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S2L permutation symmetry for left-handed µ and t families and neutrino oscillations
in an SU„3…LÃU„1…N gauge model

Teruyuki Kitabayashi*
Accelerator Engineering Center, Mitsubishi Electric System & Service Engineering Co. Ltd., 2-8-8 Umezono, Tsukuba,

Ibaraki 305-0045, Japan

Masaki Yasue`†

General Education Program Center, Shimizu Campus, School of Marine Science and Technology, Tokai University,
3-20-1 Orido, Shimizu, Shizuoka 424-8610, Japan

and Department of Physics, Tokai University, 1117 Kitakaname, Hiratsuka, Kanagawa 259-1291, Japan
~Received 25 September 2002; published 23 January 2003!

We construct anSU(3)L3U(1)N gauge model based on anS2L permutation symmetry for left-handedm
andt families, which provides the almost maximal atmospheric neutrino mixing and the large solar neutrino
mixing of the large mixing angle type. Neutrinos acquire one-loop radiative masses induced by the radiative
mechanism of the Zee type as well as tree level masses induced by the type II seesaw mechanism utilizing
interactions of lepton triplets with anSU(3)-sextet scalar. The atmospheric neutrino mixing controlled by the
tree-level and radiative masses turns out to be almost maximal owing to the presence ofS2L supplemented by
a Z4 discrete symmetry. These symmetries ensure the near equality between thene-nm and ne-nt radiative
masses dominated by contributions from heavy leptons contained in the third members of lepton triplets, whose
Yukawa interactions conserveS2L even after the spontaneous breaking. The solar neutrino mixing controlled
by radiative masses, including anm-nt mass, which are taken to be of similar order, turns out to be described
by large solar neutrino mixing angles.
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I. INTRODUCTION

Recent observations of atmospheric and solar neutrino
cillations have provided clear evidence that neutrinos
massive particles@1–3#. These oscillations are characteriz
by the squared mass differences for atmospheric neutri
Dmatm

2 ;331023 eV2, with the mixing angle of sin22uatm

;1 @4# and for solar neutrinos,Dm(
2 ;1025–1024 eV2, for

the large mixing angle~LMA ! solution with sin22u(;0.75
and, Dm(

2 ;1028 eV2, for the low mass, low probability
~LOW! solution with sin22u(;0.92 @3,5#, where the LMA
solution is currently considered as the most favorable s
tion. The existence of these massive neutrinos and their
cillations requires some new interactions beyond the conv
tional interactions in the standard model@6#. Furthermore,
the data indicate a mass hierarchy ofDmatm

2 @Dm(
2 as well

as the large mixing angles, suggesting that the neutrino m
matrix has bimaximal structure@7,8#.

There are two main theoretical mechanisms to gene
tiny neutrino masses: one is the seesaw mechanism@9,10#
and the other is the radiative mechanism@11,12#. It has been
pointed out that the radiative mechanism of the Zee type@11#
may fail to explain the favorable LMA solution@13#. In the
Zee model, a Higgs scalarf8 as a duplicate of the standar
Higgs scalarf and a singly chargedSU(2)L-singlet scalar
h1 have been introduced into the standard model to gene
tiny neutrino masses by one-loop radiative corrections. T
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neutrino mass matrix in the Zee model has the followi
form:

M n
rad5S 0 brad crad

brad 0 erad

crad erad 0
D , ~1!

wherebrad,crad anderad stand for radiatively induced neu
trino masses. There is an obvious relation among the n
trino masses denoted bym1,2,3, dictating m11m21m350,
from which the mixing angle for solar neutrinos is co
strained to sin22u(;1.0 @13#. However, recent observation
show that the best-fit value of the mixing angle for the LM
solution is sin22u(;0.8. Thus, the original Zee model is no
capable of explaining neutrino oscillations compatible w
the LMA solution.

To implement the radiative mechanism of the Zee ty
we have advocated to use a triplet Higgs scalar inSU(3)L
3U(1)N gauge models@14#. The Zee scalarh1 is identified
with the third member of anSU(3)L-triplet Higgs scalar and
can be unified into a tripleth with the standard Higgs dou
blet (f0,f2). Namely, anSU(3)L-triplet (h0,h2,h1) can
be interpreted as (f0,f2,h1). Therefore, the existence o
Zee scalarh1 is naturally understood. Furthermore, th
SU(3)L3U(1)N gauge models are known to exhibit the a
tractive properties that these models predict three familie
quarks and leptons from the anomaly free conditions
SU(3)L3U(1)N and the asymptotic freedom ofSU(3)c .
The anomalies are cancelled by the six triplets and six a
triplets, which are appropriately supplied by three families
©2003 The American Physical Society06-1
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leptons and three families of three colors of quarks. It
remarkable that this cancellation mechanism only works
the multiple of three families. With these plausible prop
ties, radiative mechanisms to generate tiny masses of ne
nos and their oscillations have been extensively studied
SU(3)L3U(1)N gauge models@15,16#. However, the possi-
bility of explaining the observed properties of solar neutri
oscillations with sin22u(;0.8 has not been emphasized y

In this paper we consider a radiative mechanism of
Zee type in theSU(3)L3U(1)N framework@14# to explain
observed properties of neutrino oscillations consistent w
the LMA solution of sin22u(;0.8. To accommodate th
LMA solution to the radiative mechanism of the Zee typ
we have to add some ingredients to the model in orde
avoid the constraint ofm11m21m350. For example, we
can obtain the desirable LMA solution~1! if we allow the
duplicate Higgs scalarf8, which is constrained to couple t
no leptons in the original Zee model, to couple to lepto
@17#, ~2! if we implement anS2 permutation symmetry for
them andt families with a triplet Higgs scalar@18#, ~3! if we
import a sterile neutrino into the model@19#, and ~4! if we
make use of~anti!sleptons in supersymmetric gauge mod
@20#. In this paper we examine the phenomena of neutr
oscillations based on case~2!. We show the following:

~1! The almost maximal atmospheric neutrino mixing is e
sured by the presence of anS2L permutation symmetry
for the left-handed states in them andt families supple-
mented by aZ4 discrete symmetry. Especially, in orde
to explain the maximal mixing, we do not need fine tu
ing of couplings of leptons@21# to the Zee scalarh1,
which is now contained in the third member of a tripl
Higgs scalar. Instead, heavy leptons take care of the
evant couplings, which dynamically assure the appe
ance of the maximal mixing.

~2! The large solar neutrino mixing characterized
sin22u(;0.8 is realized to occur if the magnitudes
radiatively induced neutrino masses are kept to be
same order.

