bimaximal neutrino mixing and small Ue3 from Abelian flavor symmetry
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Atmospheric neutrino data strongly suggest a near-maximalnm-nt mixing and also solar neutrino data can
be nicely explained by another near-maximalne-nm or ne-nt mixing. We examine the possibility that this
bimaximal mixing of atmospheric and solar neutrinos arises naturally, while keepingUe3 and Dmsol

2 /Dmatm
2

small enough, as a consequence of Abelian flavor symmetry. Two simple scenarios of Abelian flavor symmetry
within the supersymmetric framework are considered to obtain the desired form of the neutrino mass matrix
and the charged lepton mass matrix parametrized by the Cabibbo anglel'0.2. Future experiments at a
neutrino factory measuring the size ofUe3 and the sign ofDm32

2 could discriminate between those scenarios as
they predict distinctive values ofUe3 in connection withDmsol

2 /Dmatm
2 and also with the order of the neutrino

mass eigenvalues.

DOI: 10.1103/PhysRevD.64.113013 PACS number~s!: 14.60.Pq, 11.30.Hv, 12.60.Jv
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I. INTRODUCTION

Atmospheric and solar neutrino experiments have s
gested for a long time that neutrinos oscillate into differe
flavors. In particular, the super-Kamiokande data strongly
dicate that the observed deficit of atmospheric muon neu
nos is due to the near-maximalnm→nt oscillation@1#. Solar
neutrino data from the recent SNO experiment combin
with those of Homestake, SAGE, GALLEX, and supe
Kamiokande@2# provide also a strong observational basis
ne→nm or nt oscillation @3#. Thus, the ‘‘standard’’ frame-
work to accommodate the atmospheric and solar neut
anomalies is to introduce small but nonzero masses of
three known neutrino species.

The low-energy effective Lagrangian relevant to the n
trino masses and mixing can be written as

DL5ēLMeeR1gW2mēLgmnL1
1

2
~ n̄L!cM nnL1H.c.,

~1!
o
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where the charged lepton mass matrixMe and the neutrino
mass matrixM n are not diagonal in general in the wea
interaction eigenbasis. DiagonalizingMe andM n as

~Ue!†MeVe5De5diag~me ,mm ,mt!,
~2!

~Un!TM nUn5Dn5diag~m1 ,m2 ,m3!,

one finds the effective Lagrangian written in terms of t
mass eigenstate fermion fields:

DL5ēLDeeR1gW2mēLgmUMNSnL1
1

2
~ n̄L!cDnnL1H.c.,

~3!

where the Maki-Nakagawa-Sakata~MNS! lepton mixing ma-
trix @4# is given by

UMNS5~Ue!†Un. ~4!

The MNS mixing matrix can be parametrized as
UMNS5S 1 0 0

0 c23 s23

0 2s23 c23

D S c13 0 s13e
2 id

0 1 0

2s13e
id 0 c13

D S c12 s12 0

2s12 c12 0

0 0 1
D

5S c13c12 s12c13 s13e
2 id

2s12c232s23s13c12e
id c23c122s23s13s12e

id s23c13

s23s122s13c23c12e
id 2s23c122s13s12c23 c23c13

D , ~5!
whereci j 5cosuij and si j 5sinuij . Within this parametriza-
tion, the mass-square differences for atmospheric and s
neutrino oscillation can be chosen to be

Dmatm
2 5uDm32

2 u5um3
22m2

2u,
lar
Dmsol

2 5uDm21
2 u5um2

22m1
2u.

Then the corresponding mixing angles are given by

uatm5u23, usol5u12, u rea5u13, ~6!
©2001 The American Physical Society13-1
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whereu rea describes the neutrino oscillationnm→ne in reac-
tor experiments such as the CHOOZ experiment.

The atmospheric neutrino data strongly suggest n
maximalnm→nt oscillation with

Dm32
2 ;331023 eV2, sin2 2u23;1. ~7!

As for the solar neutrino anomaly, the following four sol
tions are possible:

@small mixing angle~SMA!#: Dm21
2 ;5.031026 eV2,

sin2 2u12;2.431023,

@ large mixing angle~LMA !#: Dm21
2 ;3.231025 eV2,

sin2 2u12;0.75,
~8!

@ low mass~LOW!#: Dm21
2 ;1.031027eV2,

sin2 2u12;0.96,

@vaccum oscillation~VAC!#: Dm21
2 ;8.6310210 eV2,

sin2 2u12;0.96.

These values represent thebest-fitpoints for each region and
the LMA region extends to largerDm21

2 ;231024 @5#. Re-
cent reports by Super-Kamiokande@6# and SNO@3# favor the
solutions with largeu12. On the other hand, the third mixin
angleu13 is constrained by the CHOOZ reactor experime
@7# as

Ue3
MNS5sinu13&0.2. ~9!

