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Bimaximal neutrino mixing and small U.; from Abelian flavor symmetry
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Atmospheric neutrino data strongly suggest a near-maximat, mixing and also solar neutrino data can
be nicely explained by another near-maximatv, or ve-v, mixing. We examine the possibility that this
bimaximal mixing of atmospheric and solar neutrinos arises naturally, while ke¢hipgnd AmZ,/Am2,,
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 mrgde2. Future experiments at a
neutrino factory measuring the sizeldf; and the sign ofA m§2 could discriminate between those scenarios as
they predict distinctive values & .z in connection withAmio/Amgtm and also with the order of the neutrino
mass eigenvalues.
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[. INTRODUCTION where the charged lepton mass mat#X and the neutrino

. . . mass matrixM” are not diagonal in general in the weak
Atmospheric and solar neutrino experiments have sug-

. X . . N N
gested for a long time that neutrinos oscillate into different'mer"’lctlon eigenbasis. Diagonalizing® andM* as

flavors. In particular, the super-Kamiokande data strongly in- (U®)TMeve=De=diagm,,m,,m,)
dicate that the observed deficit of atmospheric muon neutri- e’ i @
nos is due to the near-maximaj,— v oscillation[1]. Solar (U")TM*U”=D"=diag m, ,m,,ms),

neutrino data from the recent SNO experiment combined
with those of Homestake, SAGE, GALLEX, and super-one finds the effective Lagrangian written in terms of the
Kamiokandg 2] provide also a strong observational basis formass eigenstate fermion fields:
ve— v, Or v, oscillation[3]. Thus, the “standard” frame-
work to accommodate the atmospheric and solar neutrino — . — MNS 1

. . X — i - cHv
anomalies is to introduce small but nonzero masses of the™ <= €D erTgW #e y, UMy + 5 (1) D v +H.C.,

three known neutrino species. 3)
The low-energy effective Lagrangian relevant to the neu- _ o
trino masses and mixing can be written as where the Maki-Nakagawa-SakadtdNS) lepton mixing ma-

trix [4] is given by

_ — 1 MNS_ Ty v

AL=6 M et W ¥y, v + 5 (1) M v +H.C, UM=(u®)u. 4
(1)  The MNS mixing matrix can be parametrized as

1 0 0 Ciz 0 s;e? C, S;p O
UMNS=1 0 cCp3 Sg3 0 1 0 —S;p Cp O
0 —Sp3 Cp3/ \ =57 0 cCy3 0 o0 1
C13C12 S12€13 s '?
=| —S1023~ S23813C12€" g C23C12— S23513512€" 0 S23Ca3 |, 5

S23S12~ 513(323012ei o - S23C127S13512C23  C23Ca13

where ¢;; =cosé; and s;;=sin ;. Within this parametriza- Amgolz |Am§1| =|m§— m§|.
tion, the mass-square differences for atmospheric and solar
neutrino oscillation can be chosen to be Then the corresponding mixing angles are given by
2 2 _ 2 2
Amatm_ |Am32| - |m3_ m2|’ Gatm: 023, 050|: 012, Brea: 013, (6)
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where 6, describes the neutrino oscillation,— v in reac-  ing anglesé,,, 6,3 and onesmall mixing angled,3, as well

tor experiments such as the CHOOZ experiment. as thesmall mass-square ratiams,/Am3,. It may turn out
The atmospheric neutrino data strongly suggest neag, fryre neutrino experiments thaf,; is significantly
maximal v, — v oscillation with smaller than the current bour(@), and then the hierarchy
betweend,; and 6,5 will become more severe. In this paper,
we wish to examine the possibility that smaf,; and
As for the solar neutrino anomaly, the following four solu- Am,/Am3, naturally arise together with near bimaxinesh
tions are possible: and 0y, as a consequence of Abelian flavor symmetry. Our
basic assumption is that the flavor symmetry is broken by
[small mixing angle(SMA) ]: Am§1~5.0>< 107 % eV?, order parameters which have the Cabibbo anglesiZ&ince
the simplest scheme with single anomalal(4 ) flavor sym-
Sin? 260,,~2.4x 108, metry and single symmetry-breaking parameter cannot pro-
duce the desired form dfl® andM”, we need to extend the
[large mixing anglg LMA)]: Am32,~3.2x107° eV?, scheme. In this regard, we consider two simple extensions,
scenarios A and B, which are assumed to be realized in su-
Sir? 26,,~0.75, persymmetric models. Flavor symmetry of scenario A is a
®) nonanomalous)(1)y, so is broken by two scalar fields with
oppositeU(1)x chargesx=*1. In scenario B, flavor sym-