In the next section we present a possible texture of
neutrino mass matrix withS2L andZ4 symmetries to lead the
observed properties of the neutrino mixings and disc
which elements affect the patterns of these mixings. In S
III we construct anSU(3)L3U(1)N gauge model to accom
modate the observed atmospheric and solar neutrino osc
tions. How to generate the neutrino masses and mixing
our model are discussed in Sec. IV. The results of our
tailed analysis are discussed in Sec. V. Section VI is devo
to a summary.

II. TEXTURE OF THE NEUTRINO MASS MATRIX
AND S2L PERMUTATION SYMMETRY

In this section we discuss the usefulness of theS2L per-
mutation symmetry form andt families. Following the ex-
pressions used in Ref.@18#, we parametrize the neutrin
mass matrix,M n , for sinu1350 with sinu13 being the mix-
ing angle betweenne andnt , to be
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M n5S a b c~52sb!

b d e

c e f~5d1~s212s!e!
D , ~2!

wheres5tanu23 with u23 being the mixing angle betwee
nm andnt . Similar textures of the neutrino mass matrix ha
also been studied in the literature@22–24#. This mass matrix
can be diagonalized byUMNS defined by

UMNS5S cosu12 sinu12 0

2cosu23sinu12 cosu23cosu12 sinu23

sinu23sinu12 2sinu23cosu12 cosu23
D ,

~3!

whereu125u( andu235uatm , which transformsunmass& as
the mass eigenstate with (m1 ,m2 ,m3) into unweak& as the
weak eigenstate byunweak&5UMNSunmass&. The neutrino
masses and mixing angles can be parametrized to be

m15a2
1

2
Ab21c2

2
~x1Ax218!,

m25a2
1

2
Ab21c2

2
~x2Ax218!,

m35d1s22S d2a1xAb21c2

2 D ,

sin22u(5
8

81x2
, tanuatm52

b

c
~[s! ~4!

with

x5A2~a2d1se!2

b21c2
. ~5!

From Eq.~4! and Eq.~5! we find that the condition needed t
obtain the large mixing angle as the LMA solution, such
sin22u(;0.8, isx25O(1) or, equivalently,

~a2d1se!25O~b21c2!. ~6!

There are various solutions to Eq.~6!. We adopt the solution
saturated by radiative neutrino masses of the same o
Since both sides must be the same order, the relation of
~6! requires the cancellation of tree-level neutrino masse
they exist.

We divide the neutrino mass matrix into two parts:~1! a
tree level mass matrixM n

tree and ~2! a radiatively induced
mass matrixM n

rad as follows:
6-2
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S2L PERMUTATION SYMMETRY FOR LEFT-HANDED . . . PHYSICAL REVIEW D67, 015006 ~2003!
M n5M n
tree1M n

rad ,

M n
tree5S 0 0 0

0 dtree sdtree

0 sdtree dtree D ,

~7!

M n
rad5S arad brad crad

brad drad erad

crad erad f radD ,

where the superscripts, ‘‘tree’’ and ‘‘rad,’’ denote the tre
level and radiative masses, respectively. The form ofM n

tree is
to be ensured by introducing theS2L permutation symmetry
for left-handed states in them andt families. An additional
Z4 discrete symmetry will pick up the solution with eithe
s51 or s521. The form ofM n

tree with s561 leads to
the cancellation of the tree-level masses ina2d1se and
Eq. ~6! required for sin22u(;0.8 is transformed to

~arad2drad1serad!25O„~brad!21~crad!2
…. ~8!

If the magnitude of these neutrino masses is kept almost
same to satisfy Eq.~8!, we obtain the significant deviation o
sin22u( from unity. More precisely, at least one of thee2e
and m2t sectors provides the same order of magnitude
the e2m ande2t masses.

So far, these arguments are entirely based on the rela
of f 5d1(s212s)e in Eq. ~2!. However, since radiatively
generated masses may also randomly contribute ind, e andf,
these contributions jeopardize the relation. The effects fr
the radiative masses cause sinu13Þ0, leading toUe3Þ0,
and can be estimated by the conventional perturbative tr
ment because these effects are much smaller than those
the tree level masses. Denoting the deviation bye5 f 2@d
1(s212s)e#, we parametrizeM n as

M n5S a b 2sb

b d e

2sb e d1~s212s!e
D 1S 0 0 0

0 0 0

0 0 e
D .

~9!

We find that the lepton mixing angles ofu12 and u23 are
modified intou12

obs5u121j12 andu23
obs5u231j23, where

j125
s23

2 c12s12

m22m1
e, j235c23s23S s12

2

m32m1
1

c12
2

m32m2
D e,

~10!

and

Ue35c23s23c12s12S 1

m32m2
2

1

m32m1
D e

;c23s23c12s12

m22m1

m3

e

m3
, ~11!
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wherem3@m1,2 is applied. Furthermore, since we are anti
pating thatm26m1;dmn

rad will represent radiatively gener
ated neutrino masses, we roughly obtainm22m1;ADm(

2

and similarlym3;ADmatm(
2 . Equation~11! can be reduced

to

uUe3u;UeADm(
2

Dmatm
2 U;a few3

e

1 eV
, ~12!

where we have usedc12;s12;c23;s23;1. Experimentally,
the CHOOZ and Palo Verde data imply thatUe3 is close to
zero, e.g.,uUe3u2<0.01520.05 @25#, which should be satis-
fied by Eq.~11!.

III. MODEL

We choose theSU(3)L3U(1)N gauge model employed
in Ref. @26# as the reference model, where the leptons
assigned to be

cL
i 5~n i ,, i ,k i !L

T :~3,0!, ,R
e,m,t :~1,21!, kR

e,2,1 :~1,1!.

~13!

Here, the index ofi 5(e,m,t) denotes the three families an
kR

j for j 5(e,2,1) are the mass eigenstates of the positiv
charged heavy leptons. The superscripts,6, of kR corre-
spond to thet6m states ofkL as the chiral partners to b
defined by their Yukawa interactions. Higgs scalars are
signed to be

h5~h0,h2,h1!T:~3,0!,

r5~r1,r0,r11!T:~3,1!,

x5~x2,x22,x0!T:~3,21!. ~14!

The quantum numbers are specified in parentheses
„SU(3)L ,U(1)N…. Let N/2 be theU(1)N number, then the
hyperchargeY and the electric chargeQ are given byY5
2A3l81N and Q5(l31Y)/2, respectively, wherela are
the Gell-Mann matrices with Tr(lalb)52dab(a,b
51,2, . . . ,8). TheHiggs scalars develop the followin
vacuum expectation values~VEV’s!:

^0uhu0&5~vh,0,0!T, ^0uru0&5~0,vr,0!T,

^0uxu0&5~0,0,vx!T, ~15!

where the orthogonal choice of these VEV’s will be guara
teed by thehrx-type Higgs interactions introduced in Eq
~23!.