The above neutrino oscillation parameters indicate t
the neutrino mass matrix has the same nontrivial flavor st
ture as the quark and charged lepton mass matrices.~It has
been noted that the near-maximal atmospheric neutrino
cillation and the LMA solar neutrino oscillation can b
achieved from an anarchical neutrino mass matrix if one
cepts a certain degree of accidental cancellation@8#.! One of
the most popular schemes to explain the hierarchical qu
masses and mixing angles is the Frogatt-Nielsen mecha
with a spontaneously broken Abelian flavor symme
@9–13#. In this scheme, flavor symmetry is assumed to
broken by^f&/M* .l ([ Cabibbo angle.0.2) wheref is
a symmetry-breaking scalar field andM* denotes the funda
mental scale of the model, e.g., the Planck scale or the s
scale. Then all Yukawa couplings are suppressed by an
propriate power ofl as determined by the flavor charge
the corresponding operator, thereby leading to hierarch
fermion masses and mixing angles. It is then quite natura
expect that the nontrivial flavor structure of neutrino ma
matrix can be understood also by the Abelian flavor symm
try explaining the hierarchical quark and charged lep
masses.

In cases of large solar neutrino mixing, i.e. in the LM
LOW, and VAC solutions, we have twonear-maximalmix-
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ing anglesu12,u23 and onesmall mixing angleu13, as well
as thesmall mass-square ratioDm21

2 /Dm32
2 . It may turn out

in future neutrino experiments thatu13 is significantly
smaller than the current bound~9!, and then the hierarchy
betweenu23 andu13 will become more severe. In this pape
we wish to examine the possibility that smallu13 and
Dm21

2 /Dm32
2 naturally arise together with near bimaximalu23

and u12 as a consequence of Abelian flavor symmetry. O
basic assumption is that the flavor symmetry is broken
order parameters which have the Cabibbo angle sizel. Since
the simplest scheme with single anomalousU(1) flavor sym-
metry and single symmetry-breaking parameter cannot p
duce the desired form ofMe andM n, we need to extend the
scheme. In this regard, we consider two simple extensio
scenarios A and B, which are assumed to be realized in
persymmetric models. Flavor symmetry of scenario A is
nonanomalousU(1)X , so is broken by two scalar fields wit
oppositeU(1)X chargesx561. In scenario B, flavor sym-
metry is extended toU(1)X3U(1)X8 , where U(1)X is
anomalous whileU(1)X8 is nonanomalous. It is then as
sumed to be broken by two scalar fields with the flav
charges (x,x8)5(21,21) and (0,1), for which the
symmetry-breaking parameters naturally have the Cabi
angle size.

Depending upon the way that it is generated,M n can be
determined either by the weak scale selection rule involv
only the flavor charges of the weak scale fields, or by a m
involved selection rule. For instance, in seesaw models w
heavy singlet neutrinosNi @14#, the selection rule forM n

involves the flavor charges ofNi as well as those of the wea
scale fields. Sometimes this feature enables us to bui
greater variety of models, although in most cases it is p
sible to find the flavor charges ofNi for which M n is deter-
mined simply by the weak scale selection rule.

Measuring the mixing angleu13 is one of the main targets
of the proposed neutrino factory, which can achieve pre
sion down tou13;1022 @15#. This would allow us to distin-
guish several differentu13.ln by future experiments. A
nonzerou13.l or l2 would give a detectablene↔nm tran-
sition. On the other hand,u13.l3 may or may not be detect
able, andu13&l4 would give an undetectably smallne↔nm
transition. In this sense, it is meaningful to explore the p
sibility that u13 is as small asl3 or even less.CP-violating
effects could also be probed if the rephasing invariant

JCP5
1

4
c13

2 s13sin 2u12sin 2u23sind

is sizable and the LMA solution of the solar neutrino pro
lem is realized@15#. Note that theCP-violating phase isnot
controlled by Abelian flavor symmetry, so sind is generically
of order 1 in our scheme. Another important result expec
in the future neutrino experiments is the determination of
sign of Dm32

2 . Once ne→nm oscillations are established
matter effects can be measured to discriminate the sign
Dm32

2 @15#. That is, one would be able to determine wheth
neutrino masses follow the normal (Dm32

2 .0) or inverted
(Dm32

2 ,0) mass hierarchy. As we will see, the informatio
3-2
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on u13 and/orDm32
2 together with the solar neutrino solutio

will provide meaningful constraints on models of Abelia
flavor symmetry.

The organization of this paper is as follows. In the ne
section, we discuss some aspects of Abelian flavor symm
and the associated selection rule which are relevant to
subsequent discussions. In Sec. III, we discuss the textur
Me and M n which would give smallu13 and Dm21

2 /Dm32
2

while keeping theu23 andu12 near-bimaximal. We focus on
three types ofM n: class~i! with M33

n @M11
n .M12

n .M22
n so

m1.m2!m3, pseudo-Dirac type class~ii ! with M33
n *M12

n

@M11
n ,M22

n so the normal mass hierarchym1.m2&m3, and
pseudo-Dirac type class~iii ! with M12

n @M11
n ,M22

n ,M33
n so

the inverted mass hierarchym1.m2@m3. In Sec. IV, we
discuss examples of Abelian flavor symmetry for scenario
and B, leading to the mass textures discussed in Sec
under the assumption thatM n is determined by the wea
scale selection rule. We first list examples with the larg
possibleu13 for each of the three types of mass textures, i
classes~i!–~iii !, and the three types of solar neutrino oscil
tions with largeu12, i.e., LMA, LOW, and VAC. We then
explore the possibility of having a smalleru13. Under the
condition that the lepton doubletsLi have integer-valued fla
vor chargesu l i u,10 when the flavor charges of symmetr
breaking fields are normalized to be61, we find the possible
range ofu13 for each type of mass textures and solar neutr
oscillations and the results are summarized in Table I. In S
V, we discuss seesaw models containing singlet neutrinoNi
with integer-valued flavor chargesuni u,10 and also with
u l i u,10 to find the possible range ofu13. Some seesaw mod
els are explicitly presented as examples producingM n,
which cannot be obtained under the weak selection rule.
results on the range ofu13 in seesaw models are summariz
also in Table I. Section VI is devoted to the conclusion.