Am3,~3x107% eV?, sirf 26,5~1. 7

[low mass(LOW)]: Am3,~1.0x 10 "eV?, metry is extended toU(1)yXU(1)y,, where U(1)y is
_ anomalous whileU(1)y, is nonanomalous. It is then as-
sin? 26,,~0.96, sumed to be broken by two scalar fields with the flavor
o _ - o o charges X,x ):_(—1,— 1) and (0,1), for which the_
[vaccum oscillationVAC)]: Am3;,~8.6X10"~ eV*, symmetry-breaking parameters naturally have the Cabibbo
angle size.
Sir? 26,,~0.96. Depending upon the way that it is generatbtf, can be

determined either by the weak scale selection rule involving
These values represent thest-fitpoints for each region and gnly the flavor charges of the weak scale fields, or by a more
the LMA region extends to largekm3,~2x 10" [5]. Re-  involved selection rule. For instance, in seesaw models with
cent reports by Super-Kamiokant®d and SNO[3] favor the  heavy singlet neutrinodl; [14], the selection rule foM”
solutions with larged;,. On the other hand, the third mixing involves the flavor charges of; as well as those of the weak
angle ;3 is constrained by the CHOOZ reactor experimentscale fields. Sometimes this feature enables us to build a

[7] as greater variety of models, although in most cases it is pos-
VNS sible to find the flavor charges &f; for which M” is deter-
UMNS= sin g,5<0.2. 9 mined simply by the weak scale selection rule.

. _— . Measuring the mixing anglé,; is one of the main targets

The apove neutrlno_ oscillation parametgrs indicate thaj f the proposed neutrino factory, which can achieve preci-
the neutrino mass matrix has the same nontrivial flavor StUCzion down t0f5~ 102 [15]. This would allow us to distin-
ture as the quark and charged lepton mass matritiekas uish several differen,;s=\" by future experiments. A
been noted that the near-maximal atmospheric neutrino os- ~ 2 .
cilation and the LMA solar neutrino osF():iIIation can be "ONZerofis=A or\* would give a detectable v, tran-

) . . o sition. On the other hand);;=\3 may or may not be detect-
achieved from an anarchical neutrino mass matrix if one a

C: 4 .
. . able, andd;3=\" would give an undetectably small«— v,
cepts a certain degree of accidental cancelldin One of Eansition. In this sense, it is meaningful to explore the pos-

the most popular schemes to explain the hierarchical quar ibility that 6,3 is as small aa.2 or even lessC P-violating

masses and mixing angles is the Frogatt-NleIsen mechamsg}feCtS could also be probed if the rephasing invariant
with a spontaneously broken Abelian flavor symmetry

[9-13. In this scheme, flavor symmetry is assumed to be 1

broken by(#)/M, =\ (= Cabibbo angle=0.2) where¢ is JCP:ZC§3SlBSin 20,,SiN 20,3sin 8

a symmetry-breaking scalar field aMl, denotes the funda-

mental scale of the model, e.g., the Planck scale or the string | ) )

scale. Then all Yukawa couplings are suppressed by an aj® sgable and the LMA solution of th_e sqlar neutrino prob-

propriate power oh as determined by the flavor charge of lem is reallze({15].. Note that theC P-V|0Iat|ng phase -mot

the corresponding operator, thereby leading to hierarchicdiontrolled by Abelian flavor symmetry, so sitis generically

fermion masses and mixing angles. It is then quite natural t&f order 1 in our scheme. Another important result expected

expect that the nontrivial flavor structure of neutrino massn the futurezneutrlno experiments is the determination of the

matrix can be understood also by the Abelian flavor symmeSign of Ams,. Once v.— v, oscillations are established,

try explaining the hierarchical quark and charged leptorimater effects can be measured to discriminate the sign of

masses. Am3, [15]. That is, one would be able to determine whether
In cases of large solar neutrino mixing, i.e. in the LMA, neutrino masses follow the normahn3,>0) or inverted

LOW, and VAC solutions, we have twoear-maximalmix- (Am§2< 0) mass hierarchy. As we will see, the information

113013-2



BIMAXIMAL NEUTRINO MIXING AND SMALL Ugs. .. PHYSICAL REVIEW D 64 113013

TABLE I. Possible ranges ofy3 for each of the scenarios Aand ($)/M,=X\. This framework is best motivated from com-
B, neutrino mass matrix of classes) and (iii), and the LMA,  pactified heterotic string theory with anomaloug1). In
LOW, and VAC solar neutrino oscillations. Note that clégscan-  such theory, the scalar potential includes the contribution

not be obtained within our framework. class@g and (i) are a  from the string-loop—induced Fayet-llliopoul@sterm, so
pseudo-Dirac-type neutrino mass matrix witm3,>0 and Am3,

