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Bilarge neutrino mixing and p-7 permutation symmetry for two-loop radiative mechanism
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The presence of approximate electron number conservatiopangermutation symmetry db, is shown
to naturally provide bilarge neutrino mixing. First, the bimaximal neutrino mixing together Wjg¥0 is
guaranteed to appear owing 8, and then, the bilarge neutrino mixing together wjith,;] <1 arises as a
result of a tiny violation ofS,. The observed mass hierarchy 2 < Am2,, is subject to another tiny
violation of the electron number conservation. This scenario is realized in a specific model based on
SU(3) X U(1)y with two-loop radiative mechanism for neutrino masses. The radiative effects from heavy
leptons contained in lepton triplets generate the bimaximal structure, and those from charged leptons, which
breakS,, generate the bilarge structure together With;|<1. To suppress dangerous flavor-changing neutral
current interactions due to Higgs exchanges especially for quarksSttagmmetry is extended to a discrete
Zg symmetry, which also ensures the absence of a one-loop radiative mechanism.
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[. INTRODUCTION permutation symmetry for the maximal atmospheric neutrino
mixing [14-17.

Recent observations of terrestrial neutrino oscillations at In this paper, we consider the neutrino oscillation based
K2K [1] and KamLANDJ2] are proved to be consistent with on the radiative mechanism. It has been argued that the origi-
the observations of atmospheric and solar neutrino oscillaral version of the Zee’s one-loop radiative mechanjdti
tions [3,4]. These oscillations are characterized by thefailed to explain the favorable LMA solution for solar neu-
squared mass differences and mixing angles, which are rerinos, namely, the significant deviation from the maximal
spectively given byAm2,,,~2x10 2 eV? and sif26,,~1  solar neutrino mixingd18]. To get around the difficulty, one
for atmospheric neutrinos andm2~7x10°eV? and has to extend the original Zee’'s framewdrk4,19 by (i)
sinf26,~0.8 for solar neutrino$5]. These mixings can be permitting the second Higgs scaléntroduced in the Zee
theoretically explained by the oscillations among threemode) to couple to the leptons(i) employing a triplet
known neutrinosy, , ., if they are massivé6]. In fact, the  Higgs scalariii) including a sterile neutrino, ofiv) intro-
experimental data indicate that the atmospheric and solajucing two-loop radiative effects with the absence of one-
neutrino oscillations can, respectively, originate from theloop radiative ones. We are concentrating on examining two-
v,-v, mixing and theve-v, mixing, which are both almost |oop radiative effect§12] because there are few theoretical
maximal. The mass hierarchy &fm3,>AmZ as well as  models based on two-loop radiative mechanism that explain
the large mixing angles suggest that the neutrino mass matrghe observed properties of the current neutrino oscillations.
has almost bimaximal structuf&,8]. The advantage of utilizing two-loop radiative effects lies in

To accommodate massive neutrinos with tiny masses ofe fact that Majorana neutrino masses((f10~1) eV can
O(107) eV (~yAm,, eV), there are two theoretical pe naturally generated without strong fine-tuning of various
ideas: one is the seesaw mechan[$710] and the other is  couplings. Denoting the lepton-number violating coupling by
the radiative mechanisrfil1,12. While to understand the f jnherent to Majorana neutrino masses, we roughly estimate

observed patterns of the neutrino mixings, let us consider, age one-loop effect to bémzlu/lGﬂ-ZMz and the two-loop
2
the first approximation, the maximal neutrino mixings. To effect to be fzmT,u/(l6'n'2)2M2 for  pu~vyea

reali_ze these maximal mixings, we often demand specifi?:(z\/iGF)fl/zz 174 Ge\] as the mass scale of the stan-
relations among neutrino masses, for e.xgmpha,,eyﬂ dard model andM~1 TeV as the mass scale beyond the
=m,, andorm, , =m,,, wherem,, (i,j=€x,7)  standard model. The estimated mass becoft 1) eV
stands for the mass far-»;. To naturally ensure the pres- for f~10"“ in the one-loop effect anfi~10"* in the two-
ence of such specific relations, one may invoke a certaitoop effect. The very small magnitude 610 * for the
symmetry, such as @(1) symmetry based oh,—L,—L,  one-loop case entails the strong fine-tuning while the magni-
(=L") [13] for the maximal solar neutrino mixing or@a-r  tude off~0.1 for the two-loop case can be naturally of order
e, wheree stands for the electric charge. In the present analy-
sis, all the new couplingEbeyond the standard-model ones