II. FROGATT-NIELSEN MECHANISM FOR ABELIAN
FLAVOR SYMMETRY

The simplest framework to implement the Frogatt-Niels
mechanism with Abelian flavor symmetry is to introdu
single anomalousU(1)X symmetry, which is assumed to b
broken by the single symmetry-breaking scalar fie

TABLE I. Possible ranges ofu13 for each of the scenarios A an
B, neutrino mass matrix of classes~ii ! and ~iii !, and the LMA,
LOW, and VAC solar neutrino oscillations. Note that class~i! can-
not be obtained within our framework. classes~ii ! and ~iii ! are a
pseudo-Dirac-type neutrino mass matrix withDm32

2 .0 andDm32
2

,0, respectively.

Solarn oscillation A-ii A-iii B-ii B-iii

LMA l22l l l l2

WSSR LOW l32l l32l l2 l6

VAC l42l2 l42l2 l3 l9

LMA l22l l62l2 l l2

Seesaw LOW l32l l72l l2 l6

VAC l42l l42l2 l3 l9
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^f&/M* .l. This framework is best motivated from com
pactified heterotic string theory with anomalousU(1). In
such theory, the scalar potential includes the contribut
from the string-loop–induced Fayet-IlliopoulosD term, so

V5
gX

2

2
~j22ufu2!2,

where j25tr(X)M
*
2 /96p2 for the string scaleM* and all

otherU(1)X-charged scalar fields are set to zero for simpl
ity. This framework is particularly attractive since th
symmetry-breaking parameter naturally has the Cabi
angle size:

^f&
M*

5S tr~X!

96p2D 1/2

.l.

Then the genericU(1)X-invariant superpotential is given b

W5(
i

S f

M*
D xi

Oi5(
i

lxiOi ~xi>0!, ~10!

where theU(1)X charges off and Oi are 21 andxi , re-
spectively. With this selection rule, we can control the size
Yukawa couplings by assigningU(1)X charge appropriately
to the low-energy fields. One important consequence of
selection rule is that the operatorOi with negativeU(1)X
charge is forbidden due to the holomorphicity. This point
very useful and enables us to build the nontrivial Yuka
matrix.

It is well known that realistic quark and charged lept
mass matrices can be easily obtained within the framew
of single anomalousU(1)X and single symmetry-breakin
parameter@12#. However, this framework cannot provide th
textures ofMe andM n, which will be discussed in the nex
section as producing bimaximalu23,u12 together with small
u13,Dm21

2 /Dm32
2 . One simple modification of the mode

which would provide the desired forms ofMe andM n is to
assume thatU(1)X is nonanomalous, thus it is broken by
two symmetry-breaking scalar fieldsf1 ,f2 with opposite
U(1)X charges61. TheD-term scalar potential is then give
by

V5
gX

2

2
~ uf1u22uf2u2!2

which ensures

^f1&/M* 5^f2&/M* .

However there is no good reason in this framework t
^f1&/M* has the Cabibbo angle size. A simple way to avo
this difficulty is to have one anomalousU(1)X and another
nonanomalousU(1)X8 which are broken by two scalar field
f1 andf2 having the flavor charges (21,21) and (0,1). In
this case, theD-term potential off1 andf2 is given by

V5
gX

2

2
~j22uf1u2!21

gX8
2

2
~ uf2u22uf1u2!2, ~11!
3-3



g

-

n

ju

et
ng
ld
v
e
ino

b
an
ss
n-

s
e

d
re-

by

f
e

s

els
vy

R,

wa
ng

er.

out

e
-

e-
re

CHOI, CHUN, HWANG, AND SONG PHYSICAL REVIEW D64 113013
which guarantees that

^f1&
M*

5
^f2&
M*

5
j

M*
.l. ~12!

In this paper, we will explore the possibility of obtainin
the desired textures ofMe andM n within the following two
scenarios of Abelian flavor symmetry.