<0, respectively. 0%
V=& )%
Solar v oscillation A-i A-ii B-ii  B-iii
LMA N2—\ N N where £2=tr(X)M2 /962 for the string scaleM, and all
WSSR LOW AN3—h A3—n A2 \® otherU(1)y-charged scalar fields are set to zero for simplic-
VAC Moa2 A4oa2 a8 2\ ity. This framework is particularly attractive since the
LMA N2—N AP—N2 X symmetry-breaking parameter naturally has the Cabibbo
Seesaw LOW A3=n A=) A2 G angle size:
VAC NSE WD ST D AN 12
(¢) [w0\™
M, | 967°

on 6,3 and/orA m§2 together with the solar neutrino solution

will provide meaningful constraints on models of Abelian

flavor symmetry. b \%
The organization of this paper is as follows. In the next w=>, <_) 0,= >, \NO; (x=0), (10)

section, we discuss some aspects of Abelian flavor symmetry T M, [

and the associated selection rule which are relevant to our

subsequent discussions. In Sec. IIl, we discuss the textures Where theU(1)y charges of andO; are —1 andx;, re-
M® and M” which would give smallg,5 and AmgllAmgz spectively. With this selection rule, we can control the size of

while keeping thed,; and 61, near-bimaximal. We focus on Yukawa couplings by assignirig(l)x charge appropriately .
three types oM?: class(i) with M2=M?,=M”~MZ, s to the low-energy fields. One important consequence of this
M= e m ' Jo-Dirac t 3? s(")llwith llf/l” 2% selection rule is that the operat@; with negativeU(1)y
1=My<Mms, pseudo-Dirac type classi) wi 23312 charge is forbidden due to the holomorphicity. This point is
>M11, M2, S0 the normal mass hierarchy =m,=<ms, and o1y "seful and enables us to build the nontrivial Yukawa
pseudo-Dirac type clasgii) with M{,>M71;,M3;,M33 S0 matrix.
the inverted mass hierarchy, =m,>ms. In Sec. IV, we It is well known that realistic quark and charged lepton
discuss examples of Abelian flavor symmetry for scenarios Anass matrices can be easily obtained within the framework
under the assumption th&d” is determined by the weak narametef12]. However, this framework cannot provide the
scale selection rule. We first list examples with the largestextures ofMi® andM?, which will be discussed in the next
possibledy; for each of the three types of mass textures, i.e.gection as producing bimaximabs, 61, together with small
qlasses(_l)—(m), and the three types of solar neutrino oscilla- 913,Am§1/Am§2. One simple modification of the model
tions with larged,,, i.e., LMA, LOW, and VAC. We then \yhich would provide the desired forms b€ andM” is to
explore the possibility of having a smalléls. Under the  qqume thaty(1)y is nonanomalousthus it is broken by
condition that the lepton doublets have integer-valued fla- 4 symmetry-breaking scalar fields, , ¢, with opposite

vor chargesl[<10 when the flavor charges of symmetry- U(1)x chargest 1. TheD-term scalar potential is then given
breaking fields are normalized to kel, we find the possible |

range off,5 for each type of mass textures and solar neutrino

oscillations and the results are summarized in Table I. In Sec. gf(

V, we discuss seesaw models containing singlet neutifihos V= 7(| b1|°—|¢2l?)?
with integer-valued flavor charggs;|<10 and also with

I/ <10 to find the possible range 6f;. Some seesaw mod- \hich ensures

els are explicitly presented as examples producMg,

which cannot be obtained under the weak selection rule. The (dIM =(d2)IM, .
results on the range df;5 in seesaw models are summarized

also in Table I. Section VI is devoted to the conclusion. ~ However there is no good reason in this framework that
(¢#1)IM . has the Cabibbo angle size. A simple way to avoid

this difficulty is to have one anomalol$(1)y and another
IIl. FROGATT-NIELSEN MECHANISM FOR ABELIAN nonanomalous) (1)y: which are broken by two scalar fields
FLAVOR SYMMETRY ¢, and ¢, having the flavor charges{1,—1) and (0,1). In
The simplest framework to implement the Frogatt-Nielsenthis case, thé-term potential of¢; and ¢, is given by
mechanism with Abelian flavor symmetry is to introduce ) 92
single anomaloud)(1)x symmetry, which is assumed to be _ % 2 2v2, IX 2 212
broken by the single symmetry-breaking scalar field V=7 (& |$2%)%+ 2 (Ig2l*=[al5% (1D

