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We construct arSU(3), XU(1)y gauge model based on &, permutation symmetry for left-handed
and 7 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 Il seesaw mechanism utilizing
interactions of lepton triplets with aBU(3)-sextet scalar. The atmospheric neutrino mixing controlled by the
tree-level and radiative masses turns out to be almost maximal owing to the pres&cesgpplemented by
a Z, discrete symmetry. These symmetries ensure the near equality betweegitheand v-v, radiative
masses dominated by contributions from heavy leptons contained in the third members of lepton triplets, whose
Yukawa interactions consen®, even after the spontaneous breaking. The solar neutrino mixing controlled
by radiative masses, including:g,-v, mass, which are taken to be of similar order, turns out to be described
by large solar neutrino mixing angles.
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[. INTRODUCTION neutrino mass matrix in the Zee model has the following
form:
Recent observations of atmospheric and solar neutrino os-
cillations have provided clear evidence that neutrinos are 0 brad crad
massive particlef1—3]. These oscillations are characterized rad prad g grad
by the squared mass differences for atmospheric neutrinos, M, = ' @)

2 . .. . Crad erad 0
Am:,~3x10 2 eV?, with the mixing angle of sit26,,

~1 [4] and for solar neutrinos\m3 ~105-10"* eV?, for
the large mixing angléLMA) solution with sif26,~0.75  whereb'? c'24 ande™? stand for radiatively induced neu-
and, Amé~10*8 eV?, for the low mass, low probability trino masses. There is an obvious relation among the neu-
(LOW) solution with sif26,~0.92 [3,5], where the LMA  trino masses denoted by, , 3 dictatingm;+m,+mz=0,
solution is currently considered as the most favorable solufrom which the mixing angle for solar neutrinos is con-
tion. The existence of these massive neutrinos and their ostrained to sif26,~1.0[13]. However, recent observations
cillations requires some new interactions beyond the convershow that the best-fit value of the mixing angle for the LMA
tional interactions in the standard modél]. Furthermore, solution is sif26,~0.8. Thus, the original Zee model is not
the data indicate a mass hierarchyAohZ, >Am32 as well  capable of explaining neutrino oscillations compatible with
as the large mixing angles, suggesting that the neutrino magge LMA solution.
matrix has bimaximal structure,8]. To implement the radiative mechanism of the Zee type,
There are two main theoretical mechanisms to generatee have advocated to use a triplet Higgs scala® W(3),_
tiny neutrino masses: one is the seesaw mechafigst0] X U(1)y gauge modelfl4]. The Zee scalan™ is identified
and the other is the radiative mechanigth,12. It has been  with the third member of aBU(3), -triplet Higgs scalar and
pointed out that the radiative mechanism of the Zee ffii¢  can be unified into a tripley with the standard Higgs dou-
may fail to explain the favorable LMA solutiofi3]. In the  blet (¢°,¢ ). Namely, anSU(3), -triplet (% 7, ") can
Zee model, a Higgs scalaé’ as a duplicate of the standard be interpreted as#® ¢ ,h*). Therefore, the existence of
Higgs scalar¢ and a singly charge&U(2),-singlet scalar Zee scalarh* is naturally understood. Furthermore, the
h™ have been introduced into the standard model to genera®U(3), X U(1)y gauge models are known to exhibit the at-
tiny neutrino masses by one-loop radiative corrections. Théractive properties that these models predict three families of
quarks and leptons from the anomaly free conditions on
SU(3). XU(1)y and the asymptotic freedom &U(3)..
*Electronic address: teruyuki@post.kek.jp The anomalies are cancelled by the six triplets and six anti-
"Electronic address: yasue@keyaki.cc.u-tokai.ac.jp triplets, which are appropriately supplied by three families of
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leptons and three families of three colors of quarks. It is a b o(=—ob)

remarkable that this cancellation mechanism only works in b d e

the multiple of three families. With these plausible proper- M,= : 2
ties, radiative mechanisms to generate tiny masses of neutri- c e f(=d+(c'~0)e)

nos and their oscillations have been extensively studied in

SU(3), X U(1)y gauge model§l5,16. However, the possi-

bility of explaining the observed properties of solar neutrino 2 . .

oscillations with siR26,~0.8 has not been emphasized yet. andw.. Similar textures of the neutrino mass matrix have
In this paper we consider a radiative mechanism of th(—i"leSO beer_1 StUd'e_d in the Ilteratt[_@2—24]. This mass matrix

Zee type in theSU(3), X U(1)y framework[14] to explain ~ ¢@n e diagonalized by s defined by

observed properties of neutrino oscillations consistent with _

the LMA solution of sif26,~0.8. To accommodate the Cosb;, Sinfy, 0

LMA solution to the radiative mechanism of the Zee type, _| —cosfysinf,  €0SH,5c086071,  Sinfyg

we have to add some ingredients to the model in order to ¥ MNS™ . . . '

avoid the constraint ofn;+m,+my;=0. For example, we SiNOSiNf1,  —SING2C0S01, COSby3

can obtain the desirable LMA solutiofi) if we allow the (3)

duplicate Higgs scalag’, which is constrained to couple to

no Ieptons in 'Fhe original Zee model, tp couple to 'epton%hereeuz b

[17], (2) if we implement anS, permutation symmetry for

the u and 7 families with a triplet Higgs scaldi.8], (3) if we

import a sterile neutrino into the modgl9], and (4) if we

make use ofanti)sleptons in supersymmetric gauge models

[20]. In this paper we examine the phenomena of neutrino

A I 1 /b“+c

oscillations based on cas$g). We show the following: m=a— - / (x+ JXZT8),
: . . L 2 2

(1) The almost maximal atmospheric neutrino mixing is en-

sured by the presence of &, permutation symmetry —
for the left-handed states in theand r families supple- 1 /p*+c 5
mented by aZ, discrete symmetry. Especially, in order my=a= 5\ 5 (X=Vx“+8),

to explain the maximal mixing, we do not need fine tun-
ing of couplings of lepton$21] to the Zee scalah*, \/m
d—a+x >
b
tanfam=— - (=0) @

where o=tanf,3 with 6,3 being the mixing angle between

and 6,3= 6,;m, Which transformgv,,.s9 as
the mass eigenstate withmg,m,,ms) into |vyca9 as the
weak eigenstate byvyeaw =Uung Vmasg- The neutrino
masses and mixing angles can be parametrized to be

which is now contained in the third member of a triplet me=d+o 2
Higgs scalar. Instead, heavy leptons take care of the rel-

evant couplings, which dynamically assure the appear-

ance of the maximal mixing.