*Electronic address: 2aspm001@keyaki.cc.u-tokai.ac.jp are set to be-e. The pattern of the neutrino mixings is also
TElectronic address: 3aspm001@keyaki.cc.u-tokai.ac.jp naturally explained by the use of the-r permutation sym-
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out fine-tunings of couplings to meet an “artificial” permu- heavy-lepton exchanges while the charged-lepton exchanges
tation symmetry, as ordinary charged leptons badly breakadd less-dominant two-loop effects that give a slight devia-
the permutation symmetry by their masses, new sourcesion of 6., from the maximal value of,;,= #/4 and a
whose interactions can preserve the permutation symmetrgjgnificant contribution ordg, to give sirf26,~0.8.

are required. As the simplest extension of the standard In the next section, we discuss the possible pattern of
model, we choose a8U(3), X U(1)y model [20], which  neutrino mass matrix, which is consistent with the observed
contains heavy leptons in lepton triplets as new sourceseutrino oscillations. In Sec. I, we describe the detail of the
SU(3). X U(1)y models are known to exhibit the intriguing SU(3), X U(1)y model including Yukawa and Higgs inter-
aspect thati) it predicts three families of quarks and leptons actions as well as the symmetry structure summarized in Sec.
if the anomaly-free condition oS U(3), X U(1)y and the Il In Sec. lll, how to generate the neutrino masses and mix-
asymptotic-free condition o8U(3). are imposed; andii) ings is discussed and the observed properties of neutrino o0s-
the need of the three families of quarks and leptons groupillations are shown to be well explained. The final section is
theoretically arises because the anomalies from three faméevoted to a summary.

lies of leptons and one family of quarks that are

SU(3), -triplets are cancelled by those from two families of Il. NEUTRINO MASS MATRIX

quarks that ar&U(3) -antitriplets. Furthermore, these mod- ) .

els naturally provide the radiative mechanism for neutrinos 10 see the appearance of underlying symmetries that ap-
of the Majorana type because the standard Higgs doubldgroximately describe the observed neutrino oscillations, we
together with a Zee scalar specific to the one-loop radiativéhow the parametrization of masses and mixing angles in
mechanism is regarded as the Higgs trifl2t—23. Our  terms of neutrino masses given by a matv ,

SU(3)_ xXU(1)y model includes three families of lepton

triplets to be denoted byy, = (v ¢, E)"(i=e,u,7), a b ¢

where @ ,€})" is the standard doublet arq is negatively M,=|b d eJ, (1)
charged heavy leptorj24]. It can be argued that to activate c e f

a two-loop radiative mechanism requires a Higgs scalar of

E=(&Y",&7,65)T [23]. 1t will be shown that Eq.(13) is  on the flavor basis. The digitalization df,, is performed by
generated by leading two-loop radiative effects due to thehe mixing matrix ofUyys [6] defined by

1 0 0 cosfi3 0 sinéq3 cosfq, sinfy, O
Uuns=| O COsbys  sinfys 0 1 0 —sinf#,, cosf, O 2
0 —sinf,; €0Sh,3 —sinf;3 0 cosbq3 0 0 1
C0S6,,C0S613 Sin 6,,C0S63 Sinf,3
= | —C0SHy5SiN H15—SiN 65€0S6158IN O3  COSHLCO0SH1,— SINO,3SIN01,SINB13  SINH,3C0SH,3 | . 3
SiN 6558iN 15— C0SH,5C0SH,,8IN 13  — SiN B53C0SH1,— COSH,5SIN O1,SIN 013 COSH,C0SH; 5
|
The massesn,; , 3, and mixing angled;, ,3 13 for 6= 061, Sp3b+CpsC
and 0= 6,3, are computed to be tan 20,3= ZW 6)
My =3\ 1+ ST A= 2C1551A, with
2 2
My =52\ 1+ C2h o+ 2C1551A, Cagp—S
2=S1oh 1+ CN T 2C1581A M=, Ay CRd+ i 2cuspe, A= 23 g 230,
13
Mg = S350+ C55f +2C235,2€, (4) 6

nz 8 X:\/E)\z_)\l’ A:U'(f_d)+\/§(b_(TC)sl3
Sl 2012=m, A 4e— \/E(b"’ O'C)Slg

)

for A°<1, wherec,=cosb, ands,=siné, for a=12, 23,

§irP26,0-1- 402 2 m =+ A 22— A
23 2379 9237 5 ) 13, ando= =1 for Sz3=i|323|-
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Since siRf;3<1 [25] is reported, let us first set sia;