Then the generit) (1)y-invariant superpotential is given by
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which guarantees that M?=MP(MM)~L(MmP)T, (18
(1) _ (¢2) _ ¢ -\ (12) AlthoughMM andMP obey the selection rule as determined
M, M, M, ' by the flavor charges of the corresponding operators, the re-

sulting M” may not obey the selection rule as determined by
In thi_s paper, we will explore th_e possibility of_obtaining the flavor charges of the effective operatoH,L;H,. In
the desired textures dfi° andM” within the following two  ost cases, there exist some sets of the flavor chargis of
scenarios of Abelian flavor symmetry. _ for which M” can be determined simply by applying the
Scenario A. Single nonanomalousi(1)x with two  gselection rule to the weak scale effective operatet,L H,,
symmetry-breaking parameterg ¢1)/M, =(¢,)/M, =\ which we call the weak scale selection r@WSSR. How-
with U(1)x chargesx=*1. The selection rule in this sce- eyer it is also possible thad * does not obey the WSSR, thus
nario is given by it can be determined only through the seesaw fornGLi&.
This complication does not occur in triplet seesaw models
w= >, \kilo,, (13)  in which M” is generated by the exchange of superheavy
[ SU(2), triplet Higgs fieldsT,, T, [16]. Such models include

the superpotential couplings
wherex; denotes theJ(1)y charge ofO; .

Scenario B. U(1)xXU(1)x, with two symmetry- AW=h;; ToLiL;+hoToHoH,+ M T T,
breaking parameter$¢,)/M, =(¢p,)/M =N\ with flavor
charges X,x")=(—1,—1) and (0,1). The resulting selection which give
rule is given by

X=X, x M =hgh, 12 (19
i i ij = Nolij =/
w8 (oo, g
1 I
¥ ¥ In this caseM” can be determined always by the WSSR,
where which is applied to the effective superpotent{ab) at the
weak scale.
0 if X;<0 orx;<x{, Before closing this section, we note that physical Yukawa
Ci= L , (15 couplings can be affected by nonholomorphic flavor-mixing
A2Xi~X  otherwise, : ; : * kii
terms in the Kaler potential, e.g.® ®;(¢/M,)%i [13].

However, it turns out that such 'Kker mixing terms give

for (x;,x; ) denoting thel (1), < U(1)x: charge ofO; . ggligible corrections in all models discussed in this paper.

. : . Nn
The above selection rules are derived at energy scales jus
below the flavor symmetry-breaking scaMy. If some
heavy fields have masses depending upon the symmetrj)l- TEXTURES FOR BIMAXIMAL MIXING WITH SMALL
breaking order parameter, the low-energy effective couplings Ues

of light fields induced by the exchange of such heavy fields  tpere have been many discussions in the literature about

may not obey the selection rule as determined by the flavogye possibility of bimaximah,; and 6, [17]. Most of them
charges of light fields alone. This can happen for instance ipey o1 the assumption that® is (approximately diagonal
singlet seesaw models containing heavy singlet Neutrinog, thatU® is an identity matrix. However, comparing E@)

with flavor-dependent masses. ; ; ; Tl e
. . . and Eq.(5) gives another interesting possibility. U¢ and
Usually, the smallness of neutrino masses is explained by, a.5) g gp y

assuming that neutrino masses are induced by the exchange are given by
of superheavy particles. At the weak scale, neutrino masses 1 0 0 1 1
are described bg=5 operators in the effective superpoten- 0
tial: 0 1 1 2 2
M U= V2 V2| ur= 11|
AWgg=—LiH,LiH, (16) 11 2 2
(Hz) 0 - - —
V2 2 0 0 1

wherel; (i=1,2,3) andH, denote the lepton and Higgs (20

superfields, respectively. In singlet seesaw models, ex- _ _
changed heavy particles are the singlet neutriipiaving  the resultinguNS naturally has a small 5 together with
the superpotential couplings bimaximal 6,3~ 6,,~ /4. In this section, we categorize

5 what textures oM € andM? can realize this idea while giv-

My y ing the correc(smal) value of Am3,/Am3,. Recall that our
AW= mHzLi Nj+MiyNiN;+H.c., (17 goal is to realize these textures within the framework of Abe-
lian flavor symmetry in which all mass matrix elements are
which lead to the well-known seesaw formula expressed in powers of the Cabibbo angke0.2. Any ma-
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trix element not shown explicitly should be understood to be Class(iii). Pseudo-Dirac type with the inverted mass hi-
small enough not to disturb the basic feature of the textureerarchym;=m,>mj,

The charged lepton mass matrix that giv#sof Eq. (20)
is given by

)\n

e _

3= (21

T ’

1

A1

M?V=m, 1 A"

(27)
N

In all the cases, we will scan the possible charge assignments
to find the allowed ranges df;3, which may turn out to be

where n=1 and the first and second column should beWithin the reach of future neutrino experiments and can give
smaller than the third one. Within the framework of Abelian & largeC P-violating quantityJcp. Note that classe) and

flavor symmetry, there is no way to gef of Eq. (20) other
than this form ofM €. However, for the neutrino mass matrix,
there are several different ways to ¢#t of Eq.(20). Among
them, the following texture with a pseudo-Dirax2 block
is of particular interest:

AT
M= Mpax A ,
)\k

(22

where m,,,, denotes the largest mass eigenvalle0, k
=0 andn,m>I. For k=0, thisM" gives the normal mass
hierarchymz=m,,m,, while k>1=0 gives the inverted hi-

(i) give Am3,>0 and classiii) gives Am3,<0.
IV. MODELS OBEYING THE WEAK SCALE SELECTION
RULE

In this section, we discuss the models in which the selec-
tion rule can be applied to theeak scaleffective superpo-
tential:

e
i

(H1)

14
ij

We

HlLiEf+< LiH,L H,,

H,)?
whereL; ,Ef andHq,H, denote the lepton doublets, antile-

pton singlets, and the two Higgs doublets, respectively. As

erarchym,=m;>ms;. The mass eigenvalues of the abovewas noted in Sec. Il, this weak scale selection rule may not

pseudo-Diradvl” give

2
Amsol N)\Q‘H

2
AMGim,

(23

where g=min(n,m). The size of this ratio can be read off
from the oscillation data of Eq$7) and(8), implying

LMA: g+1=2—-4,

LOW: gq+1=6-7, (24

VAC: g+1=9-10.

Including the case of plain large mixing, textureshdf
which would giveU" of Eq. (20) together with the right
value AmZ,/Am2,, can be categorized as follows.

Class(i). Plain large mixing withn=1, which givesm;
=m,<m;,

AT A" A"
M?=mg| A" A" or M¥=ms A"
1 ATOAT 1

(25

Class (ii). Pseudo-Dirac type witm,m>1=0, which
gives the normal mass hierarchy=m,=<mg,

)\I
)\m

)\n

M V2m3 )\I (26)

be valid in some singlet seesaw models, which will be dis-
cussed in the next section. Here we consider only the models
with integer-valued flavor charges when the flavor charges of
the symmetry-breaking fields are normalized to-b&. We
further limit ourselves to the cases that have the flavor
chargeg ;| <10. On the other hand; are allowed to have
larger flavor charges, otherwise most of the LOW and VAC
models presented below cannot be obtained.

Scenario A. Let us first show that the neutrino mass ma-
trix of class (i) cannotbe obtained under the weak scale
selection rule in scenario A. To proceed, lgte; ,h,,h, de-
note theU(1)y charges of the superfields;,Ef,Hq,H,.

Then the charged lepton mass mai24) requires
[l,+es+hy|#|l,+e3+hy|=|l3+e3+hy|
while the neutrino mass matri5) requires
[l,+a|=|l,+a|#|l;+a],

wherea is a certain combination df)(1)yx charges. These
conditions inevitably lead td1” which cannotgive either a
correct value of\mZ/AmZ,, or a smallfy3. It appears also
difficult to find a desirable clags) model even in the frame-
work of singlet seesaw models.

On the other hand, it is rather easy to get a pseudo-Dirac
M? of class(ii) under the weak scale selection rule. Let us
first list examples with the largest possil#lg; for each of the
LMA, LOW, and VAC solutions. Considering the charge as-
signments

LMA: 1,=(1,—2,0), &=(5,5,1), h;=h,=0, (29

LOW: |;=(4,~7,~1), e=(—12,12,,

113013-5
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h1:h2:0,

VAC: |,=(8,~5,1), & =(—16,10,2, h;=h,=0,

we get the following mass textures:

- P D DY . NSNS
LMA:m:AA“ xz,m:xz A2 ,
A RCENY
- P
LOW: ———=| X AZONE
P lN a8 1
Me )\5 )\13 )\5

=|A\® N\ 1 (29)
m 1
R O |
MV )\14 Y )\7

VAC: —=| A A& A%,
M\ a7 a2 1
. )\5 )\15 )\7
ME_[ae a2 1 ,
M A28 1

for which

(013, AmZ/AmZ =N %) Lua (M) Low s (N2 wac -

For class(iii), the following charge assignments are pos-
sible:
LMA: 1;=(2,-3,1, &=(-9,7,1, hy=h,=0,

LOW: |,=(5,-4,2), e;=(—13,9,1, h;=h,=0,
(30

VAC: |i:(5,_5,_3), ei:(_11,8,4), h1:h2:0,

to produce the mass textures

v A1 A2 e AN A
LMA: —=| 1 AN, = A0 \2 ,
2 \N2 A T\ A8 G

A% 1 \S
M? ;
LOW: =1 A N, (31
M6\ a3
)\5 )\ll )\3
Me: PN |
m, '
ANA® 1

PHYSICAL REVIEW D64 113013

)\10 1 )\2

M 10 8
VAC: =~ 1 A AT
M\ a2 \8 6

. )\5 )\12 )\8
ME_[as a2 1 ,
Mo\ e g

which give

(013, AmZ/ AmZ3) =N A3 va (M) Low s (NE A0 ac -

The value of,3=\ is perhaps the most interesting possibil-
ity since it is just below the current bour€l). For the LMA
and LOW, we could easily gei;5=\ under the WSSR for
both classes of models. However, for the VAC solutihi
can beonly as large ag? under the WSSR. As we will see in
the next sectiong,s=\ can be obtained for the VAC in the
framework of singlet seesaw models for cldiss