(2) The large solar neutrino mixing characterized by Sinf26,= —
sirf26,~0.8 is realized to occur if the magnitudes of 8+X
radiatively induced neutrino masses are kept to be the
same order. with

In the next section we present a possible texture of the

neutrino mass matrix wit§,, andZ, symmetries to lead the \/m

observed properties of the neutrino mixings and discuss X=1/—— (5)

which elements affect the patterns of these mixings. In Sec. b2+ c?

[Il we construct arSU(3), X U(1)y gauge model to accom-

modate the observed atmospheric and solar neutrino oscill#&om Eq.(4) and Eq.(5) we find that the condition needed to
tions. How to generate the neutrino masses and mixings iBbtain the large mixing angle as the LMA solution, such as
our model are discussed in Sec. IV. The results of our desir?26,~0.8, isx?= (1) or, equivalently,

tailed analysis are discussed in Sec. V. Section VI is devoted
to a summary.

(a—d+oe)’=0(b*+c?). (6)

There are various solutions to E®). We adopt the solution

saturated by radiative neutrino masses of the same order.

Since both sides must be the same order, the relation of Eq.
In this section we discuss the usefulness of $ag per-  (6) requires the cancellation of tree-level neutrino masses if

mutation symmetry fope and 7 families. Following the ex- they exist.

pressions used in Refl8], we parametrize the neutrino  We divide the neutrino mass matrix into two pairts) a

mass matrixM ,, for sinf;3=0 with siné;; being the mix-  tree level mass matrid'/®® and (2) a radiatively induced

ing angle betweem, andv., to be mass matrixv'®® as follows:

Il. TEXTURE OF THE NEUTRINO MASS MATRIX
AND S, PERMUTATION SYMMETRY
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wheremz>m, , is applied. Furthermore, since we are antici-

__pgqtree rad
M,=M;=*+M 7", ; i eV
pating thatm,*=m;~ ém,™" will represent radiatively gener-

0 0 0 ated neutrino masses, we roughly obtain—m;~Amg

wee | O diree  ggtree and similarlyms~ \JAmZ,». Equation(11) can be reduced
M = i)
v 0 a_dtree dtree tO
e\/Amé €
) [Ues|~ |———| ~afewx—¢, (12
gqrad prad  rad Am,, 1eV
brad drad erad

where we have uset,~S1,~Cy3~S,3~ 1. Experimentally,
the CHOOZ and Palo Verde data imply tHats is close to
zero, e.9.]Uq;|?<0.015-0.05[25], which should be satis-

) fied by Eq.(11).
where the superscripts, “tree” and “rad,” denote the tree-

level and radiative masses, respectively. The form§fe is
to be ensured by introducing tt#, permutation symmetry
for left-handed states in the and 7 families. An additional ~ We choose the&sU(3)_ < U(1)y gauge model employed
Z,, discrete symmetry will pick up the solution with either I Ref. [26] as the reference model, where the leptons are

o=1 or o= —1. The form ofM"®® with o= =1 leads to  @sSigned to be

rad _
M=
Crad erad frad

IIl. MODEL

the cancellation of the tree-level massesain d+ oe and
Eq. (6) required for sif26,~0.8 is transformed to

(arad_ drad+ Uerad)2= O((brad)2+ (Crad)z). (8)

wL:(Vilgi,Ki)I:(S,O)' g%l"-'T:(li_l), K%—’-'— (1’1)
(13
Here, the index of = (e, u,7) denotes the three families and

xk for j=(e,—,+) are the mass eigenstates of the positively

If the magnitude of these neutrino masses is kept almost thgharged heavy leptons. The superscripts, of kg corre-
same to satisfy E(8), we obtain the significant deviation of spond to ther= u states ofx, as the chiral partners to be

sirf26,, from unity. More precisely, at least one of tee-e

defined by their Yukawa interactions. Higgs scalars are as-

and u— 7 sectors provides the same order of magnitude agjgned to be

thee— u ande— 7 masses.

So far, these arguments are entirely based on the relation
of f=d+ (o 1= 0)e in Eq. (2). However, since radiatively

generated masses may also randomly contribute éandf,

these contributions jeopardize the relation. The effects from

the radiative masses cause &jg# 0, leading toU 3#0,

n=(7%7",7")":(30),
p=(p".p%p" H)T:(3,),

x=(x"x x93, -1). (14)

and can be estimated by the conventional perturbative treaffhe quantum numbers are specified in parentheses by
ment because these effects are much smaller than those fraqi@U(3), ,U(1)y). Let N/2 be theU(1)y number, then the

the tree level masses. Denoting the deviationebyf —[d
+ (o~ 1= 0o)e], we parametrizéM , as

a b —ob 0O 0 O
M, = b d e (0 00
—ob e d+(c l-0)e 0 0 €

©)

We find that the lepton mixing angles @f, and 6,5 are
modified into 6555= 0+ &1, and H355= O 5+ £,3, Where

S%3‘312512 £ramC Siz N Ciz
12 my—m; < 237 C23523 Ma—m; | m—my) €
(10
and
1 1
U 3= C23523C12512 Ma—m, - Ma— My €
2352312512 ms Mg’

hyperchargeY and the electric charg® are given byY=
—3\8+N and Q= (\3+Y)/2, respectively, whera? are
the Gel-Mann matrices with TK®AP)=25%"(a,b
=1,2,...,8). TheHiggs scalars develop the following
vacuum expectation valu¢¥EV’s):

(0[7]0)=(v,,0,00T, (0|p|0)=(0p,,0)7,

(0[x10y=(0,0p )", (15)

where the orthogonal choice of these VEV’s will be guaran-
teed by thexnpyx-type Higgs interactions introduced in Eq.
(23).