=0. For the maximal atmospheric neutrino mixing charac-

terized by A=0, the relation ofd=f (corresponding to

m =m,,T,,T) is required[26] and can arise as a result of

Puu

the u-7 permutation symmetry while the maximal solar neu-

trino mixing characterized by=0 arises froma=d=e=f

=0, indicating theL.’ conservation. Our strategy used in this

PHYSICAL REVIEW D70, 015011 (2004

0O b —b
M= b d d]. (13)
b d d

The hierarchy of|b|<|d|, which is the seed ofAm2
<Am?Z,,, realized aftefm,|+|m,|, originates from the tiny

paper to realize the bilarge neutrino mixing is to start withViolation of the electron number conservation. The observed

the maximal atmospheric neutrino mixing due to ther
permutation symmetry. This symmetry allows us to set
a=0, c==*b, f=d, (8)
which are subject tdi) the L, conservation fom=0; (i) a
tiny breaking of thel . conservation fob+0; and (iii) the
u-7 permutation symmetry foc==*=b and f=d. It should
be noted that a further possible relationa&f=e (or d
=f=—e) may arise from the Majorana mass term of. (
+ vM)2 (or (v,— VM)Z).
Restricting ourselves to the casedf f=e, thus utiliz-

ing (v,+ v#)z, we find the following situations on the

masses and mixing angles of neutrinos. In the case,¢f
>0 ands,3>0, the mass matrix witlt=b yields

b
3’
9

m;=m,= 0, ms= 2d, Sin22023= 1, tan 29132 \/E

where 604, is undetermined, while the mass matrix with
= —b yields

|ml|:|m2|:\/§b1 m3:2d1

SiMP260,3=sif26,,=1, sin20,3=0. (10)
In the case oft,3>0 ands,3<0, the mass matrix wittt
=b yields

m3:0, Sil’]22023= 1,

8 2d i
X=-—-—1, Sin 2013: 0, (11)

SinP26,,=
g1 x? b

wherem,; andm, are given by Eq(4) with 6, given here,
while the mass matrix witlt= —b yields
m;=sir 6,4,

m2= C0§ 012d1 m3= O,

SiP26,5=1, sin20,5=1, (12

property of sif26,~0.8 is explained by a tiny violation of
S,. In the next section, we realize this starting neutrino mass
texture in aSU(3), X U(1)y gauge model, where mass tex-
ture of heavy leptons as the third member of a lepton triplet
plays an essential role.

Ill. MODEL

The particles in our model are specified by quantum num-
bers placed asSU(3), ,U(1)y]. The hypercharg¥ and the
electric chargeQ are given byY=\83+N and Q=(\°
+Y)/2, respectively, wherhl/2 is theU(1)y number anch?
are the Gell-Mann matrices with Tf\P)=26%"(a,b
=1,2,...,8).Leptons are assigned to be

L= €, EN(3,—-2/3), €&*7:(1,-1),

ER " :(1,-1), (14)
where E} for j=(e,—,+) are the mass eigenstates of the
negatively charged heavy leptons, and the supersctipts
E_ i represent the chiral partners of the: u states ofE. |

to be defined by their Yukawa interactions while quarks are
assigned to be

Qf=(d,—u,u’)!:(3%,1/3),Qf=(s,—c,c')| :(3",1/3),

Q7 =(t,b,b")[:(3,0),Ur,Cr tr:(1,2/3),dr,Sr,br:(1,

—1/3),uk,Cx:(1,2/3),bg:(1,— 1/3). (15
Other notations foQ', Q'=(d',u’,u’")! (i=e,u) and Q~
=(u’,d’,d”)[, and for the corresponding right-handed
quarks are also used. All gauge anomalies are cancelled by
these quarks and leptoh24]. Higgs scalars are assigned to
be

=07, n)"(3,—-23), p=(p",p%p°T:(3,1/3),
x=0" X% x0T(3,1/3), (16)

which develop the following vacuum expectation values
(VEVs):

(0| 7|0y=(v,,0,007, (0|p|0)=(0p,,0)7,

wheref,, is undetermined. The gross feature of the observed

neutrino oscillations is compatible with the zeroth order pre-

dictions in the cases daf,3>0 with b= —c [14,15 and of
$,3<0 with c=b [16].

We choose the case g§;>0 with c=—Db that incorpo-
rates the bimaximal structure

(0[x]0)=(0,00 ), (17)
where the orthogonal choice of these VEVs will be guaran-
teed by appropriate Higgs interactions introduced in Eq.
(26).
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Since the model respects ther permutation symmetry TABLE I. Particle contents witls, », Zg, andL, quantum num-
of S,, in order to generate the phenomenologically consistengers for quarks, leptons, and Higgs scalars, wire= +(—) de-
charged-lepton masses that do not respecithepermuta-  notes symmetri¢antisymmetrig states ando®=1.
tion symmetry, the model employs the following