Now, we extend the reference model to our pres
SU(3)L3U(1)N model in order to accommodate the max
mal atmospheric and large solar neutrino mixings. We int
duce anS2L permutation symmetry for left-handed states
the m and t families used together with an additionalZ4
discrete symmetry. The quantum numbers ofS2L andZ4 as
well as the lepton~L! and the electron (Le) numbers are
listed in Table I for all participating particles in our discu
sions, wherecL

65(cL
t 6cL

m)/A2. To generate the tree leve
neutrino masses, we introduce anS2L-symmetric anti-sextet
scalar,s, defined by
6-3
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TABLE I. Particle contents withS2L , Z4 , L and Le quantum numbers for leptons and Higgs scala
whereS2L51(2) denotes symmetric~antisymmetric! states.

cL
e ,eR cL

1 cL
2 mR ,tR kR

e kR
1 kR

2 h h8 r r8 x s

S2L 1 1 2 1 1 1 2 1 2 1 2 1 1

Z4 2 i 1 i 1 1 i 21 i 2 i 1 i 2 i 21

L 1 1 1 1 1 1 1 0 22 0 0 0 22
2Le 2 0 0 0 2 0 0 0 0 0 0 0 0
gg
y

of

th
on

b
n
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g
n
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by
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e
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by
n-
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s5S sn
0 s1 s2

s1 s11 s,
0

s2 s,
0 s22D :~6* ,0!. ~16!

Then, theS2- andZ4-conserved interaction of

gs
1~cLa

2 ! c̄sabcLb
2 ~17!

accounts for the form ofM n
tree with s521, wherea,b and

g denote the SU(3)L indices. We also introduce
S2L-antisymmetric scalars

h85~h80,h82,h81 !T:~3,0!, r85~r81,r80,r811 !T:~3,1!
~18!

with VEV’s of

^0uh8u0&5~vh8,0,0!T, ^0ur8u0&5~0,vr8,0!T. ~19!

These VEV’s are also determined by the appropriate Hi
interactions. The scalarh8 allows us to realize the radiativel
inducednm-nt masses by the interaction of

f mte
abg~cLa

1 ! c̄hb8cLg
2 , ~20!

and the scalarr8 allows us to realize the mass hierarchy
mm!mt as we show later.

It should be noted that all of these interactions respect
Le conservation. Furthermore, it is not spoiled by the sp
taneous breaking due to VEV’s of Higgs scalars as can
seen from Table I. ThisLe conservation is, of course, broke
by the presence of thene-nm and ne-nt masses, which are
radiatively induced by the interactions of

f e,eabg~cLa
e ! c̄hbcLg

1 . ~21!

As a result,Le is conserved in allS2- and Z4-invariant
Yukawa interactions exceptf e,(cL

e) c̄hcL
1 , which can be

read off from Table II, where theS2L , Z4 , L andLe numbers
of the possible Yukawa interactions are listed. Th
Le-violating interaction can be much suppressed because
limit of f e,→0 enhances the symmetry of the theory throu
the restoration ofLe @27#. Another useful symmetry based o
L8(52Le2L5Le2Lm2Lt) @28#, respected by all Yukawa
interactions, including (cL

e) c̄hcL
1 , is to be spontaneousl

broken. But, it is explicitly broken by Higgs interaction
01500
s

e
-
e
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such ashsh in Eq. ~23! ~see Table III!. So, there is no
harmful Nambu-Goldstone boson. In the present discussi
we do not resort to thisL8 symmetry because theLe andS2L

conservations supersede theL8 conservation.
The Yukawa interactions for leptons are now caused

LY :

2LY5 f e,~cL
e! c̄hcL

11 f mt~cL
1! c̄h8cL

21gs
1~cL

2! c̄scL
2

1 f ecL
ēreR1cL

1̄r~ f m
1mR1 f t

1tR!1cL
2̄r8~gm

2mR

1gt
2tR!1 f k

ecL
ēxkR

e1 f k
1cL

1̄xkR
11gk

1cL
2̄xkR

2

1~H.c.!, ~22!

where f ’s andg’s denote the Yukawa couplings. The Higg
interactions are given by Hermitian terms composed
fa

†fb (f5h,h8,r,r8,x,s) and by non-Hermitian terms in

V5m1hsh1m2h8sh81l1eabgharbxg

1l2eabg~hs!ar†bx†g1l3~h†r8!~h8†x!1l4~h†x!

3~h8†r8!1~H.c.!, ~23!

wherem ’s and l ’s denote a mass scale and coupling co
stants, respectively. We note the following:

~i! The hsh andh8sh8 terms are the source of the typ
II seesaw mechanism@10#, which calls for the mass o
s much greater thanvweak, the weak scale of
O(100) GeV.

~ii ! The s,
0 term of Eq.~16! would induce the dangerou

mass mixings between charged leptons and heavy
tons if ^0us,

0u0&Þ0. This VEV will be dynamically
generated if the potential includes terms such
(rs)r†h† and (xs)x†h†, effectively corresponding
to tadpole interactions ofs,

0 once VEV’s ofh, r and
x are generated. However, our dynamics regulated
the present potential allows us to set this VEV to va
ish. So, there are no such dangerous mixings.

~iii ! The hrx term ensures the orthogonal choice
VEV’s of h,r andx.
6-4
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TABLE II. S2L , Z4 , L andLe quantum numbers of the possible Yukawa interactions.

(cL
e) c̄hcL

1 (cL
e) c̄hcL

2 (cL
1) c̄hcL

2 (cL
e) c̄h8cL

1 (cL
e) c̄h8cL

2 (cL
1) c̄h8cL

2

S2L 1 2 2 1 1 1

Z4 1 i 21 21 2 i 1

L 2 2 2 0 0 0
2Le 2 2 0 2 2 0

cL
ēreR cL

ērmR cL
ērtR cL

1̄rmR cL
1̄rtR cL

2̄rmR cL
2̄rtR

S2L 1 1 1 1 1 2 2

Z4 1 i i 1 1 2 i 2 i

L 0 0 0 0 0 0 0
2Le 0 22 22 0 0 0 0

cL
ēr8eR cL

ēr8mR cL
ēr8tR cL

1̄r8mR cL
1̄r8tR cL

2̄r8mR cL
2̄r8tR

S2L 2 2 2 2 2 1 1

Z4 i 21 21 i i 1 1

L 0 0 0 0 0 0 0
2Le 0 22 22 0 0 0 0

cL
ēxkR

e cL
ēxkR

1 cL
ēxkR

2
cL

1̄xkR
1 cL

2̄xkR
2

cL
1̄xkR

2 cL
2̄xkR

1

S2L 1 1 2 1 1 2 2

Z4 1 i 21 1 1 i 2 i

L 0 0 0 0 0 0 0
2Le 0 22 22 0 0 0 0

(cL
e) c̄scL

e (cL
e) c̄scL

1 (cL
e) c̄scL

2
(cL

1) c̄scL
1 (cL

2) c̄scL
2

(cL
1) c̄scL

2

S2L 1 1 2 1 1 2

Z4 1 i 21 21 1 1

L 0 0 0 0 0 0
2Le 4 2 2 0 0 0
ec

se
n
t
;

nt
.
ex

logy
sons

ns
the

ntly

olar
of
tons
ly

d

~iv! The uh†h8u2- and ur†r8u2-type Higgs interactions
present in the Hermitian terms can induce the corr
vacuum alignment of Eq.~19! if their coefficients are
taken to be negative.