Now, we extend the reference model to our present
SU(3), X U(1)y model in order to accommodate the maxi-
mal atmospheric and large solar neutrino mixings. We intro-
duce anS,; permutation symmetry for left-handed states in
the u and 7 families used together with an additionz),
discrete symmetry. The quantum numbersSgf andZ, as
well as the lepton(L) and the electronl(;) numbers are
listed in Table | for all participating particles in our discus-
sions, wherey;” = (¢ + 4)/\/2. To generate the tree level
neutrino masses, we introduce 8y -symmetric anti-sextet
scalar,s, defined by

015006-3
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TABLE |. Particle contents witts,, , Z,, L andL, quantum numbers for leptons and Higgs scalars,

whereS,, =+ (—) denotes symmetri@ntisymmetri¢ states.

Yrer W WL

BR:TR KR KR KR 7 n P S
S, + + - + + + + - + - +
Z, —i 1 i 1 1 i -1 i —i 1 i —i -1
L 1 1 1 1 1 1 0o -2 0 0 0 -2
2L, 2 0 0 0 2 0 0 0 0 0 0 0
33 st s such aszszy in Eq. (23) (see Table lll. So, there is no
P 0 harmful Nambu-Goldstone boson. In the present discussions,
s=| 5 S St :(6%,0). (16)  we do not resort to this’ symmetry because the, andS,,
s~ s? s conservations supersede the conservation.
The Yukawa interactions for leptons are now caused by
Then, theS,- andZ,-conserved interaction of Ly:
+_—Caﬁ —
9 (UL, Py (17) — _ —
= e = Ly="Fee(WE) mi + (400" i +9g (Y1) sy
accounts for the form of1'®® with o= —1, wherea, 8 and e —— N —
y denote the SU(3), indices. We also introduce +lepipert iy p(f urt iR+ p (9, 1R

S, -antisymmetric scalars

7' =(n'%n" ", 730, p'=(p"".p % (3

(19
with VEV'’s of

+0, TR) Syt x kRt Fo ] xkp 0,0 0 xKg

+(H.c), (22)

wheref’s andg’s denote the Yukawa couplings. The Higgs

(0]7'[0)=(v,,0,00T, (0[p'[0)=(0p,,0)". (19

interactions are given by Hermitian terms composed of

‘752‘?”13 (¢=mn,7",p,p',x,S) and by non-Hermitian terms in

These VEV’s are also determined by the appropriate Higgs
interactions. The scalaj’ allows us to realize the radiatively
inducedvr,,-v, masses by the interaction of

f € PV (W) mpth,,

and the scalap’ allows us to realize the mass hierarchy of
m,<m_ as we show later.
It should be noted that all of these interactions respect the

(20

V=pu1msn+uyn'sn’ +X1€¥7n,p5x,
+N2€45,(79) P BX T+ N3(7Tp ) (9" Tx) + Na(Tx)
X(n'Tp")+(H.c),

(23

L. conservation. Furthermore, it is not spoiled by the sponWhere u's and\'s denote a mass scale and coupling con-
taneous breaking due to VEV’s of Higgs scalars as can bétants, respectively. We note the following:

seen from Table I. Thik, conservation is, of course, broken (i)
by the presence of the.-», and v.-v, masses, which are
radiatively induced by the interactions of

fec€ PV (YL ) mph, -

As a result,L. is conserved in allS,- and Z,-invariant

Yukawa interactions excepte,(#{)¢7¢,", which can be

read off from Table I, where th8,, , Z,, L andL, numbers

of the possible Yukawa interactions are listed. This
L-violating interaction can be much suppressed because the
limit of f.,— 0 enhances the symmetry of the theory through
the restoration ok . [27]. Another useful symmetry based on
L'(=2L¢—L=L—L,—L,) [28], respected by all Yukawa
interactions, including €{)°ny,", is to be spontaneously (iii)
broken. But, it is explicitly broken by Higgs interactions

@)

015006-4

The »sn and ' s#n’ terms are the source of the type
Il seesaw mechanispi0], which calls for the mass of

s much greater thamv,ea the weak scale of
0(100) GeV.

The s? term of Eq.(16) would induce the dangerous
mass mixings between charged leptons and heavy lep-
tons if (0|s?|0)#0. This VEV will be dynamically
generated if the potential includes terms such as
(ps)p™n" and (ys)x'#', effectively corresponding
to tadpole interactions of? once VEV's of 55, p and

x are generated. However, our dynamics regulated by
the present potential allows us to set this VEV to van-
ish. So, there are no such dangerous mixings.

The npyx term ensures the orthogonal choice of
VEV's of n,p and y.
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TABLE Il. S, , Z,4, L andL, quantum numbers of the possible Yukawa interactions.

WO W) npr (D) WO W WO e (W) n
S, + - - + + +
Z, 1 i ~1 -1 —i 1
L 2 2 2 0 0 0
2L, 2 2 0 2 2 0
Yiper ippr YipTR I pur o pR PR P pTR
S + + + + + - -
Z, 1 i i 1 1 —i =i
L 0 0 0 0 0 0 0
2L, 0 -2 -2 0 0 0 0
tp'er Yip' R bip' TR A b p' TR bp mr bp' TR
S - - - - - + +
Z, i -1 -1 i i 1 1
L 0 0 0 0 0 0 0
2L, 0 -2 -2 0 0 0 0
PEXKR Yix KR Yix KR o XK YL XKR W xkm YL XKR
S, + + - + + - -
Z, 1 i -1 1 1 i =1
L 0 0 0 0 0 0 0
2L, 0 -2 -2 0 0 0 0
WD) syt (D) sy () sy (¢ sy ($0) sy () st
S, + + - + + -
Z, 1 i ~1 -1 1 1
L 0 0 0 0 0 0
2L, 4 2 2 0 0 0

(iv) The |5"%'|> and |p"p’|?type Higgs interactions In the present paper, we do not discuss phenomenology
present in the Hermitian terms can induce the correctlue to the existence of heavy leptons and extra gauge bosons
vacuum alignment of Eq19) if their coefficients are as well as heavy exotic quar29]. Since the standard
taken to be negative. model well describes the current physics, their contributions