Since it may be possible to determifig; with a precision
of order 102, it is worthwhile to explore a smallef 5 in-
cluding #13=<\3. In this regard, the LMA in scenario A has a
special property. Clasgi) LMA models can have only;5
=\ or A2, while class(iii) LMA models can have only;,
=\. Actually the LMA model shown in Eq(30) is the
unique one which gives the LMA solution with inverted
mass hierarchy. A clasgi) LMA example with §;5=\? is
given by

|i:(2,_2,0), ei:(5,5,1), h1:h2:0, (32)
which lead to
e A1 A2 e A8 AB A2
m:l)\4)\2, =[N N\ 1. (33
AT | TR

Note that this form of mass matrix can give both the normal
mass hierarchyrf;=m,=<m;) or the inverted mass hierar-
chy (m;=m,=mj3) depending on the precise values\f,
andM 3, both of which are of order unity.

The LOW and VAC solutions in scenario A can have
smaller 8,5<\°. Here are such examples:

LOW, (ii): 1;=(3,~4,0), &=(—10,8,2, h;=h,=0,
VAC, (ii): 1;=(—6,4,0), &=(13,-8,—2),

(34)
LOW, (iii): 1;=(4,~5,1), &=(—12,10,2 h,=h,=0,

VAC, (iii): 1;=(5,~5,—1), e;=(—12,9,3 h;=h,=0,
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ranges off;; are summarized in Table | for the cla@9 and
(iii ) mass textures and the LMA, LOW, and VAC solar neu-

A8 AT A3 trino oscillations.
LOW, (ii): M” NI Scenario B. For this scenario, we use the notation that
T mg s 4 ®,(x,x") denotes the superfield with U(1)xXU(1)x
AN charge &,x’). Let us first note that we need
. AZ A9 )3 HEAEUE L (35
M
et NN wherel =21, —1/ to get the desired form d¥1®. Then, it is
r A8 AB easy to see that clag$) cannotbe realized as it requires
e
N2 22 )6 On the other hand, the conditid35) can be reconciled
MY s <8 4 with the pseudo-Dirac structure of the cla8® neutrino
VAC, (ii): e AT A mass matrix by imposing holomorphic zeros. This leads us to
3 D S get the following texture:
}\ZX )\X )\X
Me )\5 )\12 )\6 M )\X 0 0
~[ A" A% 1 ms ) : (36)
m. NN N0 1
wherex=18"—18"=1"—|¢" "|n this texture,M}, and M,
DA T are forbidden due to the holomorphicity, and the sizes of
LOW, (iii ): V~ 1 2\ A3 nonzero elements are entirely determined by the condition
' " mg 4 L3 Eqg. (35). This texture exhibits an interesting correlation of
AT AT A 615 with the mass-squared difference ratio as follows:
N5 \IL )3 015~ N*, AmZ/AmZ~ A (37)
Me
= AN2 Hencex=1, 2, or 3 is required for the LMA, LOW or VAC,
T A8 \8 respectively, in order to give correct square mass difference
(24). We then have the following specific predictions:
10 4
s (A Lo (013, AmZ/ AmZ) = (AN N3 v (A2 A8 Low (N3 A% yac -
VAC, (iii): —=[ 1 A0 \® . . .
3 NEECEY Explicit charge assignments realizing the text86) are
given by
e )\5 )\12 )\6 LMA Ll(oa_ 1)1 L2(112)1 L3(010)1
ME_[ a1 a2
mo\ L E1(3,0),E5(2,0) E5(1,0),
A A

for which
(613,AmZ{AmZ, )= BN Lown s AN A vacn s

NN Lowin s NN ) vac -

The examples shown in this section are the models givingroducing

either the largest or the smallest valuegf under the limi-
tation|l;| < 10. The reason for the occurrence of these bounds

on 3 is thatM13,M;; andM{;,M 3, are closely related by | pmA: M_z

the Uy(1) charge ofL,,L5 fields. It is thus difficult to sup-
press(enhance M7;,M 34 arbitrarily to get smallellargen
013 while keeping the right size o7;,M3, to obtain the
right size ofm2,/m2,, for each of the solar neutrino oscilla-
tions. This explains also that the VAC allows smallgr;
(A2~\*% than the LMA or LOW Q~\%). The allowed