These Higgs interactions are invariant underS2L with Z4
as well asLe and other interactions are forbidden by the
conservations as shown in Table III. Especially, the abse
of hhscsc is important. This term could yield a divergen
mass term ofne-ne at the two-loop level as shown in Fig. 1
therefore, the tree level mass term is required as a cou
term at the (1,1) entry in theM n

tree to cancel the divergent
However, this counterterm spoils the realization of the t
ture of M n

tree . The requirements fromS2L andZ4 ensure the
internal consistency between the assumed form ofM n

tree and
the absence of this radiative graph.
01500
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In the present paper, we do not discuss phenomeno
due to the existence of heavy leptons and extra gauge bo
as well as heavy exotic quarks@29#. Since the standard
model well describes the current physics, their contributio
should be suppressed. Their masses are controlled by
VEV of x, which is taken to beO(1) TeV for the later
analyses so that these additional contributions are sufficie
suppressed.

Before discussing how to describe atmospheric and s
neutrino oscillations in our model, we examine the form
mass matrices of the heavy leptons and charged lep
given by Eq.~22!. The heavy lepton mass matrix is simp
given by the diagonal masses computed to bemk

e5 f k
evx ,

mk
25gk

1vx andmk
15 f k

1vx . On the other hand, the charge
lepton mass matrix has the following non-diagonal form:
6-5
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TABLE III. S2L , Z4 , L andLe quantum numbers for Higgs interaction relevant for the radiative indu
neutrino masses~excepthhscsc).

hsh h8sh8 (h†r8)(h8†x) (h8†r8)(h†x) (x†h)(h†x) (h8†x)(x†h8) hhscsc

S2L 1 1 1 1 1 1 1

Z4 1 1 1 1 1 1 21

L 22 26 2 2 0 0 0
2Le 0 0 0 0 0 0 0
m,
ee 0 0

n

~mtt!21~mtm!22m2

g-
M ,5S 0 m,
mm m,

mt

0 m,
tm m,

tt D , ~24!

where

m,
ee5 f evr ,

m,
mm5

1

A2
~ f m

1vr2gm
2vr8!, m,

mt5
1

A2
~ f t

1vr2gt
2vr8!,

m,
tm5

1

A2
~ f m

1vr1gm
2vr8!, m,

tt5
1

A2
~ f t

1vr1gt
2vr8!.

~25!

The diagonal masses are obtained after the transformatio
M , as M ,

diag5diag(me ,mm ,mt)5U,
†M ,V, , where unitary

matricesU, andV, are given by

U,5S 1 0 0

0 ca sa

0 2sa ca
D , V,5S 1 0 0

0 cb sb

0 2sb cb
D

~26!

with ca5cosa, etc., defined by

FIG. 1. Divergent two-loop diagram fornL
e-nL

e .
01500
of

ca5A , , m

mt
22mm

2
,

sa5A2~m,
tt!22~m,

tm!21mt
2

mt
22mm

2
,

~27!

cb5A~m,
tt!21~m,

mt!22mm
2

mt
22mm

2
,

sb5A2~m,
tt!22~m,

mt!21mt
2

mt
22mm

2
.

The diagonal masses are computed to be

me
25~m,

ee!2,

mm
2 5

1

2
@~m,

tt!21~m,
mm!21~m,

tm!21~m,
mt!22M2#,

mt
25

1

2
@~m,

tt!21~m,
mm!21~m,

tm!21~m,
mt!21M2#, ~28!

where

M45@~m,
tt!22~m,

mm!2#21@~m,
tm!22~m,

mt!2#212~m,
ttm,

mt

1m,
mmm,

tm!212~m,
ttm,

tm1m,
mmm,

mt!2. ~29!

There are the following relations for non-diagonal and dia
onal charged lepton masses:

m,
mm5S2mt1C2mm , m,

tt5C2mt1S2mm ,

m,
mt5

1

cb
22sa

2 @~casaC22cbsbS2!mt

2~cbsbC22casaS2!mm#,

m,
tm5

1

cb
22sa

2 @~cbsbC22casaS2!mt

2~casaC22cbsbS2!mm#, ~30!
6-6
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whereC2 andS2 are defined by

C25
ca

21cb
2

2
, S25

sa
21sb

2

2
. ~31!

We use the hierarchical conditions ofusau,usbu!1 to realize
the hierarchical mass pattern ofmm!mt , namely, m,

mm

!m,
tt . This hierarchy in turn requires that

u f m
1u /u f t

1u;ugm
2u/ugt

2u;mm /mt , f m
1vr;2gm

2vr8 ,

f t
1vr;gt

2vr8 . ~32!

We consider that the fine tuning of the charged lepton ma
of Eq. ~32! is the same level of the fine tuning in the standa
model. To explain their hierarchical structure needs so
other mechanisms, which we do not consider in this pa
We only consider the permutation symmetry as a new s
metry behind neutrino oscillations once the charged lep
masses are consistently reproduced.

It should be noted that our model induces danger
flavor-changing interactions such ast→mg,mmm,mee me-
diated by h. In addition, the existence ofr and r8 also
induces these flavor-changing interactions because
charged leptons can simultaneously couple to two Higgs
lars,r andr8 @30#. Since the approximateLe conservation is
satisfied by our interactions, allLe-changing flavor interac-
tions such asm→eg, including those mediated byh, can be
well suppressed. Ther andr8 interactions are also found t
be suppressed down to the phenomenologically accept
level. The branching ratios of these processes are taken
Ref. @31#:

B(t→mg)5G(t→mg)/G(t→all),1.131026,
B(t→mmm)5G(t→mmm)/G(t→all),1.931026,
B(t→mee)5G(t→mee)/G(t→all),1.731026,

whereG(t→all) (,2.3310212 @GeV#! denotes the total de
cay width andG(t→mg), G(t→mmm) and G(t→mee)
denote the decay widths oft→mg, t→mmm and t→mee
processes, respectively. These decay widths are calculat
be, in thea→0 limit,

G~t→mg!