These Higgs interactions are invariant un@er with Z, should be suppre;sed. Their masses are controlled by the
as well asL, and other interactions are forbidden by theseVEY Of x, which is taken to beO(1) TeV for the later
conservations as shown in Table IIl. Especially, the absencahalyses so that these additional contributions are sufficiently

of 77s°s® is important. This term could yield a divergent SUPPressed. _ _ _
mass term ob-v, at the two-loop level as shown in Fig. 1; ~ Before discussing how to describe atmospheric and solar

therefore, the tree level mass term is required as a countefeutrino oscillations in our model, we examine the form of
term at the (1,1) entry in th# '™ to cancel the divergent. Mass matrices of the heavy leptons and charged leptons
However, this counterterm spoils the realization of the tex-diven by Eq.(22). The heavy lepton mass matrix is simply
ture of M'"®¢. The requirements fror,_ andZz, ensure the given by the diagonal masses computed tontfe=fv,
internal consistency between the assumed for§fand M, =g, v, andm;=f v, . On the other hand, the charged
the absence of this radiative graph. lepton mass matrix has the following non-diagonal form:

015006-5
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S, ., Z4, L andL, quantum numbers for Higgs interaction relevant for the radiative induced

4 ’ ’ ’ "ty T T ’ ,
nsn o w'sn’ (o )n'Y) (P (XM (p Ty s
S + + + + + + +
Z, 1 1 1 1 1 1 -1
L -2 —6 2 2 0 0 0
2L, 0 0 0 0 0 0 0
ce TT T,
1% T '
M= O M ome ) (24)

TH
0 m m;

“J W)Z(Wﬂqm

where
(27)
MTN2 2
me*=fev,, Cp= \/(m m ) #,
M= e (f g, M= (f 0, ~gTs,) (m”)2 (m’”)2+m
¢ _\/E wlp~9ulp) t _\/E Up™9:Up)s S5=
m? - _ - The diagonal masses are computed to be
T = \/_(f P =E(f:vp+gTvpr). 9 P
(25) 5=(m$92,
The diagonal masses are obtalned after the transformation ofm [(m;T)Z_F(m?M)Z_F(m;H-)Z_i_ (MET)2—M2],
M, asMdia9= diag(me,m,,,m,)= UIMV,, where unitary
matricesU, andV, are given by L
m2= S[(m{D) 2+ (M) 2+ (M) 2+ (M) 2+ M?], - (28)
1 0 0 1 0 0
U= 0 c, S. V= 0 cg sp where
0 -s, c, 0 —s; ¢
g M= (m77)2 = (M) 12+ [(M7#)? = (mf )22+ 2(mymg”
(26)
+mermi) 2+ 2(mymg  + miFmi )2, (29

with ¢, = cose, etc., defined by

\
S T
1

- ~
- ~
7’ ~
’ _ \
_ s \ _
n o 7
]
—l < > L —e
+
[ K Vi

FIG. 1. Divergent two-loop diagram far;-vf .

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

mi#=S"m, +Cm,, m;’=C’m,+S°m

M} "= ———[(C,S,C?—CpsgS)m,

Cs—S,
—(CpspC2—c,s,57)M, ],

1 2 2
——— [(€pspC —C,8,S )M,
CB_ Sa

—(C,4S,C?=CpssS?)M, ], (30)

015006-6
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whereC? and S’ are defined by whereaep is the fine-tuning constant amd, is the averaged
mass forp andp’. By using Eq.(25) and Eq.(33) to relate
Ciﬂ:é 3(21+Sz the cquplings to _the charged lepton masses, we obtain the
C?=—"-F, &= (31)  following constraints on the processesof uy, ™— uuu

2 2 .
and — uee, respectively:

We use the hierarchical conditions [af,|,|sg|<1 to realize
the hierarchical mass pattern of,<m,, namely, mg*

<my”. This hierarchy in turn requires that P
4 mM(mT+ mﬂ) u .
~gma L7410 M [Gev Y,
“1/lg- - m
|f;|/|f7+'|~|g,u,|/|gr|~m,u./m71 fzva_g,u,vp’v Up

flv,~g;v, . (32

4
m
) ) ) _:”v <4. — 14 4
We consider that the fine tuning of the charged lepton masses 8mﬁv4 470107 [GeVT,

of Eq. (32) is the same level of the fine tuning in the standard .
model. To explain their hierarchical structure needs some
other mechanisms, which we do not consider in this paper.
We only consider the permutation symmetry as a hew sym-
metry behind neutrino oscillations once the charged lepton
masses are consistently reproduced. 4m
It should be noted that our model induces dangerous
flavor-changing interactions such as> w7y, uuu, nee me-
diated by ». In addition, the existence gf and p’ also

2 2
w'lle
4 4
Y p

<4.20x10 ¥ [GeV 4], (34)

. . . ’ where we have used,=v’ for simplicity. We then find that
induces these flavor-changing interactions because the »— U plictty

charged leptons can simultaneously couple to two Higgs scdd) for the 7—uy process mediated by,p’, m,v,>2.04
lars, p andp’ [30]. Since the approximate, conservation is < 107 (GeV?) from B(7— uy)<1.1X10 °, (2) for the 7
satisfied by our interactions, dll,-changing flavor interac- —uup  process mediated by p,p’, muv,>1.28
tions such agt— ey, including those mediated by, can be X 10? (GeV?) from B(r— uup)<1.9x10° (3) for the
well suppressed. The andp’ interactions are also found to r— uee process mediated by, m,v,>7.69 (GeV) from
be suppressed down to the phenomenologically acceptabl(r— uee)<1.7x 10°%. Since we are anticipating that

level. The branching ratios of these processes are taken frorﬁpvp,ﬂ)p,p,vaeak is natural becausg andp’ are related
Ref.[31]: to the weak boson masses, thus these flavor-changing inter-
B(r— uy)=T(7— uy)/T(r—all)<1.1x10°C, actions are sufficiently suppressed.
B(r—upmu)=T(r— upuu)/T(r—all)<1.9x 10, The other interactions mediated by cause extra contri-
B(r—uee=I'(r—puee/l'(r—all)<1.7x10 6, butions on7~ —u "~ v,v., which is well described by the

weak-boson exchanges, and other flavor-changing modes in-
wherel'(7—all) (<2.3x10 '?[GeV]) denotes the total de- duced by effects of sin#0 as well as sif#0. These con-
cay width andl'(r—uy), I'(r—pup) andI'(7—ure€)  tributions may not be suppressed in practice; however, they
denote the decay widths et—uy, 7—uup and7—uee  pecome tiny because the coupling:gfto leptons is taken to

processes, respectively. These decay widths are calculated§@ the same order of that of in the later discussions.
be, in thea—0 limit,