Scenario A. Single nonanomalousU(1)X with two
symmetry-breaking parameterŝ f1&/M* 5^f2&/M* .l
with U(1)X chargesx561. The selection rule in this sce
nario is given by

W5(
i

l uxi uOi , ~13!

wherexi denotes theU(1)X charge ofOi .
Scenario B. U(1)X3U(1)X8 with two symmetry-

breaking parameterŝf1&/M* 5^f2&/M* .l with flavor
charges (x,x8)5(21,21) and (0,1). The resulting selectio
rule is given by

W5(
i

S f2

M*
D xi2xi8S f1

M*
D xi

Oi5(
i

ciOi , ~14!

where

ci5H 0 if xi,0 or xi,xi8 ,

l2xi2xi8 otherwise,
~15!

for (xi ,xi8) denoting theU(1)X3U(1)X8 charge ofOi .
The above selection rules are derived at energy scales

below the flavor symmetry-breaking scaleMX . If some
heavy fields have masses depending upon the symm
breaking order parameter, the low-energy effective coupli
of light fields induced by the exchange of such heavy fie
may not obey the selection rule as determined by the fla
charges of light fields alone. This can happen for instanc
singlet seesaw models containing heavy singlet neutr
with flavor-dependent masses.

Usually, the smallness of neutrino masses is explained
assuming that neutrino masses are induced by the exch
of superheavy particles. At the weak scale, neutrino ma
are described byd55 operators in the effective superpote
tial:

DWeff5
Mi j

n

^H2&
2

LiH2L jH2 ~16!

where Li ( i 51,2,3) andH2 denote the lepton and Higg
superfields, respectively. In singlet seesaw models,
changed heavy particles are the singlet neutrinosNi having
the superpotential couplings

DW5
Mi j

D

^H2&
H2LiNj1Mi j

MNiNj1H.c., ~17!

which lead to the well-known seesaw formula
11301
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M n5MD~M M !21~MD!T. ~18!

AlthoughM M andMD obey the selection rule as determine
by the flavor charges of the corresponding operators, the
sultingM n maynot obey the selection rule as determined
the flavor charges of the effective operatorLiH2L jH2. In
most cases, there exist some sets of the flavor charges oNi
for which M n can be determined simply by applying th
selection rule to the weak scale effective operatorLiH2L jH2,
which we call the weak scale selection rule~WSSR!. How-
ever it is also possible thatM n does not obey the WSSR, thu
it can be determined only through the seesaw formula~18!.

This complication does not occur in triplet seesaw mod
in which M n is generated by the exchange of superhea
SU(2)L triplet Higgs fieldsT1 ,T2 @16#. Such models include
the superpotential couplings

DW5hi j T1LiL j1h0T2H2H21MTT1T2 ,

which give

Mi j
n 5h0hi j

^H2&
2

MT
. ~19!

In this case,M n can be determined always by the WSS
which is applied to the effective superpotential~16! at the
weak scale.

Before closing this section, we note that physical Yuka
couplings can be affected by nonholomorphic flavor-mixi
terms in the Ka¨hler potential, e.g.,F i* F j (f/M* )ki j @13#.
However, it turns out that such Ka¨hler mixing terms give
negligible corrections in all models discussed in this pap

III. TEXTURES FOR BIMAXIMAL MIXING WITH SMALL
Ue3

There have been many discussions in the literature ab
the possibility of bimaximalu23 andu12 @17#. Most of them
rely on the assumption thatMe is ~approximately! diagonal
so thatUe is an identity matrix. However, comparing Eq.~4!
and Eq.~5! gives another interesting possibility. IfUe and
Un are given by

Ue.S 1 0 0

0
1

A2

1

A2

0 2
1

A2

1

A2

D , Un.S 1

A2

1

A2
0

2
1

A2

1

A2
0

0 0 1

D ,

~20!

the resultingUMNS naturally has a smallu13 together with
bimaximal u23;u12;p/4. In this section, we categoriz
what textures ofMe andM n can realize this idea while giv
ing the correct~small! value ofDm21

2 /Dm32
2 . Recall that our

goal is to realize these textures within the framework of Ab
lian flavor symmetry in which all mass matrix elements a
expressed in powers of the Cabibbo anglel.0.2. Any ma-
3-4
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trix element not shown explicitly should be understood to
small enough not to disturb the basic feature of the textu

The charged lepton mass matrix that givesUe of Eq. ~20!
is given by

Mi3
e 5mtS ln

1

1
D , ~21!

where n>1 and the first and second column should
smaller than the third one. Within the framework of Abelia
flavor symmetry, there is no way to getUe of Eq. ~20! other
than this form ofMe. However, for the neutrino mass matri
there are several different ways to getUn of Eq. ~20!. Among
them, the following texture with a pseudo-Dirac 232 block
is of particular interest:

M n5mmaxS ln l l

l l lm

lk
D , ~22!

where mmax denotes the largest mass eigenvalue,l>0, k
>0 andn,m. l . For k50, this M n gives the normal mas
hierarchym3*m2 ,m1, while k. l 50 gives the inverted hi-
erarchym2.m1@m3. The mass eigenvalues of the abo
pseudo-DiracM n give

Dmsol
2

Dmatm
2

;lq1 l , ~23!

where q[min(n,m). The size of this ratio can be read o
from the oscillation data of Eqs.~7! and ~8!, implying

LMA : q1 l 5224,

LOW : q1 l 5627, ~24!

VAC : q1159210.

Including the case of plain large mixing, textures ofM n

which would giveUn of Eq. ~20! together with the right
valueDmsol

2 /Dmatm
2 can be categorized as follows.

Class~i!. Plain large mixing withn>1, which givesm1
.m2!m3,

M n.m3S ln ln

ln ln

1
D or M n.m3S ln

ln

ln ln 1
D .