5
aemmt

5

962p4m̄r
4

~ f m
1!41~gm

2!41~ f t
1 f m

1!21~gt
2gm

2!2

4
,

G~t→mmm!5
1

4

1

8

mt
5

192p3m̄r
4

~ f m
1!41~gm

2!4

4
, ~33!

G~t→mee!5
1

4

1

8

mt
5

192p3mr
4

~ f m
1 f e!

2

4
,

01500
es

e
r.
-
n

s

he
a-

le
m

to

whereaem is the fine-tuning constant andm̄r is the averaged
mass forr andr8. By using Eq.~25! and Eq.~33! to relate
the couplings to the charged lepton masses, we obtain
following constraints on the processes oft→mg, t→mmm
andt→mee, respectively:

mm
2 ~mt

21mm
2 !

8m̄r
4vr

4
,1.74310211 @GeV24],

mm
4

8m̄r
4vr

4
,4.70310214 @GeV24],

mm
2 me

2

4mr
4vr

4
,4.20310214 @GeV24#, ~34!

where we have usedvr5vr8 for simplicity. We then find that

~1! for the t→mg process mediated byr,r8, m̄rvr.2.04
3102 (GeV2) from B(t→mg),1.131026, ~2! for the t

→mmm process mediated by r,r8, m̄rvr.1.28
3102 (GeV2) from B(t→mmm),1.931026, ~3! for the
t→mee process mediated byr, mrvr.7.69 (GeV2) from
B(t→mee),1.731026. Since we are anticipating tha
mr,r8;vr,r8;vweak is natural becauser andr8 are related
to the weak boson masses, thus these flavor-changing i
actions are sufficiently suppressed.

The other interactions mediated byh8 cause extra contri-

butions ont2→m2n̄mnt , which is well described by the
weak-boson exchanges, and other flavor-changing mode
duced by effects of sinaÞ0 as well as sinbÞ0. These con-
tributions may not be suppressed in practice; however, t
become tiny because the coupling ofh8 to leptons is taken to
be the same order of that ofh in the later discussions.

IV. NEUTRINO MASSES AND OSCILLATIONS

Now we are at the stage to estimating the neutrino mas
and mixings in our model. The neutrino mass matrix is giv
by

M n5M n
tree1M n

rad ~35!

whereM n
tree for the tree level mass matrix andM n

rad for the
radiative mass matrix are parametrized by
6-7
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M n
tree5S 0 0 0

0 1 21

0 21 1
D mn

tree ,

~36!

M n
rad5S dmn

ee dmn
em dmn

et

dmn
em dmn

mm dmn
mt

dmn
et dmn

mt dmn
tt D .

The tree-level mass is calculated to bemn
tree5gs

1vs , which

is supplied by the interaction ofgs
1(cL

2) c̄scL
2 via the type II

seesaw mechanism@10# using thehsh andh8sh8 as already
mentioned. The smallness of the tree level neutrino mass
explained by the smallness of thevs , which is estimated to
be vs;(m1vh

21m2vh8
2 )/(2ms

2), leading to vs!vh,h8
;vweak for m1,2;ms@vh,h8 . The radiatively generated
masses ofdmn’s are calculated below. To do so, we furth
divide M n

rad into two parts:

M n
rad5M n

C1M n
H , ~37!

where M n
C and M n

H correspond to the charged lepto
mediated one-loop diagrams~Fig. 2! and the heavy lepton
mediated one-loop diagrams~Fig. 3!, respectively. There are
other possible loop diagrams of Fig. 4; however, the con
butions from these diagrams are well suppressed by the l
mass (@vweak) arising from the propagator ofs. Since our
charged lepton mass matrix is transformed intoM ,

diag

5diag(me ,mm ,mt)5U,
†M ,V, , the neutrino mass matrix

M n , is also transformed into a matrix spanned by the we
base,M n

weak, defined by

FIG. 2. Charged lepton mediated one-loop diagrams.
01500
is

i-
ge

k

M n
weak[U,

†M nU,5~M n
tree!weak1~M n

C!weak1~M n
H!weak

~38!

with (M n
a)weak5U,

†M n
aU, , wherea stands fortree, C and

H.
The mass matrix (M n

tree)weak is simply given by

~M n
tree!weak5S 0 0 0

0 ~ca1sa!2 2ca
21sa

2

0 2ca
21sa

2 ~ca2sa!2D mn
tree .

~39!

At a first glance, this deviation due to sinaÞ0 may yieldUe3
through eÞ0 as in Eq. ~11!, which is given bye5(ca

FIG. 3. Heavy lepton mediated one-loop diagrams.

FIG. 4. Suppressed one- and two-loop diagrams.
6-8
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2sa)22@(ca1sa)21(s212s)(2ca
21sa

2)#. However, one
observes thate50 for any values of sina by the use ofs to
be obtained in Eq.~52! from heavy lepton contributions
which will be found to much dominate over the correspon
01500
-

ing charged lepton contributions. We safely state that the
level contributions toUe3 are negligible.

The mass matrix (M n
C)weak induced by the charged lepto

exchanges is expressed as
~M n
C!weak5S dmn

Cee dmn
Cem dmn

Cet

dmn
Cem dmn

Cmm dmn
Cmt

dmn
Cet dmn

Cmt dmn
Ctt D 5S 2dCn

ee dCn
em1dCn

me dCn
et1dCn

te

dCn
em1dCn

me 2dCn
mm dCn

mt1dCn
tm

dCn
et1dCn

te dCn
mt1dCn

tm 2dCn
tt D , ~40!

wheredCn
i j ( i , j 5e,m,t) denotes the radiatively induced neutrino masses corresponding to Fig. 2:

dCn
i j 5~U,

†f,U,M ,
diagV,

†g,F,U,! i j , ~41!

which can be calculated as

f,5S 0 l4f em/2 l4f et/2

2l4f em/2 0 l3f mt

2l4f et/2 2l3f mt 0
D , g,5

1

A2 S A2 f e 0 0

0 2gm
2 2gt

2

0 gm
2 gt

2 D , ~42!

F,5vhvxS F~me
2 ,mh

2 ,mr
2! 0 0

0 F~mm
2 ,mh

2 ,mr
2! 0

0 0 F~mt
2 ,mh

2 ,mr
2!
D [vhvxS F,

e 0 0

0 F,
m 0

0 0 F,
tD ~43!

with

F~x,y,z!5
1

16p2 F x ln x

~x2y!~x2z!
1

y ln y

~y2x!~y2z!
1

z ln z

~z2y!~z2x!G . ~44!

After some calculations, we obtain

dCn
ee50,

dCn
em5

1

2
l4vhvx@mm~ca f em2sa f et!~2gm

2cacbF,
m1gt

2sacbF,
t2gm

2casbF,
m1gt

2sasbF,
t !

