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Remark on neutrino masses and oscillations in anSU„3…LÃU„1…N model
with the radiative mechanism
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We have discussed how neutrino masses and oscillations are radiatively generated in anSU(3)L3U(1)N

gauge model with a symmetry based onLe-Lm-Lt ([L8). The model is characterized by lepton tripletsc i

5(n i ,l 2 i ,E2 i), whereE2 i are negatively charged heavy leptons, anSU(3)L triplet Higgs scalarj, and a
singlet Higgs scalark11. These Higgs scalars can be interpreted as a Zee and Zee-Babu scalar for radiative
mechanisms. We have demonstrated that the mass hierarchy ofDmatm

2 @Dm(
2 arises as a consequence of the

dynamical hierarchy betweenL8-conserving one-loop effects andL8-violating two-loop effects, whereL8 is
broken softly in the Higgs potential, and that our model is relevant to yield a quasivacuum solution for the solar
neutrino problem.
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There is definitive evidence for neutrino oscillations fro
atmospheric and solar neutrino observations. For the at
spheric neutrino oscillations, the recent SuperKamioka
~SK! data indicate that the observed deficit ofnm is due to
the nm↔nt oscillation @1,2# while for the solar neutrino os
cillations @3#, the SK, Homestake@4#, SAGE @5#, GALLEX
@6# and GNO @7# data indicate thene↔nm ,nt oscillation.
The existence of these neutrino oscillations implies the n
trinos are massive particles@8#. The mass squared difference
for atmospheric oscillationsDmatm

2 are measured asDmatm
2

;331023 eV2 @9#. On the other hand, there are some s
lutions to explain the observed solar neutrino oscillation d
as:~1! Dm(

2 ;1025 eV2 for the large mixing angle solution
~2! Dm(

2 ;1026 eV2 for the small mixing angle solution
~3! Dm(

2 ;1027 eV2 for the low mass, low probability so
lution, ~4! Dm(

2 ;10210 eV2 for the vacuum oscillation
~VO! solution, and recently proposed~5! Dm(

2 ;1029 eV2

for the quasi-VO~QVO! solution @10#. To sum up, we have
Dmatm

2 ;1023 eV2 andDm(
2 &1025 eV2, indicating the hi-

erarchy ofDmatm
2 @Dm(

2 exists. In the theoretical view, thi
mass hierarchy suggests that the neutrino mass matrix
bimaximal structure@11,12#.

Recently, radiative mechanisms to generate tiny neut
masses and oscillations inSU(3)L3U(1)N gauge models
@13–15# with theL8 symmetry have been extensively studi
@16–18#. HereL8 [Le-Lm-Lt is a new lepton number an
the conservation of this quantum number is one of the p
sibilities of the origin of the bimaximal structure@19,20#.
ThreeSU(3)L3U(1)N gauge models are used to accomm
date such radiative mechanisms. Each of theSU(3)L
3U(1)N models can be distinguished by the lepton tripl
c i ( i 51,2,3) in the models:~a! c i5(n i ,l i ,v0i) model @16#,
~b! c i5(n i ,l i ,k1 i) model1 @17#, and ~c! c i5(n i ,l i ,E2 i)
model @18#, wherev0i , k1 i andE2 i are denoted by electri
cally neutral heavy leptons, positively charged heavy l

*E-mail address: teruyuki@post.kek.jp
1The model withc i5(n i .l i ,l 1 i) has been lately examined to yiel

tiny neutrino masses and observed neutrino oscillations@15#.
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tons, and negatively charged heavy leptons, respectively
model ~a! and model~b!, the atmospheric neutrino oscilla
tions are generated by a one-loop radiative mechanism
L8-conserving interactions@21#, and the solar neutrino oscil
lations are induced from a two-loop radiative mechani
with L8-violating interactions@22#. Consequently, the mas
hierarchy ofDmatm

2 @Dm(
2 is explained as a result of th

smallness of the two-loop effects compared with one-lo
effects@23,24#. On the other hand, in model~c!, there is no
one-loop interaction and both of the atmospheric and s
neutrino oscillations come from two-loop radiative effec
@22#. The mass hierarchy ofDmatm

2 @Dm(
2 is related to the

dynamical hierarchy of theL8-conserving andL8-violating
two-loop interaction effects.