113013-7

LOW: L4(0,—2), L»(1,2), L3(0,0),
E1(21_1)1E2(210)1E3(1!O)! (38)
VAC: Ll(01_3)1 L2(112)1 L3(010)1
E]_(Z,O), E2(270)1 E3(110)1
AN A NS A% Nt
v Me
0 Of,—=[\* N\ 1], (39
m3 mT
0 1 N A |
AN A2 A At N2
M* Me
-zxzoo,mzﬁ’le,
*\\2 0 1 TN N2 1
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A8 A3 3 DD \® A% A8 \®
MV 3 Me ) 5 MV Me 5
VAC: =| A 0 0 , =| A A 1 , LOW: = 1 0 0 , = 0 A\ 1 ,
Mg 3 T 2 \2 ma m, 2
A0 1 D N 0 0O 0 A 1
(43
where H; and H, are assumed to be neutral under
U(1)xXU(1)x - VRN o [N OATEN®
Following the same argument as above, we find that class VAC: M -1 o M -l o »2 1
(iii) requires the following texture: Comy "'m, '
0 00 0 N\ 1
M AN 100 g
v and so
= 1 0 0], (40)
3
0 00 (013, AmZ/AMZ = (A2 A2 wa s (N8N8 Low . (NI N )ac -

where x= !iﬁ—|§ﬁ= 15"—15". Here, all zero elements are |t should be noted that all the models discussed so far can
again forbidden due to the holomorph|C[ty. This texture giveshe easily extended to the quark sector. For instance, one can
0.5 and the square mass difference ratio as assume the following charge assignment in scenario A:

013\, Amgo/AmezumN)\x- (41) (013,929 =(3,2), (U13,U23) =(5,2), (d13,d29) =(1,0)
(44)
Here we should take=qg+1 in Eq. (24) in order to produce . .
the right value ofAm2,/Am?Z,,. Then the largest possible to obtain the quark mass matrices
values off,3 and AmZ,/AmZ,, are predicted to be e e s W s s
A° N A AT ONT A
MY m¢
(013,AMZ{ AmZ) —=| NN N —=[ A% A% N @B
my My
DD | A1l

=A% N2 wa (N8N8 Low, (NI N \ac -

Equations(37) and (41) show that the LOW and VAC solu- Where g;;=a;—q;, ujj=u;—u;, dj=d;—d; for g;,u;.d,
tions have smallep,; than the LMA solution, and also the Which are theU(1)yx charges of the quark superfields
inverted mass hierarchy gives smalléys than the normal Qi,U;,Di. The same form of the quark mass matrices can
hierarchy. In particular, the LOW and VAC models with in- be obtained in scenario B also from thg(1)xxU(1)x
verted mass hierarchy predict very smajk, which cannot charge assignment:
give any observablee« v, transition in the future long-
baseline experiments and neutrino factory.

Explicit examples of clas&ii) can be obtained by assum-
ing the charge assignments:

Q1(3!3)!Q2(2:2)) QB(O!O);

U1(5,5,U3(2,2),U5(0,0), (46)

LMA Ll(oa_ 1)1L2(O|1)1L3(_1!_ 1)1 Di(l,l),D(Z;(0,0),Dg(0,0)
E1(3,1),E2(2,0),E5(1,0),
V. SEESAW MODELS
LOW: L1(1,-2),L5(0,2),L5(—2,—2), In singlet seesaw models, the light neutrino mass matrix is
given by
E.(4,5,E,(3,0,E5(2,0), (42
M= MM IMPMP 4
VAC: L4(1,-5),L5(0,2,L5(—2,—2), ij ; (M™) " MikMji (47)
E.(—1,—2),Ex(3,0),E5(2,0), where MP and MM denote the Dirac and heavy-Majorana
mass matrices, respectively. This formula can be understood
which give as a summation of nine singular matriddgMj} weighted
by (M M)[ll. This feature offers a greater variety of ways to
N2 1 0 NG X get nontrivial neutrino mixing together with hierarchical
M” M€ 3 .2 mass eigenvalues. For example, if one contribution among
LMA: mz”—“ 1.0 0], m._ AT L the nine contributions in Eq47) domimates over the others,
0O 0 O 7 ANl we can obtain some interesting modEglS]. However, here

113013-8
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we do not pursue this possibility, but look for the models Scenario B. Similar to scenario, the neutrino mass of class

without such special dominance. (i) cannotbe obtained even in the seesaw framework. For
Scenario A. Since the seesaw framework involves morelassegii) and(iii), we need a pseudo-Dirac form bf\ to

degrees of freedom, i.e., the flavor charge®lpf one might get a pseudo-DiraM”. We find that all models found under

expect that it can reproduce all the models found under théhe weak scale selection rule can be realized in the seesaw

weak scale selection rule. However, it is not true. For in-framework. For purposes of illustration, we show only the

stance, the LMA model of clag§i) in Eqg. (30) has no real- seesaw realization of the LMA solution of claé) in Eq.