I'(r—uy) IV. NEUTRINO MASSES AND OSCILLATIONS
5 ce+\4 —\4 +te+y2 -—\2 L .
_ @enm; (F,)"4(9,)"+(f-1,)°+(9-9,) Now we are at the stage to estimating the neutrino masses
9627745,‘; 4 ’ and mixings in our model. The neutrino mass matrix is given
by

11 m (f)*+(g,)*

T

Fr=ppn)= 48 19277363 4 39 M,=M tVree+ M Z,ad (35
11 m> (fify)?
M(r—uee)=7 o — ( "4 e) , whereM'®® for the tree level mass matrix ad'® for the
1927°mj radiative mass matrix are parametrized by
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FIG. 3. Heavy lepton mediated one-loop diagrams.

0 0 0 M\gea%U}MVU€:(Mt]}ree)weak+(MS)weak+(MI;l)we(ak
398

36  Wwith (M3)¥eak= UIM3U,, wherea stands fortree, C and

omye omik omiT 'The mass matrix N1'/¢€)Weakis simply given by
Mrad— smyr smik smyT |
omST  SmkT  smI” 0 0 0
(MUee)weak 0 (Cuts,)? —Ci+sl miree
The tree-level mass is calculated to &°®=gJ v, which 0 —ci+sl (c,=s,)°
is supplied by the interaction @f (¢, )°sy, via the type II (39

seesaw mechanisf0] using thepsn andz’'s%’ as already

mentioned. The smallness of the tree level neutrino massesis _ o _ _
explained by the smallness of tbg, which is estimated to At a firstglance, this deviation due to si#¥0 may yieldU e
be v5~(M1vf,+M2vf],)/(2m§), leading to vs<v, through e#0 as in Eq.(11), which is given bye=(c,
~Uweak fOr wmi,~mg>v, . . The radiatively generated

masses ofim,’s are calculated below. To do so, we further @ e ® e i
divide M2 into two parts: \ ~ 4 . ~
N M LN o N
N Ehaiain _ AN .
d C ./ S F N S 7
— - hY
M'ad=MC+ MM (37) s 7 * § ,2 v
I’ T ‘l < 1 T < L]
7 A v v, v oK ¥,
] 1
where M and M"' correspond to the charged lepton- s Z

mediated one-loop diagranifig. 2) and the heavy lepton-

mediated one-loop diagraniBig. 3), respectively. There are  © £
other possible loop diagrams of Fig. 4; however, the contri-s ) L 58 K
butions from these diagrams are well suppressed by the larg >y 7 .-+~ 7 « Sy T dag T gt
.. . \»,' 1 '\\(l \»,7 1 ‘\(/
mass & vyeaW arising from t_he propagator of Snjcedic;ur L) T s b SO
charged lepton mass matrix is transformed iry;'29 N 4 I Y7 R e x 7
1

=diag(me,m,, ,mT)zu}M(V(,, the neutrino mass matrix, - - ~ ’ N _ _ X
H H o Vi £y s v Vi | (A v
M, , is also transformed into a matrix spanned by the weak

base,M "2 defined by FIG. 4. Suppressed one- and two-loop diagrams.
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—5,)2—[(C,+5,)%+ (07— ) (—c2+s%)]. However, one ing charged lepton contributions. We safely state that the tree
observes thaé=0 for any values of sia by the use or to  level contributions tdJ .3 are negligible.

be obtained in Eq(52) from heavy lepton contributions, The mass matrixi1 ©)"¢2kinduced by the charged lepton
which will be found to much dominate over the correspond-exchanges is expressed as

smSee  smS smye 25C°  SC+8CHS SCST+6CT°
(MC)weak omoe  smSHr smSHT | [ SCeH+SCHe 28CHH SCHT4 SCTH (40
omSe™  smSHT smETT SC8™+ §C™®  SCHT+ 5CTH 25CT7
where 6Ciyj (i,j=e,u,7) denotes the radiatively induced neutrino masses corresponding to Fig. 2:
8C=(Uf UMV g,F U )Y, (41)
which can be calculated as
0 Nafenl2 Nyfe,2 J2f, O 0
_ 1 —a- —-qa-
f,= Nafe, /2 0 Nsf . L g=— 0 9, 9 | (42)
“Nefed2 Al O 2\ o g, o
F(mZ,m5,m2) 0 0 Ff 0 0
2 2 2 m
Fe=v,0, 0 F(my,,m’,my) 0 =v,0, 0 F¢ 0 (43
0 F(mZ,m>,m?) 0 0 Fj
with
F ) 1 xInx N ylny N zlnz 44
X,Y,2)= .
VT e -y (=) | (y—0(y-2)  (z-y)(z-%)
After some calculations, we obtain
5Cee=0,
e,u 1 - M - T - M - T
5CV = 57\40 nv)([m/.t(cafe/.t_safef)(_g,u,CaCBFf +g7 SaCBFf_g,u,CaS,BFf +gfr SaSﬁF{’)
+mr(safeM+Cafer)(_g;CaSﬁF?—i_g;SaSBFE—’_g;CaCBFg_g;SaCBF;)]!
er 1 - M - T - M - T
oC>'= 5)\4vnvx[mﬂ(cafeﬂ—safeT)(—ngacﬁFe =0, CaCsF¢—0,8,88F ¢ — 9, CaSpFy)
+mf(safey+caf67)(_g;SaSBFg_g;CaSEFZ_g;SaCBFéL_g;CaCBFg)]i
SCHe= ! Naf —c,f fo,)F¢
v _E 4lel nv)(me( Cu eM+Sa 67') ’
1 - - T - - T
SCH# = E)\sfwvanmT(—gﬂcasﬁFf;ngTsasﬁFﬁgMcacBF’;—gT S«CsF¢), (45)