~25!

Class ~ii !. Pseudo-Dirac type withn,m. l>0, which
gives the normal mass hierarchym1.m2&m3,

M n.m3S ln l l

l l lm

1
D . ~26!
11301
e
.

Class~iii !. Pseudo-Dirac type with the inverted mass h
erarchym1.m2@m3,

M n.m2S ln 1

1 lm

l l
D . ~27!

In all the cases, we will scan the possible charge assignm
to find the allowed ranges ofu13, which may turn out to be
within the reach of future neutrino experiments and can g
a largeCP-violating quantityJCP . Note that classes~i! and
~ii ! give Dm32

2 .0 and class~iii ! givesDm32
2 ,0.

IV. MODELS OBEYING THE WEAK SCALE SELECTION
RULE

In this section, we discuss the models in which the sel
tion rule can be applied to theweak scaleeffective superpo-
tential:

Weff5
Mi j

e

^H1&
H1LiEj

c1
Mi j

n

^H2&
2

LiH2L jH2 ,

whereLi ,Ei
c andH1 ,H2 denote the lepton doublets, antile

pton singlets, and the two Higgs doublets, respectively.
was noted in Sec. II, this weak scale selection rule may
be valid in some singlet seesaw models, which will be d
cussed in the next section. Here we consider only the mo
with integer-valued flavor charges when the flavor charge
the symmetry-breaking fields are normalized to be61. We
further limit ourselves to the cases thatLi have the flavor
chargesu l i u,10. On the other hand,Ei

c are allowed to have
larger flavor charges, otherwise most of the LOW and VA
models presented below cannot be obtained.

Scenario A. Let us first show that the neutrino mass m
trix of class ~i! cannot be obtained under the weak sca
selection rule in scenario A. To proceed, letl i ,ei ,h1 ,h2 de-
note theU(1)X charges of the superfieldsLi ,Ei

c ,H1 ,H2.
Then the charged lepton mass matrix~21! requires

u l 11e31h1uÞu l 21e31h1u5u l 31e31h1u

while the neutrino mass matrix~25! requires

u l 11au5u l 21auÞu l 31au,

wherea is a certain combination ofU(1)X charges. These
conditions inevitably lead toM n which cannotgive either a
correct value ofDmsol

2 /Dmatm
2 or a smallu13. It appears also

difficult to find a desirable class~i! model even in the frame
work of singlet seesaw models.

On the other hand, it is rather easy to get a pseudo-D
M n of class~ii ! under the weak scale selection rule. Let
first list examples with the largest possibleu13 for each of the
LMA, LOW, and VAC solutions. Considering the charge a
signments

LMA: l i5~1,22,0!, ei5~5,5,1!, h15h250, ~28!

LOW: l i5~4,27,21!, ei5~212,12,4!,
3-5
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h15h250,

VAC: l i5~8,25,1!, ei5~216,10,2!, h15h250,

we get the following mass textures:

LMA:
M n

m3
.S l2 l l

l l4 l2

l l2 1
D ,

Me

mt
.S l5 l5 l

l2 l2 1

l4 l4 1
D ,

LOW:
M n

m3
.S l6 l l

l l12 l6

l l6 1
D ,

Me

mt
.S l5 l13 l5

l16 l2 1

l10 l8 1
D , ~29!

VAC:
M n

m3
.S l14 l l7

l l8 l2

l7 l2 1
D ,

Me

mt
.S l5 l15 l7

l18 l2 1

l12 l8 1
D ,

for which

~u13,Dmsol
2 /Dmatm

2 !.~l,l3!LMA ,~l,l7!LOW ,~l2,l9!VAC .

For class~iii !, the following charge assignments are po
sible:

LMA: l i5~2,23,1!, ei5~29,7,1!, h15h250,

LOW: l i5~5,24,2!, ei5~213,9,1!, h15h250,
~30!

VAC: l i5~5,25,23!, ei5~211,8,4!, h15h250,

to produce the mass textures

LMA:
M n

m2
.S l3 1 l2

1 l5 l

l2 l l
D ,

Me

mt
.S l5 l7 l

l10 l2 1

l6 l6 1
D ,

LOW:
M n

m2
.S l9 1 l6

1 l7 l

l6 l l3
D , ~31!

Me

mt
.S l5 l11 l3

l14 l2 1

l8 l8 1
D ,
11301
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VAC:
M n

m2
.S l10 1 l2

1 l10 l8

l2 l8 l6
D ,

Me

mt
.S l5 l12 l8

l15 l2 1

l13 l4 1
D ,

which give

~u13,Dmsol
2 /Dmatm

2 !.~l,l3!LMA ,~l,l7!LOW ,~l2,l10!VAC .

The value ofu13.l is perhaps the most interesting possib
ity since it is just below the current bound~9!. For the LMA
and LOW, we could easily getu13.l under the WSSR for
both classes of models. However, for the VAC solutionu13
can beonly as large asl2 under the WSSR. As we will see in
the next section,u13.l can be obtained for the VAC in the
framework of singlet seesaw models for class~ii !.