ization in the seesaw framework. Furthermore, it turns ou{38). For this, we introduce the singlet neutrinos with the

that #,3~\ cannotbe realized in clas§ii) LMA models in  following U(1) charges:

the seesaw framework. On the other hand, the seesaw frame-

work allows a wider range o5 than the weak scale selec- N1(0,—1),N2(0,1),N3(0,0), (52)

tion rule (see Table)l since it provides generically a greater . .

variety of models. For instance, some VAC models of clasdV'NY

(i) with 8,5=\ can be obtained in the seesaw framework, A2

1 X A2 1\
which was not possible under the weak scale selection rule. " o
One such model has the flavor charges MMl 10 0), MPxf A 0 0 (53
N0 1 N 01
VAC: |;=(7,—-6,—2), =(—14,10,9, n;=(—4,4,0),
(48)  The resultingM” is given by
for which the resulting” andM® are given by M A2 N A
—=| N 0 O
- A0\ e N5 \15 )9 ms o, : (54)
VAC: —=| N A& N4, —=[ A8 A2 1],
Ms NN 1 m; A4 A6 1 which has the same form as determined by the weak scale

(49) selection rule. _ _ _
We remark that the selection rul@5) of scenario B is

Note that one obtains a completely different neutrino masyery restrictive so that the seesaw framework does not pro-
texture if one applies the weak scale selection rule to theide more freedom than the case of the weak scale selection
above model. rule. Basically, the positivity of the exponents for the nonva-

We have explored the possible range @f under the nishing mass matrix elements forbids us to modify the struc-
restriction|l;| <10 and|n;|<10. Even in the seesaw frame- ture of holomorphic zeros in the texturéd7) and(41) even
work, it appears to be difficult to find a desirable form of in the presence of singlet neutrinos. Therefore, no new model
class(i) model in scenario A. However there is a potentially can be found by considering the seesaw mechanism.
interesting example of clags), yielding 6;3=\2%:

VI. CONCLUSION

li=(2,—-2,0, ¢=(5,5,1), n;=(0,0,0), (50 . . o
In conclusion, we have examined the possibility that the
which gives near-bimaximal mixing of atmospheric and solar neutrinos
naturally arises together with smalUg=sinf; and
A4 A2 Am?/AmZ, as a consequence of Abelian flavor symmetry.
M”N N NE )2 51 We have considered two simple scenarios where the mass
m_g_ : (52) textures are expressed in terms of the Cabibbo angle

A2 N1 within the supersymmetric framework. Scenario A has a
single nonanomaloud (1) broken by two scalar fields with
The resultingAm?Z,/AmZ2,,=\8 is close to either the LOW oppositeU(1) charge and scenario B involves one anoma-
valuex®—\" or the VAC value®—\, so it may fit to the  lous U(1)y and another nonanomalows$(1)y, which are
LOW or VAC if a somewhat large or small coefficient of broken by two scalar fields with tHé(1)x X U(1)x, charges
order 1 is involved. For the LMA and LOW model of class (—1,—1) and (0,1). In the latter scenario, all symmetry-
(if), we found that the range @f 3 is the same as the case of breaking order parameters naturally have the Cabbibo angle
the weak scale selection rule. For the VAC of cléiss 613  size A=0.2. Concentrating on the scheme where the large
=\ is added as we have noted above. For clagsmodels, atmospheric neutrino mixing comes from the charged lepton
we find 6,5 can be as small as® and\’ for the LMA and  mass matrix, we found that the neutrino mass textures of
LOW cases, respectively. The maximal valuedaf for the  pseudo-Dirac typéwith normal or inverted hierarchycan
LMA model of class(iii) turns out to be of ordex?, not of  produce nicely a large solar neutrino mixing angle while
order\, which is noted also in the above discussion. For thekeeping6f,; appropriately small. The current bound 6p; is
VAC model of clasdiii), the range of, 3 is the same as the of order\, however it may be measured down to oraérin
case of the weak scale selection rule. All of these results ofuture neutrino experiments. Table | summarizes the possible
0,5 are summarized in Table I. ranges off,5 predicted by the models under consideration.
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While the models of scenario A produce relatively broadsolar neutrino problem and give information abayt and

ranges off,3, those of scenario B give more specific predic-

tions which are strongly correlated withm2,/Am2,, and
also with the sign ofAm3,. Generically, larget\mZ,, come
with larger 6,3 and the normal hierarchyA(m§2>O) has
larger 6,3 than the inverted hierarchyA(m§2<O). Table |

the sign ofAm3,.
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