In this paper, we show that it is possible to construct
other SU(3)L3U(1)N model with lepton triplets c i

5(n i ,l i ,E2 i) @25#. The model has similar particle content
model~c!; however, one-loop interactions also exist and ne
trino masses are induced by theL8-conserving one-loop ra
diative mechanism as well as theL8-violating two-loop ra-
diative mechanism.

The particle content in ourSU(3)L3U(1)N gauge model
is summarized as follows:

cL
i 51,2,35~n i ,l i ,Ei !L

T :~3,22/3!,

l R
1,2,3:~1,21!, ER

1,2,3:~1,21!, ~1!

in the lepton sector, where we have denotedE2 i by Ei ,

QL
15~u1,d1,d81!L

T :~3,0!,

QL
i 52,35~di ,2ui ,u8 i !L

T :~3* ,1/3!,

uR
1,2,3:~1,2/3!, dR

1,2,3:~1,21/3!,

u8R
2,3:~1,2/3!, d8R

1 :~1,21/3!, ~2!

in the quark sector, and
©2001 The American Physical Society01-1
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h5~h0,h2,h̄2!T:~3,22/3!, r5~r1,r0,r̄0!T:~3,1/3!,

x5~x1,x̄0,x0!T:~3,1/3!, j5~j11,j̄1,j1!T:~3,4/3!,

k11:~1,2!, ~3!

in the Higgs sector, where the quantum numbers are sp
fied in parentheses by (SU(3)L ,U(1)N). Let N/2 be the
U(1)N quantum number, then the hypercharge~Y! and elec-
tric charge (Qe) are given byY5l8/A31N and Qe5(l3

1Y)/2, respectively, wherela is theSU(3) generator with
Tr(lalb)52dab (a,b51, . . . ,8).Three Higgs tripletsh,r
andx are the minimal set to generate masses of quarks
leptons inSU(3)3U(1)N models. An additional Higgs trip-
let j is introduced as a triplet version of the Zee scalar
realize the one-loop radiative mechanism@26# and an addi-
tional Higgs singletk11 is introduced to realize the two-loo
radiative mechanism@27#.

Here, we introduce two constraints to obtain the relev
Yukawa interactions. The first is theL8[Le-Lm-Lt conser-
vation imposed on our interactions to reproduce the obse
atmospheric neutrino oscillations as mentioned. TheL8 as-
signment is shown in Table I. The second is the discr
symmetry based onZ4 to suppress unwanted flavo
changing-neutral current~FCNC! interactions in the quark
sector and the lepton sector. In the quark sector, there
quarks with the same charge, thus, quark mass terms ca
generated byr andx betweenQL

1 and down-type quarks an
by r† and x† betweenQL

2,3 and up-type quarks. FCNC i
induced from these interactions@28#. Also, in the lepton sec-
tor, l i andEi ( i 51,2,3) has the same charge and the sim
FCNC problem can occur. To avoid such interactio
Yukawa interactions must be constrained such that a qu
~lepton! flavor gains a mass from only one Higgs scalar@29#.
These situations can be realized by introducing the follow
Z4 symmetry into the model:cL

1,2,3→ icL
1,2,3, l R

1,2,3→ l R
1,2,3,

ER
1,2,3→2 iER

1,2,3, QL
1→ iQL

1 , QL
2,3→2 iQL

2,3, uR
1,2,3→uR

1,2,3,
dR

1,2,3→dR
1,2,3, uR8

2,3→ iuR8
2,3, dR8

1→2 idR8
1, h→ ih, r→ ir,

x→2x, j→2j, andk11→ ik11.
With these constraints, the Yukawa interactions are gi

by

2LY5eabg (
i 52,3

f [1 i ]~caL
1 !ccbL

i jg1 (
i 51,2,3

c̄L
i ~ f l

ir l R
i

1 f E
i xER

i !1 (
i , j 52,3

f k
i j ~ l R

i !cER
j k111Q̄L

1~hUR
11rDR

1

1xDR8
1!1 (

i52,3
Q̄L

i ~h* DR
i 1r* UR

i 1x* UR8
i !1~H.c.!,

~4!