S,-antisymmetric Higgs scalars: g er Yo Cir ¥ €r ER Eir Eg
p'=(p" "% )T (BLB), P =(p P W OTBLY),  Sa o+t = -4 -
(18 Zg w® 0t 0 o 1 0w® 0¥ w? w’
o L 1 1 1 1 1 1 1 1 1
as well asS,-symmetric Higgs scalay’: L. 1 1 0 0 0 o 1 o0 0
’_ r+ 10 _10\T.
- . l l i ” ! ! !
with S + + - - 4+ + - 4+ + +
Z 0 0 o o o o o o 0 »*
’ — , T " — Y T 8

The two-loop radiative mechanism can be initiated by intro- — B —
ducing three Higgs scalars denoteddy k™", andk’ " " as +(F lpl g+ T €p € R+ (g €p"€ g
S,-symmetric states angl as anS,-antisymmetric state: _ — N
. +g €pl_p)+TegixER+fe ¥ XE R
E=(&£77,67,6NT(3403),
_ +fe LY E_rt 2 QUZDR+p Upt x°Ug)
f':(5’++,§,+,§,+)T:(3,4/3),k++,k,++:(1,2), i=e,u
(1 +QL(7Ux+ pD+ XD +(H.c) 22
whereé¢’ haslL,=1 and others havk,=0. .
Since our model contains quarks with the same chargé’,‘”th
whose mass terms can be generateg land y betweenQy

and down-type quarks and ky and x' betweenQ{"” and Uk= fluk, Dk= fl,dk,

up-type quarks, dangerous flavor-changing-neutral-current I=e&pmT I=&pT

(FCNO interactions are generally induced at the phenom-

enologically unacceptable levi27]. To avoid these interac- Uli= fiou N gl T

i ; . . = sup, Dgr=f, di, 23
tions, Yukawa interactions must be constrained such that a RS, VITR ROATR 23

triplet quark flavor gains a mass from only one Higgs field
[28]. The lepton sector also contains the similar FCNC probwheref’s andg's denote the Yukawa couplings. The Higgs
lem because'(i=e,u,7) and E'(i=e,+) have the same interactions are given by Hermitian terms composed of
charge. It is known that to impose such a constraint on FC¢L¢B (d=mn.p.p".p" x:x", €& k), which include the
NCs is readily achieved by introducing a certain discretepotential terms ol

symmetry. We combine th&,-permutation symmetry and e

the discrete symmetry for the FCNC suppression inga Voox =Nl 1XpI2H N, p X X2+ NI x X ]2, (24)
symmetry. Listed in Table | are the quantum numberSqf

Zg, L, andL, for leptons and Higgs scalars in our discus- Vo= N[0 0 PNl " 2+ N [ X 12
sions, wherey. | = (47 = y)/\2, €.r=(Ta* ur)/\2 and (25

S, is shown for comparison. In th|s table, we have Om'ttedwith Fhe definitiqn of axb)?= e“BVaBb,/ and by non-
the quark sector of the model sin@g of quarks can be Hermitian terms in

easily adjusted to respect tifg conservation for the given
Zg of Higgs scalars to reach quark interactions in E). 1

The Yukawa interactions for leptons are now described V= EA,,X.ng[(ﬂTX)(fTX')+(7ITX')(§TX)]+)\W§,)(7ITP)
by Ly :

1
X(ETP)+ 5N el (') (E1p") + (7"p") ("))

—Ly=( ) (g€ + T O+ F (€ R 1r
L + g€ K+ g0 €Tk T+ (o), (26)
Ts-E = ¢ ++ RITERY
T2 T (BRI Bk T (LR R where u's and \'s denote mass scales and coupling con-
stants, respectively. These Yukawa and Higgs interactions are
" Ef+EﬂE K f F e invariant undex(i) the Zg-transformation, which is spontane-
2 kM ATHRE AR (YLPER ously broken; andii) the L-transformation, which is not
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po ‘e ’:. 770 a) - .po(pm) b) - .po(p»o)
.o - " aenettne H - e pray . i
& e ., X i o ™ ~ (") 5{.."‘ o h ~ (")
!: '\‘ ¢ &
> .: < < “.' <+ Vo E, é E; E, éE—L Ve Va E,. é E; Eg §E+L V.
V.. E, ? E, Vie " 2 P F
2 FIG. 2. Heavy lepton mediated one-loop diagrams.
FIG. 1. Forbidden one-loop diagram.
m;® 0 0
[ i r++
spontaneously b'roken, but expllcnly broken .by nk' ", Me=| O m# mem|, 27)
The S,-permutation symmetry is preserved in the Yukawa o -
interactions, but explicitly broken by the Higgs interactions. 0 mF my
The b- and c-terms in Eq.(1) can be generated by interac-
tions containingt’ "7k’ * *. All other interactions are forbid- \yhere
den. We note that:
(i) The orthogonal choice of VEVs of, p, andy as in mee=f (=m,)
. . , . ¢ eYp e/
Eq. (17) is supported by, ,, if all \’s are negative
becausev,,,, gets lowered ify, p, and y develop
VEVs and one can choose VEVs such th@fz,|0) wn_ Lo _ .
#0, (0]p2|0)#0 and(0[x;/0)#0. mit= sl +g0)v,~fevy=gcv,l,
(i)  The choice of VEVs op’, p”, andy' as in Eq.(20)
is supported by, if all X’s are negative. 1
1— —l- . . . - -~ _
(i) A (7'X)(&p) term, WhICh is absent |rV_, Wpu|d m* :E[(fz_gf Yo, +1; Up/_gzvp”],
cause one-loop radiative effects, such as in Fig. 1, and
similarly for the terms withpb—p’,p", andy—x'.
(iv)  The suppression of FCNC for quarks is ensured by the 1
absence ofyDg and pDg° for Qf, of xy*Ug and my#= E[(f;—gg)up—fgup,Jrg;up"],
p*UR for Q| , and of ¢k andpEj for ¢ .
Our model also respects tHeconservation if\ ., o Lo - +
) . == + + r+ .
Nopéps @Nd N, . are absent; and the’-conservation if mi'=alterac)v, vy +grv,] 8