1mt~sa f em1ca f et!~2gm
2casbF,

m1gt
2sasbF,

t1gm
2cacbF,

m2gt
2sacbF,

t !#,

dCn
et5

1

2
l4vhvx@mm~ca f em2sa f et!~2gm

2sacbF,
m2gt

2cacbF,
t2gm

2sasbF,
m2gt

2casbF,
t !

1mt~sa f em1ca f et!~2gm
2sasbF,

m2gt
2casbF,

t2gm
2sacbF,

m2gt
2cacbF,

t !#,

dCn
me5

1

A2
l4f evhvxme~2ca f em1sa f et!F,

e ,

dCn
mm5

1

A2
l3f mtvhvxmt~2gm

2casbF,
m1gt

2sasbF,
t1gm

2cacbF,
m2gt

2sacbF,
t !, ~45!

dCn
mt5

1

A2
l3f mtvhvxmt~2gm

2sasbF,
m2gt

2casbF,
t2gm

2sacbF,
m2gt

2cacbF,
t !,
6-9
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dCn
te5

1

A2
l4f evhvxme~2sa f em2ca f et!F,

e ,

dCn
tm52

1

A2
l3f mtmm~2gm

2cacbF,
m1gt

2sacbF,
t2gm

2casbF,
m1gt

2sasbF,
t !,

dCn
tt52

1

A2
l3f mtvhvxmm~2gm

2sacbF,
m2gt

2cacbF,
t2gm

2sasbF,
m2gt

2casbF,
t !.

For the heavy lepton contributions, we take into account the rotation from the mass eigenstatesuce,c2,c1& ~appearing in
the calculations! to the flavor eigenstatesuce,cm,ct& ~appearing in the neutrino mass matrix! by introducing S as
uce,c2,c1&5Suce,cm,ct&. The mass matrix of (M n

H)weak is then computed to be

~M n
H!weak5S dmn

Hee dmn
Hem dmn

Het

dmn
Hem dmn

Hmm dmn
Hmt

dmn
Het dmn

Hmt dmn
Htt D 5S 2dHn

ee dHn
em1dHn

me dHn
et1dHn

te

dHn
em1dHn

me 2dHn
mm dHn

mt1dHn
tm

dHn
et1dHn

te dHn
mt1dHn

tm 2dHn
tt D , ~46!

wheredHn
i j ( i , j 5e,m,t) denotes the radiatively induced neutrino masses corresponding to Fig. 3, which can be calcu

dHn
i j 5~U,

†S†f,Mk
diagfkFkSU,! i j , ~47!

where

f,5S 0 0 l3f e,/2

0 0 2l4f mt

2l3f e,/2 l4f mt 0
D , fk5S f k

e 0 0

0 gk
1 0

0 0 f k
1D , ~48!

Fk5vhvrS F„~mk
e!2,mh

2 ,mx
2
… 0 0

0 F„~mk
2!2,mh

2 ,mx
2
… 0

0 0 F„~mk
1!2,mh

2 ,mx
2
…

D [vhvrS Fk
e 0 0

0 Fk
2 0

0 0 Fk
1D , ~49!

Mk
diag5S mk

e 0 0

0 mk
2 0

0 0 mk
1D , S5

1

A2 S A2 0 0

0 21 1

0 1 1
D . ~50!
After some calculations, we obtain

dHn
ee50,

dHn
em5

1

A2
~ca2sa!l3f e,vhvr f k

1mk
1Fk

1 ,

dHn
et5

1

A2
~ca1sa!l3f e,vhvr f k

1mk
1Fk

1 ,

dHn
me52

1

A2
~ca2sa!l3f e,vhvr f k

emk
eFk

e ,

dHn
mm5

1

2
~ca

22sa
2 !l4f mtvhvr~ f k

1mk
1Fk

12gk
1mk

2Fk
2!,
01500
dHn
mt5

1

2
l4f mtvhvr@~ca1sa!2f k

1mk
1Fk

1

1~ca2sa!2gk
1mk

2Fk
2#,

dHn
te52

1

A2
~ca1sa!l3f e,vhvr f k

emk
eFk

e ,

dHn
tm5

1

2
l4f mtvhvr@2~ca2sa!2f k

1mk
1Fk

1

2~ca1sa!2gk
1mk

2Fk
2#,

dHn
tt52dHn

mm . ~51!
6-10
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There are two contributions from (M n
C)weak and

(M n
H)weak to radiatively induced neutrino masses. Forne-nm

andne-nt contributions, the contributions from (M n
C)weakare

found to be always much smaller than those from (M n
H)weak.

In this case, there is a relation of

s52
11tana

12tana
~52!

calculated from Eq.~51!, leading to

sin22uatm54
s2

~11s2!2
. ~53!

To see how neutrino masses and mixings arise, we dis
the simplest case with sina50, where the charged-lepto
contributions are neglected. The full estimation, includi
the case of sinaÞ0, is to be performed by numerical calcu
lations, where the charged-lepton contributions are prop
taken into account. The neutrino mass matrix turns out to

M n
weak5S 0 Hn

em Hn
et

Hn
em mn

tree1Hn
mm 2mn

tree

Hn
et 2mn

tree mn
tree1Hn

ttD , ~54!

whereHn
mt is absent because ofHn

mt5dHn
mt1dHn

tm50 for
sina50, and

Hn
em5Hn

et5
l3f e,vhvr

2vx
@~mk

1!2F„~mk
1!2,mh

2 ,mx
2
…

2~mk
e!2F„~mk

e!2,mh
2 ,mx

2
…#,

Hn
mm52Hn

tt5
l4f mtvhvr

vx
@~mk

1!2F„~mk
1!2,mh

2 ,mx
2
…

2~mk
2!2F„~mk

2!2,mh
2 ,mx

2
…#, ~55!

where mk
15 f k

1x and mk
e5 f k

ex are used to eliminatef k’s.
These structures are simply explained by the form of eff
tive operators. The equation ofHn

em5Hn
et is due to the ap-

pearance ofcL
ecL

1 giving rise tonenm1nent while that of
Hn

mm52Hn
tt is due to the appearance ofcL

2cL
1 giving rise to

ntnt2nmnm . This direct correspondence of the signs of t
mass terms is partially owing to theS2L-conserved heavy
lepton interactions withx even after the spontaneous brea
ing. Then, our mass matrix of Eq.~2! has the following mass
parameters:
01500
ss

ly
e

-

-

a50, b5Hn
em , c5Hn

em , d5mn
tree1Hn

mm ,

e52mn
tree , f 5mn

tree2Hn
mm. ~56!