TABLE I. L andL8 quantum number.

Fields h,r,x,j cL
1 ,l R

1 ,ER
1 cL

2,3,l R
2,3,ER

2,3 k11

L 0 1 1 22
L8 0 1 21 22
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where f ’s are Yukawa couplings with the relationf [ i j ]5
2 f [ j i ] demanded by the Fermi statics, and right-hand
quarks are denoted byUR

i 5( j 51
3 f u j

i uR
j , DR

i 5( j 51
3 f d j

i dR
j ,

UR8
i5 f u82,3

i uR8
2,3, andDR8

15 f d81
1 dR8

1. For simplicity, we have
assumed diagonal mass terms for the leptons. Note that t
is no term which can induce FCNC interactions such
Q̄L

1xDR
1 , Q̄L

1rDR8
1, Q̄L

2,3x* UR
2,3, Q̄L

2,3r* UR8
2,3, c̄L

i x l R
i , and

c̄L
i rER

i .
The Higgs interactions are given by self-Hermitian term

of fafb
† (f5r, h, x, j, k11), and two types of non-self-

Hermitian Higgs potentials:

V05l0eabgharbxg1l1~h†r!~j†x!1l2~h†x!~j†r!

1~H.c.!,

Vb5mbj†hk111~H.c.!, ~5!

wherel0,1,2 stands forL8-conserving coupling constants an
mb denotes theL8-violating mass scale. The interaction o
the hrx type in Eq. ~5! is a guarantee of the orthogon
choice of vacuum expectation values for three Higgs scal
h, r, andx as^0uhu0&5(vh,0,0)T, ^0uru0&5(0,vr,0)T, and
^0uxu0&5(0,0,vx)T, respectively.

We note that there are two main differences betwe
model~c! discussed in Ref.@18# and the model in this pape
~current model!. The first is the absence of aSU(3)L singlet
Higgs scalark811 in the current model. The model~c! has
two Zee-Babu type Higgs scalars calledk11 and k811,
which are needed to realizeL8-conserving andL8-violating
two-loop interactions. However, in the current model, on
one Higgsk11 is introduced and no additional singlet Higg
is needed becauseL8-conserving one-loop effects will serv
as theL8-violating two-loop effects in model~c!. The second
is the different implementation of the discrete symmetry in
the models. The discrete symmetry based onZ2 is required in
model~c! to avoid the FCNC interactions and to prevent t
realization of the one-loop effects. Meanwhile, in the curre
model, the discrete symmetry based onZ4 is introduced and
the one-loop effects are allowed.

Now, let us demonstrate how radiative corrections indu
neutrino masses in our model. The Yukawa interaction
noted by LY and L8-conserving Higgs potentialV0 work
together to generate one-loop interactions as shown in Fig
alsoLY andL8-violating Higgs potentialVb yield two-loop
interactions as shown in Fig. 2. From the one-loop diagra
we obtained the following Majorana neutrino masses:

m1i
(1)5 f [1 i ]Fl1

ml i
2F~ml i

2,mj1
2 ,mr1

2
!2me

2F~me
2 ,mj1

2 ,mr1
2

!

vr
2

1l2

mEi
2 F~mEi

2 ,mj̄1
2 ,mx1

2
!2mE1

2 F~mE1
2 ,mj̄1

2 ,mx1
2

!

vx
2 G

3vhvrvx , ~6!

where
1-2
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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 , ~7!

and, from the two-loop diagrams, we obtain

m11
(2)522 (

i , j 52,3
l2f [1 i ] f [1 j ] f k

i j mbml imEjvrvxI (2) ~8!

with

I (2)5
G~ml i

2,mj1
2

!@G~mEj
2 ,mh̄2

2
!2G~mEj

2 ,mj̄1
2

!#

mk
2~mh̄2

2
2mj̄1

2
!