Mg e 1S also absent. Both thie- andL'-conservations are

not spontaneously broken. . . iag : .
Before discussing neutrino oscillations, we should men-The diagonalized charged lepton maﬂmg is obtained by

tion another dangerous flavor-changing interaction of Ieptong‘e use.of two unltafy matr!cgs tf andV as ShOW’? in the
due to the existence qf, p’, andp” because the charged ppendix. For the given mixing angles of and in Eq.
leptons can simultaneously couple to these Higgs scalarfrﬁl)’ the_mass parameters in E@8) can be determined by
These interactions are found to be suppressed down to t g. (AS) in terms ofm,, ..
phenomenologically acceptable level because the suppres-
sion factor is at mosmi/vﬁ,eak from the incoming and out- IV. NEUTRINO MASSES AND OSCILLATIONS
going vertices and provides enough suppression. Since the
approximatel, conservation is satisfied by our interactions, ~The neutrino mass matrix is given by andM$
all L.-changing flavor interactions, such as-ey, are more
suppressed. The detailed analyses have been described in M =MH+MC (29)
Ref. [14]. The existence of heavy leptons and extra gauge v v v’
bosons as well as heavy exotic quafR8] may also disturb
well-established weak-interaction phenomenology. HowevetwhereM:‘ (MS) arises from the two-loop radiative mecha-
the additional contributions from these exotics will be well nism based on Fig. gFig. 3) for the heavy-leptoricharged-
suppressed because they are sufficiently heavy. Their massepton) exchanges. The effective mass terms are expressed
controlled by the VEVs of andy’ are taken to be-2 TeV by
for the later analyses.

The heavy lepton mass matrix is simply given by the di-

1\2 ’ ’
agonal masses computed to bge=fev,, mg+=fiv,, (epx)% epX' ¥-px’, (30
and mg-=fgv,,. On the other hand, the charged lepton
mass matrix has the following nondiagonal form: from Fig. 2 and by
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a) 2 b) . whereM"! andr!! are calculated to be
s 2
§+ o "\, A 4 Zfo EH R x%. 2/0
o £+ ’u:": K P ’o"‘*"i» Ho Efz )\ 2+)\
_.-" , $ _.-'( X4 m,=-5 e\ e T N ppr g0 o1V
v, ¢, & PR W Y2 X mZ_1,(m2,m2_ ,m?
(va) (£ o L ey o) t () ) Mg -Th(Me Mg M),
2(p™) p°(p") O P ()
) o f+,E m2 I mZ’ ’m2 ’mZ’
FIG. 3. Charged-lepton mediated two-loop diagrams. PHo Ter e e T Mg+ H(M Mg+ My s)
T e s P me 1(mEmg mi )
(f-p+ P )x-(P-Lp+hip" )X +(x=x"), (33
eLpx - (Y-Lp+p" )X +(x=x'), (31)  with

from Fig. 3, where the product of the three particles read
abc= E“BVaabﬁcy. After, x, x', p, andp” acquire VEVs,
where some of these contribute to masses of the heavy lep-

tons and of the charged leptons, the heavy-lepton contribu- J(mé, ,m{mé,mf], ;mﬁ)—\](mé,mz,mé, ,m§+ ;mﬁ)
tions supply main terms of neutrino masses, which are either =

?H(mz,mé ,mﬁ)