1 - - T - - T
SCHT= EMfwv AU yMA(— g”sasﬁFg‘— 9, CuSgFi— gﬂsacBF’;— g, CuCpF o),

015006-9
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1
8C = —=N4fev v, Me( —S,fe,—Cofe) FE,

V2

1
50;#: - _)\3f,u’rm,u( - g;CaCBFI{;L—'_ g;saCBFZ’-_ g;CaSBFlZ—F g;SaSBFE)y

V2

1 - - T - - T
o6C’'=— E)\gfl”v,?vxm“(—gMSaCBFﬁ“—gT cacBFg—ngasﬁFéf—gT CaSpF ()
For the heavy lepton contributions, we take into account the rotation from the mass eigdnstatesy ) (appearing in
the calculations to the flavor eigenstateg)®,*,¢") (appearing in the neutrino mass malriky introducing S as
[, )= y® ¢*, 7). The mass matrix of 1) "€k is then computed to be

smiee smile  smifer 26H®®  SHSM4 SHM®  SHE+ SHT®
(MHyweak | O SmUSmAT | SHP R SHES 26HEE SHYTHGHTY (46)
smie™  smfie smfl™ SHYT+6H S SHYT+ 6H K 26H]7

WhereEHiVj (i,j=e,u,7) denotes the radiatively induced neutrino masses corresponding to Fig. 3, which can be calculated as

SH = (U[Sf M*%,F, SU)", 47)
where
0 0 Ngferl2 f€ 0 0
f— 0 O Nafur| ¢ _[ 0 9o 0 (48)
—Nafee/2 N4f,, 0 0 o0 ff
F((m$)?,m’,m?) 0 0 F¢E 0 O
“\2 a2 2 _
Fe=v,0, 0 Fm)%ms my) 0 =UqUp 0 F O ' (49
0 0 F((m;)2m>,m?) 0 0 F/
m® 0 O V2 0 o0
ydisa_[ 0 mg 0 s t| 0o -1 1) (50
0 0 m V2l 0 1 1

After some calculations, we obtain 1
5Hee:0 5Hl:7: E)\4fMTUﬂvp[(ca"_sa)zf:m:F’t
1 +(Ca_sa)zg:m/:|:;]a
5H$IJ’: _(Ca_sa))\gfegv ,,vpf:m:F: s

NA
1
1 5H:e=—T(ca+sa))\3fe€v,7vpfimil:i,
SHE= ﬁ(copL Sa)Nafeev v, famiF L, 2
1
1 SHI#= =N\4f 0,0 [ —(Co—S)*fFim F
6Hffe=—E(Ca—sa))\gfeevﬂvpfimiFi, 2
_(Ca+sa)zg:m/:|:l:]1
1 o
5Hlym:E(Ci_si))wfmvnUp(f:m;rF:_g;rmKFK), SHT™= — SHAH (51)
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There are two contributions from M$)¥eak and
(MHyweakig radiatively induced neutrino masses. Py,
andv.-v, contributions, the contributions fronM$)“¢3 are
found to be always much smaller than those fravifleak
In this case, there is a relation of

_ l+tana 52
7= I-tana %2

calculated from Eq(51), leading to

2

) o
SIMP2041m= 4(1_’_—0-2)2. (53

To see how neutrino masses and mixings arise, we discud

PHYSICAL REVIEW D67, 015006 (2003

— — & — € _ miree
a=0, b=H}*, c=HJ", d=m,"“+H}*,

e=—mi®®, f=mifee—Hru (56)
From these mass parameters, we find that our model natu-
rally derives the maximal atmospheric neutrino mixing be-
causeo= —c/b=—1. We mention that, in the original Zee
model, the fine tuning of lepton number violating couplings,
which is characterized by “inverse hierarchy” in the cou-
plings such ag,,m’~f,,m’ [21] is necessary to yield bi-
maximal mixing structure. However, in ouSU(3),
XU(1)y case, the bimaximal structure is caused by the
dominance of the heavy lepton contributions. Also, we find
that our model is capable of explaining the large solar neu-
tino mixing with sirf26,~0.8 becauseds*=O(H:*) is a

the simplest case with sig=0, where the charged-lepton '€@sonable expectation fofe,~f, ., X3~X, and my
contributions are neglected. The full estimation, including™M, - We then observe that, in the case of@ir0, (1) the
the case of sia#0, is to be performed by numerical calcu- apPpearance of the maximal atmospheric neutrino mixing is
lations, where the charged-lepton contributions are properlgnsured by the contributions characterizedHfy'=H3". It
taken into account. The neutrino mass matrix turns out to bé& mainly because the heavy lepton interactions vyithe-

0 H,e,“ H,ef
t t
Mweak: H,e,’“ mJeeJr H':f’u —mVree (54)
14 1
er tree tree TT
H; —m, m,~"+H;

whereH%" is absent because &f,"=6H%"+ sH #=0 for
sina=0, and

Nsfev v,
2v,

—(M$)2F(m$)2,m2,m2)],

e = per— [(m)?F(m)%,m? m?)

Naf 0,0,

Hek= —HT7= [(m9)ZF((m])%m2,m?)

X
—(m)2F((my)%m5,md)], (55)

wherem!=f’y andmé=f%y are used to eliminaté,’s.

spectsS,, even after the spontaneous breaking, which en-
suresH®*=H®" giving sm'/®*=sm'1®” by u— 7 as noted.

(2) The deviation from the maximal solar neutrino mixing is
due to the contributions characterized B{*~H?$*, which
roughly suggests than_~m¢. The (suppressedcharged
lepton contributions of Eq(45) give, for sina=0 together
with sing=0, the relevant radiative masses &hS*" to

be

1
5mfe"(= SCeH+ SCHe)~ E)\‘1ferg;1)nv)(mq.l:fgf,

1 - 7
M (= OCET+ OCT) =~ = S Nafe g, vy, MAF7.
(57)

Becausé=/ ~F; for m2~m2>mZ , _, we observe from Eq.
(32 that|smS®*/ smS*|~[g, /g, |~m,/m,. This relation
disfavors the maximal atmospheric mixing. In order to esti-
mate the effects of sia#0, we next perform numerical es-
timation including these charged lepton contributions.