Since it may be possible to determineu13 with a precision
of order 1022, it is worthwhile to explore a smalleru13 in-
cludingu13&l3. In this regard, the LMA in scenario A has
special property. Class~ii ! LMA models can have onlyu13
.l or l2, while class~iii ! LMA models can have onlyu13
.l. Actually the LMA model shown in Eq.~30! is the
unique one which gives the LMA solution with inverte
mass hierarchy. A class~ii ! LMA example with u13.l2 is
given by

l i5~2,22,0!, ei5~5,5,1!, h15h250, ~32!

which lead to

M n

m3
.S l4 1 l2

1 l4 l2

l2 l2 1
D ,

Me

mt
.S l6 l6 l2

l2 l2 1

l4 l4 1
D . ~33!

Note that this form of mass matrix can give both the norm
mass hierarchy (m1.m2&m3) or the inverted mass hierar
chy (m1.m2*m3) depending on the precise values ofM12

n

andM33
n , both of which are of order unity.

The LOW and VAC solutions in scenario A can hav
smalleru13&l3. Here are such examples:

LOW, ~ii !: l i5~3,24,0!, ei5~210,8,2!, h15h250,

VAC, ~ii !: l i5~26,4,0!, ei5~13,28,22!,

h15h250, ~34!

LOW, ~iii !: l i5~4,25,1!, ei5~212,10,2! h15h250,

VAC, ~iii !: l i5~5,25,21!, ei5~212,9,3! h15h250,
3-6
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which produce the mass textures

LOW, ~ii !:
M n

m3
.S l6 l1 l3

l1 l8 l4

l3 l4 1
D ,

Me

mt
}S l5 l9 l3

l12 l2 1

l8 l6 1
D ,

VAC, ~ii !:
M n

m3
.S l12 l2 l6

l2 l8 l4

l6 l4 1
D ,

Me

mt
.S l5 l12 l6

l15 l2 1

l11 l6 1
D ,

LOW, ~iii !:
M n

m3
.S l7 1 l4

1 l9 l3

l4 l3 l
D ,

Me

mt
.S l5 l11 l3

l14 l2 1

l8 l8 1
D ,

VAC, ~iii !:
M n

m3
.S l10 1 l4

1 l10 l6

l4 l6 l2
D ,

Me

mt
.S l5 l12 l6

l15 l2 1

l11 l6 1
D ,

for which

~u13,Dmsol
2 /Dmatm

2 !5~l3,l7!LOW,II ,~l4,l10!VAC,II ,

~l3,l7!LOW,III ,~l4,l10!VAC,III .

The examples shown in this section are the models giv
either the largest or the smallest value ofu13 under the limi-
tationu l i u,10. The reason for the occurrence of these bou
on u13 is thatM13

n ,M23
n andM11

n ,M22
n are closely related by

the UX(1) charge ofL2 ,L3 fields. It is thus difficult to sup-
press~enhance! M13

n ,M23
n arbitrarily to get smaller~larger!

u13 while keeping the right size ofM11
n ,M22

n to obtain the
right size ofmsol

2 /matm
2 for each of the solar neutrino oscilla

tions. This explains also that the VAC allows smalleru13
(l2;l4) than the LMA or LOW (l;l3). The allowed
11301
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ranges ofu13 are summarized in Table I for the class~ii ! and
~iii ! mass textures and the LMA, LOW, and VAC solar ne
trino oscillations.

Scenario B. For this scenario, we use the notation t
F i(x,x8) denotes the superfieldF with U(1)X3U(1)X8
charge (x,x8). Let us first note that we need

l 1
effÞ l 2

eff5 l 3
eff , ~35!

wherel i
eff52l i2 l i8 to get the desired form ofMe. Then, it is

easy to see that class~I! cannot be realized as it require
l 1
eff5 l 2

effÞ l 3
eff .

On the other hand, the condition~35! can be reconciled
with the pseudo-Dirac structure of the class~ii ! neutrino
mass matrix by imposing holomorphic zeros. This leads u
get the following texture:

M n

m3
.S l2x lx lx

lx 0 0

lx 0 1
D , ~36!

where x5 l 1
eff2 l 2

eff5 l 1
eff2 l 3

eff . In this texture,M22
n and M23

n

are forbidden due to the holomorphicity, and the sizes
nonzero elements are entirely determined by the condi
Eq. ~35!. This texture exhibits an interesting correlation
u13 with the mass-squared difference ratio as follows:

u13;lx, Dmsol
2 /Dmatm

2 ;l3x. ~37!

Hencex51, 2, or 3 is required for the LMA, LOW or VAC,
respectively, in order to give correct square mass differe
~24!. We then have the following specific predictions:

~u13,Dmsol
2 /Dmatm

2 !.~l,l3!LMA ,~l2,l6!LOW ,~l3,l9!VAC .

Explicit charge assignments realizing the texture~36! are
given by

LMA: L1~0,21!, L2~1,2!, L3~0,0!,

E1~3,0!,E2~2,0!,E3~1,0!,

LOW: L1~0,22!, L2~1,2!, L3~0,0!,

E1~2,21!,E2~2,0!,E3~1,0!, ~38!