2 2 !
S,-symmetric orS,-antisymmetric, while the charged-lepton M-~ Mg+
contributions supply minor terms of neutrino masses, which (34)
are the admixtures of the S,-symmetric and
S,-antisymmetric contributions. These neutrino masses are s o 5 o o G(ME,m3)G(m3,mj)
expressed as J(mg,m3,m3, mg;mj)= 2 , (39
k
o —rt
HomHl = 1 1 1 xIn(x/mi)—yIn(y/m?)
M, =m, v ' G(xy)=—— X <, (36)
rH 1 1 167 X—y
0 omf* omS’ under the assumption that the masse& of andk’** are

32) heavy enough to neglect other masses in the integration. The

MC=[ omS* SmH*  sSmH” :
v Y y v masses used here are denoteoht@/for the corresponding

smiTomyT omyT particle of ¢. The explicit form ofJ is given by

Jab.cde) f d*k  dq 1 @7

a,b,c,d;e)= ;

(2m)* (2m)* (K*—a)(k®=b)(gq°—c)(g*—d)((k—q)*—e)
which can be evaluated via the following formula:

d*q 1 i alna binb clnc

f =— + + : (38)
(2m)* (g®>—a)(g?>—b)(g?—c) 1672 (a—b)(a—c) (b—a)(b—c) (c—a)(c—b)

To evaluater, it is convenient to express Ly of Eq. (22) in terms of the neutrinos in weak interactions and the
diagonalized charged leptong, = (e, ,uy ,7)", v=(VeL, v, . v-)", and{=(er,ur,7r)', Whose relevant terms are

VUTE U&7+ 0PUTF U g €+ EVTRVEKT T+ €V VEK ™ + g MT139¢ + (H.c), (39
where
0 0 0 0 -1 -1 . [0 . /0 0
o for fe fil
fe=={0 0 1|, fu==1 0 0], fi==—{0 1 1|, fo==-|0 1 -1 (40)
2 2 2 2
0 -1 0 1 0 0 0 0 -1 1

It is not difficult to reach an effective Lagrangian corresponding to Fig. 3:
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T €
‘Ceff:)\ﬂ)(f)('v)(v)(' 2 MoK E Vﬁq(UTf¢U)mm’(Mdiag)m’m’
(9.K)=(£K),(£" k') mm’,nn’'=epu,r

X (VTN e (MM - Dy (Mgl (UTFU ) v, (41)
where

2 2 2 2 . 2 2 .2 2 2 .2
J(mg, M, M, M- smi) — (Mg, mez., m , M, ;M)

2 ¢
|€(m;+vmﬁ)ab: 2 2 ' (42)
m’_—mz
7 3
Equation(41) can be further calculated to be
0 0 0
1 2 2 < 2 2 2 2
Lorr=1g1 etk Noxer V0 tend (Mo, My )0f| 0 ma(Cptsp)®  —m,m,(Cp=sy) | v
0 —m,mc5—s5)  m(Cg—sp)?
0 X Y
SRS l(m% ., m2.)r¢| X 0 0 43
_ﬁ et N 00y g i Le(Mi o, Mg 14) v v, (43)
Y 0 O
|
where the integral ofl, is defined as Ig(mi,mﬁ)atJ can be safely set to be 10 GeV andv,,, which sup-
= 6 g_(mf,m.E) with mZ , _ safely neglected in the denomi- plies thet-quark mass, should bev yea(, because ,,
nators in the integral, and andv,, , ,» are related to weak boson masses propor-

. 2 2
tional to vy, = 2aIIvHiQQS'

— 2 e \2_ _ 2_ 2
X=m7(CaSa)(Cp—8p)"—M,M(Co—Sa)(C5—Sp), (i) v,=v,=10yeax (~2 TeV) becausey and y’ are
the key fields for the symmetry breaking 81U(3)
— 2 2\ __ 2 _ 2 L
Y=m,m,(C,+8,)(C5—Sp) — My (C,—S,)(CptSp) i44) XU(1)y—SU(2).XU(1)y, leading to v,
>Uweak-
Since (i)  mM,-=vyearr Mgz=¢€v,(~0.5TeV), mg=mg
. =My -=mg-=v,(~2 TeV) andmy++ s ++=v, /e
_1suc (~6 TeV) to satisfy Eq(46).
Letr= 27 My, (45 (V) pgx=ev, With we 0/ pg,~0.1, which can be re-
garded as a natural relati¢80] because the limit of
each entry ofém,’s in Eq. (32) can be easily read off from e gk — 0 recovers the ,-conservation.
Eq. (43. (V) fep=fE=f F=—flt=—f_t=¢e and