,

G~ma
2 ,mb

2!5
1

16p2

ma
2ln~ma

2/mk
2!2mb

2ln~mb
2/mk

2!

ma
22mb

2
, ~9!

where the relation ofmk@ ~masses of other particle! has
been used. The outline of the derivation of the two-loop
tegral, Eq.~9!, is shown in the Appendix of Ref.@16#.

FIG. 1. L8-conserving one-loop diagrams.

FIG. 2. L8-violating two-loop diagrams.
05730
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The neutrino mass matrix is composed of these Major
masses as

M n5S m11
(2) m12

(1) m13
(1)

m12
(1) 0 0

m13
(1) 0 0

D , ~10!

from which we find the following relations for the neutrin
oscillations in ourSU(3)L 3U(1)N model

Dmatm
2 5m12

(1)21m13
(1)2~[mn

2!, Dm(
2 52mnum11

(2)u.
~11!

The bimaximal structure ofM n is realized by requiring tha
um12

(1)u;um13
(1)u, thereby, leading tomE2;mE3 or mE2,E3

!mE1 because the charged lepton contributions are to
neglected in our case. We assume thatmE2;mE3 in our
analysis.

In order to see that our result, Eq.~11!, really regenerates
the observed neutrino oscillations, we make the followi
assumptions on relevant free parameters in the same wa
those in Ref.@17#: ~1! vh5vw/20, vr5vw and vx510vw ,
where vw5(2A2GF)21/25174 GeV, ~2! mj;mr5vw ,
mx,k510vw , mE2,E35evx to enhance the bimaximal mixing
andmE150.9mE2,E3 to contribute toDmatm

2 , wheree stands
for the electromagnetic coupling,~3! f [1 i ];1027, l15l2

5 f k
i j 51 andmb5evx , where f [1 i ] is determined byDmatm

2

5m12
(1)21m13

(1)253.031023 eV2. From numerical calcula-
tions of Eq.~11!, we find f [1 i ]50.9331027 eV2, which re-
produce Dmatm

2 53.031023 eV2 and Dm(
2 50.91

31029 eV2. As a result, the mixing angleq for atmospheric
neutrinos defined by cosq5m12

(1)/mn is computed to yield
sin22q50.93, where the charged lepton contributions
Dmatm

2 give the deviation form sin22q51 for the bimaximal
mixing case. The estimatedDm(

2 lies in the allowed region
of the QVO solution to the solar neutrino problem.

Summarizing our discussion, we have constructed
SU(3)L3U(1)N gauge model with lepton tripletsc i

5(n i ,l 2 i ,E2 i), whereE2 i are negatively charged heavy lep
tons. This model has a triplet version of the Zee scalarj and
a singlet as the Zee-Babu scalark11. Owing to the existence
of these scalars, ourSU(3)L3U(1)N model is capable of
generating tiny neutrino masses by the radiative mechan
The atmospheric neutrino oscillation is related
L8-conserving one-loop interactions, while the solar neutr
oscillation is related toL8-violating two-loop interactions,
whereL8[Le2Lm2Lt . As a result, the bimaximal structur
of the neutrino mass matrix is enhanced by the approxim
degeneracy between masses of heavy leptons ofE2 andE3.
The observed mass hierarchy ofDmatm

2 @Dm(
2 is explained

by the difference between one-loop and two-loop effec
From our numerical estimate, our model reproduces the
served neutrino oscillation dataDmatm

2 53.031023 eV2

with sin2q50.93 andDm(
2 50.9131029 eV2. Our model

is, thus, relevant to yield quasivacuum solution for the so
neutrino problem.

The author would like to thank Professor M. Yasue` for
many helpful suggestions, useful comments, and a car
reading of this paper.
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~1993!; M. Özer, ibid. 54, 4561~1996!.

@29# S.L. Glashow and S. Weinberg, Phys. Rev. D15, 1958~1977!;
H. Georgi and A. Pais,ibid. 19, 2746~1979!.
1-4