From these mass parameters, we find that our model n
rally derives the maximal atmospheric neutrino mixing b
causes52c/b521. We mention that, in the original Ze
model, the fine tuning of lepton number violating coupling
which is characterized by ‘‘inverse hierarchy’’ in the co
plings such asf etmt

2; f emmm
2 @21# is necessary to yield bi-

maximal mixing structure. However, in ourSU(3)L
3U(1)N case, the bimaximal structure is caused by
dominance of the heavy lepton contributions. Also, we fi
that our model is capable of explaining the large solar n
trino mixing with sin22u(;0.8 becauseHn

mm5O(Hm
em) is a

reasonable expectation forf em; f mt , l3;l4 and mk
e

;mk
2 . We then observe that, in the case of sina50, ~1! the

appearance of the maximal atmospheric neutrino mixing
ensured by the contributions characterized byHn

em5Hn
et . It

is mainly because the heavy lepton interactions withx re-
spectsS2L even after the spontaneous breaking, which
suresHn

em5Hn
et giving dmn

Hem5dmn
Het by m↔t as noted.

~2! The deviation from the maximal solar neutrino mixing
due to the contributions characterized byHn

mm;Hn
em , which

roughly suggests thatmk
2;mk

e . The ~suppressed! charged
lepton contributions of Eq.~45! give, for sina50 together
with sinb50, the relevant radiative masses ofdmn

Cem,et to
be

dmn
Cem~5dCem1dCme!'

1

2
l4f etgm

2vhvxmtF,
m ,

dmn
Cet~5dCet1dCte!'2

1

2
l4f etgt

2vhvxmtF,
t .

~57!

BecauseF,
m;F,

t for mh
2;mr

2@me,m,t
2 , we observe from Eq.

~32! that udmn
Cem/dmn

Cetu'ugm
2/gt

2u;mm /mt . This relation
disfavors the maximal atmospheric mixing. In order to es
mate the effects of sinaÞ0, we next perform numerical es
timation including these charged lepton contributions.

V. ESTIMATION OF NEUTRINO MASSES

In this section, to see whether our model can really rep
duce the~nearly! maximal atmospheric neutrino mixing o
sin22uatm;1.0 and the LMA solution with sin22u(;0.8, we
now perform the numerical calculations for sina
50.0,0.1,0.2. We take the following assumptions on
magnitudes of various parameters:
TABLE IV. Various parameters used to derive neutrino mixings, where masses (v ’s, m’s and m ’s! are
given in the unit ofvweak5(2A2GF)21/25174 GeV ande stands for the electromagnetic coupling.

vh,h8 vr,r8 vx mh,h8,r,r8 mx ms ,m1,2 gs f e, f mt l3,4

1/20 1/A2 10 1 10 4.63109 e 1.031028 0.531028 0.3
6-11
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~1! Sincevh,h8 andvr,r8 are related to weak boson mass

proportional to vweak
2 5(allvHiggs

2 , we put vh5vh8
5vweak/20, vr5vr85vweak/A2 where vweak

5(2A2GF)21/25174 GeV.
~2! vx is a source of masses for the heavy leptons, ex

quarks and exotic gauge bosons. Alsox is the key field
for the symmetry breaking of SU(3)L3U(1)N

→SU(2)L3U(1)Y , leading tovx@vweak and we put
vx510vweak.

~3! The masses of the triplet Higgs scalarsh,h8,r,r8 are set
to bemh5mh85mr5mr85vweak and the mass ofx is
set to bemx5vx .

~4! The mass of heavy lepton,ke, is taken to bemk
e

52 TeV and the masses ofk6 are varied within the
range of 1.0 TeV<mk

6<10.0 TeV.
~5! In order to realize the observed value ofDmatm

2 53.0
31023 eV2 by the type II seesaw mechanism, we ta
ms54.63109vweak with gs

15e in Eq. ~22! and m1

5m25ms in Eq. ~23!, wheree stands for the electro
magnetic coupling.

~6! The couplingsf i j ( i , j 5e,m,t) andl3,4 are taken to fa-
vor the large solar neutrino mixing angle, wheref e,

FIG. 5. Corrected atmospheric and solar neutrino mixing ang
sin22uatm([sin22u12

new) with u23
new5u231j23 for ‘‘atm’’ and similarly

for sin22u(([sin22u12
new) for ‘‘solar.’’

FIG. 6. Charged and heavy lepton contributions to the radia
masses forne-nm andne-nt .
01500
ic

51.031028 and f mt5 f e,/2 together with l35l4

(50.3) to focusmk
2;mk

e . The smallness of the Yukaw
couplingsf e, is taken to be ‘‘natural’’ because the lim
of f e,→0 enhances the symmetry of the theory,Le sym-
metry, as mentioned above.

It may be helpful to list these parameter values, which
summarized in Table IV. We note again that:

vh,h8,r,r8 are so chosen to reproduce weak boson mas
vx is so chosen to give larger masses of at least 1 TeV

exotic particles,
the masses ofh,h8,r,r8,x are so chosen near thes

VEV’s,
the tiny value off e, enjoys the ’t Hooft’s ‘‘naturalness.’’
These values are selected by the considerations within

SU(3)L3U(1)N framework. On the other hand, the remai
ing parameters are taken to accommodate the current
trino observation data, e.g.,

the mass of the sextet scalars and the related coupling
gs

1 ,m1,2 are so chosen to reproduceDmatm
2 via the type II

seesaw mechanism,
f e,,mt andl3,4 are so chosen to satisfyl3f e,/25l4f mt ~to

enhancemk
2;mk

e) for the large solar neutrino mixing as i
Eq. ~55!.

After taking these values, we havemk
e,6 as the free pa-

rameters. For the present analysis, we show various re
with mk

e52 TeV because the essence of our analysis is

s

e

FIG. 7. Heavy lepton masses.

FIG. 8. Tree level and radiatively induced neutrino masses.
6-12
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altered for other similar values ofmk
e . Now, our aim in this

section is to give the numerical demonstration that our mo
with these parameters can really reproduce the observed
trino oscillation data.

For the sake of simplicity, we chooseb5a to estimate
the charged lepton contributions of Eq.~45!. We search the
allowed region, where the following conditions:~1! Dmatm

2

5(3.060.01)31023 eV2 for atmospheric neutrino oscilla
tions, ~2! sin22u(50.6–0.8 for solar neutrino oscillations
are satisfied. The allowed region is selected by imposing
constraints of Dm(

2 ;1025–1024 eV2 and sin22uatm
obs

;0.9–1.0 foruatm
obs5uatm1j23 as in Eq.~10!. Note that, for

the heavy lepton contributions alone, sin22uatm>0.9 is found
to yield sina<0.16 from Eq.~53!.