To see the order of magnitudes of neutrino masses, we use A

the simplest choice of masses anéo e’ &0" nxex' € SO that higher loop effects are

safely neglected.
2 2 2 2 _ .2 2 This mass-setting provides sufficient suppression of ex-
<m_<mi_ < o (=m)< Pt . o .
Mo, <My KM e KM e (S M) <Mty 2% otic contributions in low-energy phenomenology.
(46) To see the magnitude of parameters for neutrino oscilla-

This choice reduces the integralslef and|, to tions, we omit the terms proportional f,, (<m,) in Eq.
(43) and obtain that

(2 m2  md) (1)21 0™ ™
m=,mg My)=—\| —— n—in—, N ! k!
. Bk 16m) m2m? m? m mH=3.3x1072= eV, r'jz\/f'ug—”k, (48)
€ M eqnk
l ¢(m2,mg) (1)21|m§|m2 (47 A
m°,mg)=—|—=— n—In .
‘ “ 16m) m2m? m? m_ 5m’,f"=—6.6><1O*3—€(c,3+sﬁ)2 ev,
K e
We also choose the following magnitudes of relevant param-
eters for neutrino masses: 6.6X10 3\ .
. ot — S Bk (Cg—Sp)(Cuts,) €V,
(i)  v,=v,=v,=vwead20 (~10GeV) and v, V2 e pe
=Uyeak: Wherev ,, which controls thé-quark mass, (49
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whereA=X\ ¢, =N\ ;1 @NAN (=N, s . By choosing the dictions of sif26,,,, andAm3,, are less-dependent on
remaining parameters to be the charged lepton contributions, where theirde-

N N pendence hardly manifests itself in this graph because

2-08 -f=20, Hermkr =0.12, (50) it reflects 1=(c,+s,)<V2 in Sm® as in Eq.(49),

e A Mgk and similarlyms is also less-dependent on the charged

so as to recover the observed data, we find using the es
mates of Eqs(48) and (49) that, for the simplest case of

Sa,3=0,
AmZ, =2.2x107% eV?, sirf26,,,=0.96,
Am3=7.3x10"° eV?, sirf26,=0.79 (tarf6,=0.37),
sinf;3=2.5x10 2, (51)
where cos 2,;,,=>0 (corresponding t&A>0) is chosen, and
m;=3.4x10"% eV, m,=9.2x10"3 eV,
m;=4.8X10"2 eV. (52

The mixing angles are determined by%3i,,,=1—4A? and
Sinf26,=8/(8+ x?) with

omi# N
A= X=\2 %,

T (53

as in Eq.(5). The requirement of sfifl,~0.8 (corresponding

to X~ /2) results in\,~A.

lepton contributions as in Fig. 7.

tj- P . . o .
8||) As in Fig. 5, since the solar neutrino mixing heavily

depends on the charged lepton contributions, the pre-
dictions of sirff26, andAmé permitting the observed
values vary with the magnitudes af, and charged-
lepton mixing angles.

As in Fig. 6, since the sifi;=0 from the heavy lep-
ton contributions, its magnitude remains suppressed to
be sin;3<0.03 induced by the charged lepton contri-
butions.

(iii)

From Fig. 5, we find that the effects aofi,#0 in Eq. (51)

lower (raise the magnitude of si26, (Amé) from 0.79
(7.3x10° % eV?) to 0.76 (8.3 10 ° eV?). We note that, in
the simple-minded case of, /A=1 instead ofA,/A=2 as
in Eq. (50), the neutrino oscillations are characterized by
Amé,,=2.3x107% eV?, sirf26,,,=0.97,
AmE=7.0x10"° eV?, sirf26,=0.85tarff,=0.44),
sinf,5=(1.3-1.4x10 2, (54)

for the mixing angles of the charged leptons at gn2

To see the dependence of the charged-lepton mixing=0-75 with all values of si(=0) allowed.

anglesa and B in neutrino masses and mixings, we perform
numerical estimation by keeping the terms proportional to
m,, in Eq. (43) and show the results in Figs. 4-7. It can be

stated that:

V. SUMMARY

We have discussed how to theoretically understand the
observed properties of neutrino oscillations, which can be

(i) As in Fig. 4, since the atmospheric neutrino mixing is summarized asti) The atmospheric neutrino mixing is al-
dominated by the heavy-lepton contributions, the pre4most maximal and is characterized by?gify.~1. (ii) The
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FIG. 7. The dependences i, , ; as a function of sin 2 for the given values ok ,/\=1.0,1.5,2.0, where the dependence inia so
weak that it is covered by the line thickness.

solar neutrino mixing deviates from the maximal mixing andallows the appearance of the suppresaedf, . It should be

points to sik26,~0.8. (iii) The Ug-mixing is suppressed. noted that the following neutrino mass texture instead of Eq.
(iv) The squared mass differences show the hierarchy of55)

Am2,.>AmZ . Our answers consist @f) The atmospheric

neutrino mixing is almost maximal because the dominant 0 b b
contributions to the neutrino mass matrix give M'=|b d d (56)
b d d
0 b -b
M,=| b d d |, (55)  Yields sind;5(~b/\/2d)#0. These observations are quite
b d d different from those based on the two-zero texture of neu-

trino masse$31].