These structures are simply explained by the form of effec-

tive operators. The equation &f$*=H®" is due to the ap-

pearance of/fy," giving rise to vev, + ver, While that of
H#*=—H"is due to the appearance ¢f , giving rise to
VoV,

V. ESTIMATION OF NEUTRINO MASSES

In this section, to see whether our model can really repro-

v,v, . This direct correspondence of the signs of theduce the(nearly maximal atmospheric neutrino mixing of

mass terms is partially owing to th®,, -conserved heavy sinf26,,~1.0 and the LMA solution with sf26,~0.8, we

lepton interactions withy even after the spontaneous break-now perform
ing. Then, our mass matrix of E(R) has the following mass

parameters:

the numerical calculations for sin
=0.0,0.1,0.2. We take the following assumptions on the
magnitudes of various parameters:

TABLE IV. Various parameters used to derive neutrino mixings, where massgsnf's and u’s) are
given in the unit ofv,eq= (2V2Gg) =174 GeV ance stands for the electromagnetic coupling.

v v v m m

77 p.p’ X 7.7 .0.p'

v Mg, 12 Os fee fur N34

1/20 1y2 10 1 10

4.6¢10° e

1.0x10® 0.5x10°° 0.3
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FIG. 5. Corrected atmospheric and solar neutrino mixing angles FIG. 7. Heavy lepton masses.
SINP20,(=siP2675") with 655%= 0,5+ £, for “atm” and similarly
for sir’26q(=sir’2613") for “solar.” =1.0x10 % and f,,=fe/2 together with \3=X,

D

(=0.3) to focusm_~m¢ . The smallness of the Yukawa
Sincev,, ,» andv,, ,» are related to weak boson masses  couplingsfe, is taken to be “natural” because the limit
proportional to UaveakZEaIIUEiig ., We putuv,=uv, of fe,—0 enhances the symmetry of the thedry,sym-

=Dyeall20, 0, =V, =yeard V2 where  vyear metry, as mentioned above.
=(2\2Gg) Y?=174 GeV.
v, is a source of masses for the heavy leptons, exoti . . ; )
quarks and exotic gauge bosons. Ajgas the key field summarized in Tablf] V. We note :égaln thati( b
for the symmetry breaking of SU(3) XU(1)y Uy.n'0,p' @€ SO chosen to reproduce weak boson masses,

) v, is so chosen to give larger masses of at least 1 TeV to
—SU(2) . XU(1)y, leading tov,>vyeax @and we put X :

X exotic particles,

UX: 1OUWeak'

. . the masses ofy,n',p,p’,x are so chosen near these
The masses of the triplet Higgs scalars;’ ,p,p’ are set VEV's I 0P X

to bem,=m, =m,=m, =veacand the mass of is
set to bem

&t may be helpful to list these parameter values, which are

K the tiny value off ., enjoys the 't Hooft’s “naturalness.”
= Ux- These values are selected by the considerations within the

The mass of heavy Ieptorvie, is taken to bemy  gy(3), xU(1), framework. On the other hand, the remain-
=2 TeV and the masses of - are varied within the  ing parameters are taken to accommodate the current neu-
range of 1.0 Te¥em, <10.0 TeV. trino observation data, e.g.,

In order to realize the observed value &fn3,,=3.0 the mass of the sextet scakand the related couplings

X103 eV? by the type Il +seesa_w mechanism, we takeg! ., , are so chosen to reprodudem?,, via the type I
Mg=4.6X 100 cqar With gJ=e in Eq. (22 and u;  seesaw mechanism,

= pa=ms in Eq. (23), wheree stands for the electro-  f, . and\;,are so chosen to satiskfe /2= \,f . (to
magnetic coupling. enhancem, ~m$) for the large solar neutrino mixing as in
(6) The couplingsf;; (i,j=e,u,7) and\z, are taken to fa- Eq. (55).
vor the large solar neutrino mixing angle, whefg After taking these values, we have® ™ as the free pa-
rameters. For the present analysis, we show various results
0.030 with mS=2 TeV because the essence of our analysis is not
0025 | _ 0.030
sin 0=0.0 sin 0=0.0 [ ]
0020 | i 0025 | _
0020 |
z 0.015
o
E
0005 | sin 0=00 | 0010 -
&~ _~sin 0=0.1 0.005
0.000 #—— sin 0702 T ——
ceu /Hsp, cem /H (14 0.000 _- -
Y Y v Y &m a”v SmMV ém mv Sm ””v Sm "v m ™ y
FIG. 6. Charged and heavy lepton contributions to the radiative
masses fowe-v, andve-v,. FIG. 8. Tree level and radiatively induced neutrino masses.
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- FIG. 11. « dependence df ..
sino
FIG. 9. Corrections o, ;;compared with the mixing angles of  The large solar neutrino mixing calls for the similar mag-
612 231n the unit of 7. nitude of the radiatively induced neutrino masses. Namely, at

- . . - . ILM'#T’TT i i
altered for other similar values oh®. Now, our aim in this least one ofom, Is the same order of magnitude as

ew,er H HN H i

section is to give the numerical demonstration that our modef™»" - This condition is found to be realized by the ap-
with these parameters can really reproduce the observed nefgarance ofn, confined around 3—4 TeV as shown in Fig.
trino oscillation data. 7, where the allowed region ofi,; is examined. This behav-

For the sake of simplicity, we choosg=« to estimate ior of m_ reflects the naive expectation ofi, ~m} for
the charged lepton contributions of E@5). We search the sina=0. In this region, the relevant radiatively induced neu-
allowed region, where the following condition&t) Am2,,,  trino masses are kept almost the same as shown in Fig. 8,
=(3.0+0.01)x 10" 2 eV? for atmospheric neutrino oscilla- €valuated at sin=0 for demonstration. Thus, the large solar
tions, (2) sinf2¢,=0.6—0.8 for solar neutrino oscillations, Neutrino mixing is indeed pgssible to occur owing to the
are satisfied. The allowed region is selected by imposing theondition of Eq.(6) and sirf26%’*=0.67-0.98, corresponding
constraints of Am2~10"°5-10*eV? and sif26l to