VAC: L1~0,23!, L2~1,2!, L3~0,0!,

E1~2,0!, E2~2,0!, E3~1,0!,

producing

LMA:
M n

m3
.S l2 l l

l 0 0

l 0 1
D ,

Me

mt
.S l5 l3 l1

l4 l2 1

l4 l2 1
D , ~39!

LOW:
M n

m3
.S l4 l2 l2

l2 0 0

l2 0 1
D ,

Me

mt
.S l5 l4 l2

l3 l2 1

l3 l2 1
D ,
3-7
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VAC:
M n

m3
.S l6 l3 l3

l3 0 0

l3 0 1
D ,

Me

mt
.S l5 l5 l3

l2 l2 1

l2 l2 1
D ,

where H1 and H2 are assumed to be neutral und
U(1)X3U(1)X8 .

Following the same argument as above, we find that c
~iii ! requires the following texture:

M n

m3
.S lx 1 0

1 0 0

0 0 0
D , ~40!

where x5 l 1
eff2 l 2

eff5 l 1
eff2 l 3

eff . Here, all zero elements ar
again forbidden due to the holomorphicity. This texture giv
u13 and the square mass difference ratio as

u13;lx, Dmsol
2 /Dmatm

2 ;lx. ~41!

Here we should takex5q1 l in Eq. ~24! in order to produce
the right value ofDmsol

2 /Dmatm
2 . Then the largest possibl

values ofu13 andDmsol
2 /Dmatm

2 are predicted to be

~u13,Dmsol
2 /Dmatm

2 !

.~l2,l2!LMA ,~l6,l6!LOW ,~l9,l9!VAC .

Equations~37! and ~41! show that the LOW and VAC solu
tions have smalleru13 than the LMA solution, and also th
inverted mass hierarchy gives smalleru13 than the normal
hierarchy. In particular, the LOW and VAC models with in
verted mass hierarchy predict very smallu13, which cannot
give any observablene↔nm transition in the future long-
baseline experiments and neutrino factory.

Explicit examples of class~iii ! can be obtained by assum
ing the charge assignments:

LMA: L1~0,21!,L2~0,1!,L3~21,21!,

E1~3,1!,E2~2,0!,E3~1,0!,

LOW: L1~1,22!,L2~0,2!,L3~22,22!,

E1~4,5!,E2~3,0!,E3~2,0!, ~42!

VAC: L1~1,25!,L2~0,2!,L3~22,22!,

E1~21,22!,E2~3,0!,E3~2,0!,

which give

LMA:
M n

m2
.S l2 1 0

1 0 0

0 0 0
D ,

Me

mt
.S l5 l4 l3

l3 l2 1

l3 l2 1
D ,
11301
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LOW:
M n

m2
.S l6 1 0

1 0 0

0 0 0
D ,

Me

mt
.S l5 l8 l6

0 l2 1

0 l2 1
D ,

~43!

VAC:
M n

m2
.S l9 1 0

1 0 0

0 0 0
D ,

Me

mt
.S l5 l11 l9

0 l2 1

0 l2 1
D ,

and so

~u13,Dmsol
2 /Dmatm

2 !.~l2,l2!LMA ,~l6,l6!LOW ,~l9,l9!VAC .

It should be noted that all the models discussed so far
be easily extended to the quark sector. For instance, one
assume the following charge assignment in scenario A:

~q13,q23!5~3,2!, ~u13,u23!5~5,2!, ~d13,d23!5~1,0!

~44!

to obtain the quark mass matrices

Mu

mt
.S l8 l5 l3

l7 l4 l2

l5 l2 1
D ,

Md

mb
.S l4 l3 l3

l3 l2 l2

l1 1 1
D , ~45!

where qi j 5qi2qj , ui j 5ui2uj , di j 5di2dj for qi ,ui ,di ,
which are the U(1)X charges of the quark superfield
Qi ,Ui

c ,Di
c . The same form of the quark mass matrices c

be obtained in scenario B also from theU(1)X3U(1)X8
charge assignment:

Q1~3,3!,Q2~2,2!, Q3~0,0!,

U1
c~5,5!,U2

c~2,2!,U3
c~0,0!, ~46!

D1
c~1,1!,D2

c~0,0!,D3
c~0,0!.

V. SEESAW MODELS

In singlet seesaw models, the light neutrino mass matri
given by

Mi j
n 5(

k,l
~M M !kl

21Mik
D M jl

D , ~47!

where MD and M M denote the Dirac and heavy-Majoran
mass matrices, respectively. This formula can be unders
as a summation of nine singular matricesMik

D M jl
D weighted

by (M M)kl
21 . This feature offers a greater variety of ways

get nontrivial neutrino mixing together with hierarchic
mass eigenvalues. For example, if one contribution am
the nine contributions in Eq.~47! domimates over the others
we can obtain some interesting models@18#. However, here
3-8
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we do not pursue this possibility, but look for the mode
without such special dominance.