The nearly maximal atmospheric neutrino mixin
sin22uatm

obs*0.9, is naturally realized as shown in Fig. 5 wi
sina&0.1. This is because the heavy lepton contributio
providesdmn

em;dmn
et dominated by theS2L-preserving con-

tributions. Although the charged lepton contributions gen
ate dmn

Cem/dmn
Cet;mm /mt , which spoils the presence o

the maximal atmospheric neutrino mixing, these contrib
tions turn out to be much suppressed as shown in Fig. 6.
radiative masses ofdmn

em anddmn
et are essentially controlled

by heavy lepton contributions, providing the~almost! maxi-
mal atmospheric neutrino mixing.

FIG. 9. Corrections ofj12,23compared with the mixing angles o
u12,23 in the unit ofp.

FIG. 10. Same as in Fig. 6 but for the radiative masses forne-nm

andne-nts measured inUe3.
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The large solar neutrino mixing calls for the similar ma
nitude of the radiatively induced neutrino masses. Namely
least one ofdmn

mm,mt,tt is the same order of magnitude a
dmn

em,et . This condition is found to be realized by the a
pearance ofmk

2 confined around 3–4 TeV as shown in Fi
7, where the allowed region ofmk

6 is examined. This behav
ior of mk

2 reflects the naive expectation ofmk
2;mk

e for
sina50. In this region, the relevant radiatively induced ne
trino masses are kept almost the same as shown in Fig
evaluated at sina50 for demonstration. Thus, the large sol
neutrino mixing is indeed possible to occur owing to t
condition of Eq.~6! and sin22u(

obs50.67–0.98, corresponding
to

tan2u(
obs50.2720.75, ~58!

are obtained because of the positive corrections byj12 in
u(

obs5u(1j12. This region lies within the experimentall
allowed region of tan2u(50.2420.89 @5#. As shown in Fig.
9, the deviations of j ’s remain suppressed to b
j12(23)/u12(23);0.1 for sina&0.1; however, in the region o
sina*0.1, these deviations become larger thanO(0.1) of
the original mixing angles, whose magnitudes may exc
the perturbative regime, where these deviations have b
calculated. Hereafter, we do not specify the superscrip
obs. These deviations shift the mixing angles upwards.

The charged lepton contributions present in the radia
masses ofdmn

mm,mt,tt give favorable effects on sin22u( that
reduce the magnitude of sin22u( from unity. So, we need no
worry about the charged lepton contributions on these th
masses. The effects of the charged lepton contributions in
m-t sector arise in the magnitude ofUe3, which is shown in
Fig. 10. Further shown in Fig. 11 is the sum of the charg
lepton and heavy lepton contributions toUe3, which turns
out to be smaller than the experimental upper bound.

Finally, in Fig. 12 and Fig. 13 we, respectively, show t
neutrino mass eigenvalues and the squared mass differe
Dmatm

2 andDm(
2 . These observations show that our mod

has the capability of explaining the observed properties
the atmospheric neutrino oscillations and the solar neut
oscillations with the LMA solution of sin22u(;0.8.

These results reflect the following general property of o
model. The heavy lepton interactions with the Higgs sca
of x conserveS2L even afterx develops a VEV. Therefore

FIG. 11. a dependence ofUe3.
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the heavy lepton contributions enhance theS2L-conserved
property of s521 and Ue350. The appearance of th
larger values of sina indicates that more contributions from
charged leptons are imported. Since charged leptons are
mixtures of theS2L-symmetric and -antisymmetric state
which also affect the heavy lepton states, the deviation fr
s521 and Ue350 becomes significant. Especiall
sin22uatm gets reduced. In the present case, the region
sina*0.1 is excluded. The result ofUe3 can be explained by
the simple estimate of Eq.~12!. Since the tree level contri
butions toUe3 are negligible,Ue3 arises from the radiative
contributions, which amount toe;dmn

rad;0.005 eV~as in
Fig. 8!. We find thatUe3(;a few3e);0.0120.02, which
coincides with the result of Fig. 11 for sina&0.1.

VI. SUMMARY

Summarizing our discussions, we have constructed
SU(3)L3U(1)N gauge model with the lepton triplets of (n i ,
, i , k i) for i 5e,m,t, wherek i represents positively charge
heavy leptons, that provides the LMA solution for the so
neutrino problem compatible with sin22u(;0.8. The neu-
trino masses arise from the tree level neutrino masses
duced by the type II seesaw mechanism based on the i
actions of lepton triplets with anSU(3)-sextet scalar and
from the one-loop level masses induced by the Zee-t
mechanism. The almost maximal atmospheric neutrino m
ing and the large solar neutrino mixing are naturally e
plained by the following mechanisms:

~1! The atmospheric neutrino mixing controlled by the tr
level masses and by the radiatively induced masses t
out to be almost maximal because of the presence o
S2L permutation symmetry for left-handedm andt fami-
lies with aZ4 discrete symmetry. The bimaximal stru

FIG. 12. Neutrino mass eigenvalues.
er
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ture is caused by almost degeneracy betweendmn
em and

dmn
et . This degeneracy is assured to occur as a resu

our dynamics of the heavy lepton interactions respect
S2L . The suppressed charged lepton contributions
characterized bydmn

Cem/dmn
Cet;mm /mt .

~2! The large solar neutrino mixing is caused by generat
the almost same contributions of the radiatively induc
neutrino masses, which just call for the approxima
equality of f mt5O( f e,).

By performing numerical calculations, we have found th
our model has solutions ofDmatm

2 ;3.031023 eV2 with the
nearly maximal mixing with sin22uatm*0.9 for atmospheric
neutrino oscillations andDm(

2 ;2.024.031025 eV2 with
sin22u(50.6720.98, corresponding to tan2u(50.27–0.75,
for solar neutrino oscillations. The presence of the char
lepton mixing anglea leads to the deviation of sin22uatm
51.0 and to the appearance of the non-vanishingUe3. We
have estimated sin22uatm andUe3 in the three cases of sina
50.0,0.1,0.2. It turns out that sin22uatm*0.9 is obtained for
sina&0.1 andUe3 is kept sufficiently smaller than the ex
perimental upper bound.

Finally, we note again that the Yukawa interactions of t
heavy leptons withx conserveS2L even after the spontane
ous breaking. Therefore, if there are only contributions fro
heavy leptons, the appearance of the maximal atmosph
neutrino mixing is guaranteed by the direct reflection of t
S2L-conserved mass term ofne(nm1nt). The charged-lepton
interactions, which spoil theS2L-conservation, induce thei
deviations characterized by sinaÞ0, whose ranges are con
strained by sina&0.1. Since the essence in our discussio
lies in the presence of theS2L permutation symmetry, we
hope that one of the characteristic features behind in
neutrino oscillations is the appearance of this symmetry.

FIG. 13. Squared mass differences for atmospheric and s
neutrino oscillations.
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