~0.9-1.0 forf2PS= 6,,m+ &,3 as in Eq.(10). Note that, for obs

’ tarf 92°°=0.27—0.75, 58
the heavy lepton contributions alone, @#,,,,=0.9 is found © 58
to yield sine=<0.16 from Eq.(53). are obtained because of the positive correctionséyin

The nearly maximal atmospheric neutrino mixing, 9"@'05: 0o+ &1,. This region lies within the experimentally
sirf26205=0.9, is naturally realized as shown in Fig. 5 with allowed region of taf¥, =0.24—0.89[5]. As shown in Fig.
sina=<0.1. This is because the heavy lepton contribution®, the deviations of &s remain suppressed to be
providesém:*~ sm§” dominated by thé, -preserving con-  &;523)/ 61523~ 0.1 for sina<0.1; however, in the region of
tributions. Although the charged lepton contributions genersina=0.1, these deviations become larger th@0.1) of
ate SmC®/ smSe ~ m,/m,, which spoils the presence of the original mixing angles, whose magnitudes may exceed
the maximal atmospheric neutrino mixing, these contributhe perturbative regime, where these deviations have been
tions turn out to be much suppressed as shown in Fig. 6. Thealculated. Hereafter, we do not specify the superscript of
radiative masses efm®* and sm®” are essentially controlled obs These deviations shift the mixing angles upwards.

by heavy lepton contributions, providing tli@imos) maxi- The charged lepton contributions present in the radiative
mal atmospheric neutrino mixing. masses oBm““*77" give favorable effects on sipg,, that
0.06 reduce the magnitude of SR, from unity. So, we need not
) worry about the charged lepton contributions on these three
005 | o masses. The effects of the charged lepton contributions in the
S w-7 sector arise in the magnitude Of,;, which is shown in
004 | Fig. 10. Further shown in Fig. 11 is the sum of the charged
lepton and heavy lepton contributions th.;, which turns
53003 sina=0.1 out to be smaller than the experimental upper bound.
Finally, in Fig. 12 and Fig. 13 we, respectively, show the
002 - 1 neutrino mass eigenvalues and the squared mass differences
sin 0.=0.2 AmZ,. andAm3 . These observations show that our model
001 - s':i:‘z&; 0 I has the capability of explaining the observed properties of
0 _ sin 0=0.0 the atmospheric neutrino oscillations and the solar neutrino
Chareed H oscillations with the LMA solution of sit26,~0.8.
ge eavy

These results reflect the following general property of our
FIG. 10. Same as in Fig. 6 but for the radiative massesfar, model. The heavy lepton interactions with the Higgs scalar
and ve-v,s measured it ;. of y conserveS,, even aftery develops a VEV. Therefore,
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FIG. 12. Neutrino mass eigenvalues. atm

o FIG. 13. Squared mass differences for atmospheric and solar
the heavy lepton contributions enhance thg-conserved peutrino oscillations.

property of c=—1 and Ug,=0. The appearance of the _
larger values of siw indicates that more contributions from ~ ture is caused by almost degeneracy betwaef}* and
charged leptons are imported. Since charged leptons are ad- ém,”. This degeneracy is assured to occur as a result of

mixtures of theS, -symmetric and -antisymmetric states,  our dynamics of the heavy lepton interactions respecting
which also affect the heavy lepton states, the deviation from Sz.. The suppressed charged lepton contributions are
o=—1 and U,=0 becomes significant. Especially,  characterized bym$®/sm$®~m, /m, .

sinf26,., gets reduced. In the present case, the region fof2) The large solar neutrino mixing is caused by generating
sin@=0.1 is excluded. The result &f .3 can be explained by the almost same contributions of the radiatively induced
the simple estimate of Eq12). Since the tree level contri- neutrino masses, which just call for the approximate
butions toU .3 are negligible U, arises from the radiative equality off ,,= O(fe().

contributions, which amount te~ sm'24~0.005 eV (as in By performing numerical calculations, we have found that
Fig. 8. We find thatUs(~a fewx €)~0.01—0.02, which our model has solutions @fmz,,~3.0x 10" % eV? with the
coincides with the result of Fig. 11 for sin<0.1. nearly maximal mixing with sif26,,,/=0.9 for atmospheric

neutrino oscillations and\m2~2.0—4.0x 10" ° eV? with
Sinf26,=0.67—0.98, corresponding to taf,=0.27-0.75,

VI. SUMMARY for solar neutrino oscillations. The presence of the charged
Summarizing our discussions, we have constructed alfPton mixing anglex leads to the deviation of S0,
SU(3), X U(1)y gauge model with the lepton triplets of'( =1.0 and to the appearance of the non-vanishihg. We

¢, «') for i=e,u,7, wherex' represents positively charged have estimated st6,, andU; in the thre<_e cases of sin
=0.0,0.1,0.2. It turns out that $@¥,,,=0.9 is obtained for

heavy leptons, that provides the LMA solution for the solar ™, . =
neutrino problem compatible with €24,~0.8. The neu- sm_aso.l andU ; is kept sufficiently smaller than the ex-
trino masses arise from the tree level neutrino masses ifR€rimental upper bound. _ _

duced by the type Il seesaw mechanism based on the inter- Finally, we note again that the Yukawa interactions of the
actions of lepton triplets with a$U(3)-sextet scalar and N€avy leptons withy conserves, even after the spontane-

from the one-loop level masses induced by the Zee-typé’us breaking. Therefore, if there are only contributions from

mechanism. The almost maximal atmospheric neutrino mix/'€&vy leptons, the appearance of the maximal atmospheric

ing and the large solar neutrino mixing are naturally ex-Neutrino mixing is guaranteed by the direct reflection of the

plained by the following mechanisms: S, -conserved mass term of(v,+ v,). The charged-lepton
interactions, which spoil th&,, -conservation, induce their

(1) The atmospheric neutrino mixing controlled by the treedeviations characterized by si0, whose ranges are con-
level masses and by the radiatively induced masses turigrained by sim<0.1. Since the essence in our discussions
out to be almost maximal because of the presence of ales in the presence of thg, permutation symmetry, we
S, permutation symmetry for left-handedandr fami-  hope that one of the characteristic features behind in the
lies with aZ, discrete symmetry. The bimaximal struc- neutrino oscillations is the appearance of this symmetry.
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