Scenario A. Since the seesaw framework involves m
degrees of freedom, i.e., the flavor charges ofNi , one might
expect that it can reproduce all the models found under
weak scale selection rule. However, it is not true. For
stance, the LMA model of class~iii ! in Eq. ~30! has no real-
ization in the seesaw framework. Furthermore, it turns
that u13;l cannotbe realized in class~iii ! LMA models in
the seesaw framework. On the other hand, the seesaw fr
work allows a wider range ofu13 than the weak scale selec
tion rule ~see Table I! since it provides generically a great
variety of models. For instance, some VAC models of cl
~ii ! with u13.l can be obtained in the seesaw framewo
which was not possible under the weak scale selection r
One such model has the flavor charges

VAC: l i5~7,26,22!, ei5~214,10,4!, ni5~24,4,0!,
~48!

for which the resultingM n andMe are given by

VAC:
M n

m3
.S l10 l l

l l8 l4

l l4 1
D ,

Me

mt
.S l5 l15 l9

l18 l2 1

l14 l6 1
D .

~49!

Note that one obtains a completely different neutrino m
texture if one applies the weak scale selection rule to
above model.

We have explored the possible range ofu13 under the
restrictionu l i u,10 anduni u,10. Even in the seesaw frame
work, it appears to be difficult to find a desirable form
class~i! model in scenario A. However there is a potentia
interesting example of class~i!, yielding u13.l2:

l i5~2,22,0!, ei5~5,5,1!, ni5~0,0,0!, ~50!

which gives

M n

m3
.S l4 l4 l2

l4 l4 l2

l2 l2 1
D . ~51!

The resultingDmsol
2 /Dmatm

2 .l8 is close to either the LOW
valuel62l7 or the VAC valuel92l10, so it may fit to the
LOW or VAC if a somewhat large or small coefficient o
order 1 is involved. For the LMA and LOW model of clas
~ii !, we found that the range ofu13 is the same as the case
the weak scale selection rule. For the VAC of class~ii !, u13
.l is added as we have noted above. For class~iii ! models,
we find u13 can be as small asl6 andl7 for the LMA and
LOW cases, respectively. The maximal value ofu13 for the
LMA model of class~iii ! turns out to be of orderl2, not of
orderl, which is noted also in the above discussion. For
VAC model of class~iii !, the range ofu13 is the same as the
case of the weak scale selection rule. All of these results
u13 are summarized in Table I.
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Scenario B. Similar to scenario, the neutrino mass of cl
~i! cannot be obtained even in the seesaw framework. F
classes~ii ! and~iii !, we need a pseudo-Dirac form ofM M to
get a pseudo-DiracM n. We find that all models found unde
the weak scale selection rule can be realized in the see
framework. For purposes of illustration, we show only t
seesaw realization of the LMA solution of class~ii ! in Eq.
~38!. For this, we introduce the singlet neutrinos with t
following U(1) charges:

N1~0,21!,N2~0,1!,N3~0,0!, ~52!

giving

M M}S l2 1 l

1 0 0

l 0 1
D , MD}S l2 1 l

l 0 0

l 0 1
D . ~53!

The resultingM n is given by

M n

m3
.S l2 l l

l 0 0

l 0 1
D , ~54!

which has the same form as determined by the weak s
selection rule.

We remark that the selection rule~15! of scenario B is
very restrictive so that the seesaw framework does not p
vide more freedom than the case of the weak scale selec
rule. Basically, the positivity of the exponents for the nonv
nishing mass matrix elements forbids us to modify the str
ture of holomorphic zeros in the textures~37! and~41! even
in the presence of singlet neutrinos. Therefore, no new mo
can be found by considering the seesaw mechanism.

VI. CONCLUSION

In conclusion, we have examined the possibility that t
near-bimaximal mixing of atmospheric and solar neutrin
naturally arises together with smallUe35sinu13 and
Dmsol

2 /Dmatm
2 as a consequence of Abelian flavor symmet

We have considered two simple scenarios where the m
textures are expressed in terms of the Cabibbo angll
within the supersymmetric framework. Scenario A has
single nonanomalousU(1) broken by two scalar fields with
oppositeU(1) charge and scenario B involves one anom
lous U(1)X and another nonanomalousU(1)X8 which are
broken by two scalar fields with theU(1)X3U(1)X8 charges
(21,21) and (0,1). In the latter scenario, all symmetr
breaking order parameters naturally have the Cabbibo a
size l.0.2. Concentrating on the scheme where the la
atmospheric neutrino mixing comes from the charged lep
mass matrix, we found that the neutrino mass textures
pseudo-Dirac type~with normal or inverted hierarchy! can
produce nicely a large solar neutrino mixing angle wh
keepingu13 appropriately small. The current bound onu13 is
of orderl, however it may be measured down to orderl3 in
future neutrino experiments. Table I summarizes the poss
ranges ofu13 predicted by the models under consideratio
3-9
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While the models of scenario A produce relatively bro
ranges ofu13, those of scenario B give more specific pred
tions which are strongly correlated withDmsol

2 /Dmatm
2 and

also with the sign ofDm32
2 . Generically, largerDmsol

2 come
with larger u13 and the normal hierarchy (Dm32

2 .0) has
larger u13 than the inverted hierarchy (Dm32

2 ,0). Table I
shows that various models of neutrino mass textures coul
discriminated by future solar and terrestrial neutrino exp
ments which would pin down the specific solution of t
.

.

.A

11301
-

be
i-

solar neutrino problem and give information aboutu13 and
the sign ofDm32

2 .
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