To realize the above scenario, we have adopted the model
as in Eq.(13), which also give sifijz=0, for c,s>0 and based or8U(3) X U(1)y and have demonstrated thgtthe
s,5>0 defined in Eq(3). (i) The solar neutrino mixing de- dominant contributions arise from the two-loop radiative ef-
viates from the maximal mixing because less-dominant conf€cts of the heavy leptons; arid) the less-dominant contri-
tributions perturb Eq(55), yielding sirf26,~0.8. (i) The  butions arise from the two-loop radiative effects of the ordi-
U.s mixing is suppressed because the dominant contribu?@’y charged leptons. The model contains the specific Higgs
tions ensure the appearance Wf;=0 and less-dominant scalars denoted byg=(¢*",&7,6%)T with L,=0 and by
contributions yield the suppressad,s. (iv) The squared ¢'=(¢'*+ ¢ ", & )T with L= — 1, which initiate the two-
mass differences show the hierarchy M2, >AmZ be- loop radiative mechanism. These Higgs scalars can also ini-
cause the tiny breaking of the electron number conservatiotiate the one-loop radiative mechanism, which turns out to be

015011-10
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\/(m77)2+(m,u7')2 i

CB b
\/ (mZT)Z (m,uT)Z 2

SB 1

2 2_ 2 2 2 2
whe_re me, + m,—(mf“) _+(m§7) +(m{) +(mg")* is an
obvious relation. The diagonal masses are computed to be

forbidden by the discret&@g symmetry that simultaneously
forbids the appearance of dangerous flavor-changing interac-
tions due to the direct Higgs exchanges inherent to this
model. The dominant texture of E¢G5) is subject to the
S,-symmetric Yukawa interactions of the heavy leptons in-
volving their diagonalized mass terms. The less-dominant
charged lepton contributions receive tBg-breaking ones
due to the existence of th&,-breaking charged-lepton
masses. It is argued that, in E(5), the &-contributions
yield the d-term while the¢’-contributions yield thés-term,
which identically vanishes in the exakct-conservation.

The S,-permutation symmetry fop-7 can describe the ma=(m$®?,
gross feature of the observed atmospheric neutrino oscilla-
tions. Since the existing charged leptons obviously do not
respect theS,-permutation symmetry, there should be other
ingredients that respect tt8-permutation symmetry for the
neutrino mixings. If we rely upon the seesaw mechanism
instead of the radiative mechanism discussed in this paper, it
is expected that the type Il seesaw mechanjdgy is ar-

(A2)

h —[<m D2 (M2 (M) 2+ (mf 1) 2= M2,

1
mZ= S LM (M) (my#) 2+ (mf )2+ M2,

ranged to respect th&,-permutation symmetry, while the (A3)

ordinary seesaw mechanisf] influenced by the charged where

leptons breaks th&,-conservation, which as in the present

discussions provides the significant deviation of the sola 212 N2 272 ——

neutrino mixing from the maximal one. =[(m )71+ M) = (mg) 717+ 2(my"my
+ m’;“m;“)2+ 2(my m7* 4+ miHmen)2, (A4)

APPENDIX: CHARGED LEPTON MASSES

In this appendix, the diagonalization of the lepton massThere are the following relations for nondiagonal and diag-

matrix M, is demonstrated. The diagonal masses are obOnal charged lepton masses:
tained  after the  transformation by M{d
=diag(me,m,,m,)=UIM,V,, where unitary matrices,
andV, are given by

mf#=S?m_+ C?m =C?m,+S’m

1 0 o0 1 0 o0 mi7= 55 1(Cas.Co—cyspSm,
B 43
U,={0 ¢, sS.|, Vv,=l0 ¢ S
¢ ¢ pop —(CpspC2—c,s,5)M, ],
0 —-s, c, 0 —sz cg
(A1)
. . TM 2_ 2
with ¢, = cose, etc., defined by mg"= 2_a [(CpspCo—C,S,S )M,
B
7T\ 2 T2 2
o \/(me +(mgH)=—my, —(C,4S,C?—CpspSHM, ], (A5)
“ m2—m? '
T K whereC? and S? are defined by
TT\2 __ TN 2
\/ (m¢’) (m )+ m Cz_c§+czﬁ Sz_s§+s§ 6
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