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SU„2…L3U„1…Y3S33D model for atmospheric and solar neutrino deficits
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~Received 5 April 1999; published 11 January 2000!

Motivated by the recent Super-Kamiokande experiment on atmospheric and solar neutrinos we propose a
see-saw model of three generations of neutrinos based on the gauge group SU(2)L3U(1)Y with the discrete
symmetries (S33D) and three right handed singlet neutrinos so that this model can accommodate the recent
Super-Kamiokande data on atmospheric and solar neutrino oscillations. The model predicts maximal mixing
betweennm andnt with sin2 2umt51 as required by the atmospheric neutrino data and small mixing between
ne and nm with sin22uem;(102221023) as a possible explanation of the solar neutrino deficit through the
MSW mechanism. The model admits two mass scales of which one breaks the electroweak symmetry and the
other is responsible for the breaking of the lepton number symmetry at GUT scale leading to a small Majorana
mass of the left handed doublet neutrinos.

PACS number~s!: 12.60.Fr, 13.15.1g, 13.40.Em, 14.60.Pq
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I. INTRODUCTION

Recent results from the Super-Kamiokande experimen
the atmospheric neutrino anomaly@1# and solar neutrino
deficit @2# have supported neutrino flavor oscillation as
possible explanation of these effects. Atmospheric neut
data are consistent withnm→nt oscillations with Dm2

mt

5(0.526)31023 eV2 and a nearly maximal mixing
sin2 2umt>0.82. The data are equally consistent ifnt is re-
placed by a sterile neutrino and several authors have con
ered models with an extra light singlet neutrino, in additon
the usual three heavy right handed singlet neutrinos@3#.

Furthermore, Super-Kamiokande data on solar neut
deficit allow a solution in terms ofne disappearence vacuum
oscillation @4# with Dm2

em;10210 eV2 and a nearly maxi-
mal mixing angle sin22uem;1.0. Also consistent with thes
data are the small angle matter enhanced solution w
Dm2

em;(0.521)31025 eV2 and sin2 2uem;102221023

@5# as well as matter enhanced large angle solution w
Dm2

em;(102521024)eV2 and sin22uem;1.0 @6# although
the small angle is more likely at the moment. The rec
CHOOZ @7# reactor result excludes the large mixing ang
neutrino oscillation ofnm→ne as far asDm2

me>931024

eV2. While the results of CHORUS@8# and NOMAD @9# on
nm oscillations are awaited and the Liquid Scintillation Ne
trino Detector~LSND! @10# data, which are disfavoured b
the KARMEN @11# experiment, needs confirmation from fu
ture experiments, several authors have proposed the stra
of fitting the Super-Kamiokande data on atmospheric a
solar neutrinos discarding the LSND data to discuss
problem of neutrino flavor oscillations within the framewo
of three generations of neutrinos. Such studies have sh
that two mass squared differencesDmsolar

2 and Dmatmos
2 are

relevant and the hierarchy of light neutrino masses such
m1 ,m2@m3 or m1 ,m2!m3 is adequate to explain the rece
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Super-Kamiokande data on neutrino oscillations. Anot
type of study@12# investigating the impact of neutrino osci
lation on the texture of neutrino mass matrices in a mo
independent way led to maximal mixing and appropria
mass squared difference, which are necessary to explain
Super-Kamiokande data.

Recently several authors@13,14# have studied see-saw
models based on the extension of the standard model inc
ing two singlet neutrinos with an extraU(1)8 gauge group
corresponding to a newly defined gauge charge, the ga
charge being (B23Le) for Ref. @13# and (B23/2@Lm

1Lt#) for Ref. @14#. Assuming theU(1)8 symmetry break-
ing scale to be of the order of (;101221016) GeV, the
model naturally accounts for the large~small! mixing solu-
tions to the atmospheric~solar! neutrino oscillations and ex
plains the hierarchy of the left handed light neutrino mass
This has motivated us to propose an SU(2)L3U(1)Y model
with the (S33D) discrete symmetries and three right hand
singlet neutrinos to explain the results of Super-Kamiokan
experiment on atmospheric and solar neutrinos. Our mo
differs from those in Refs.@13# and@14# in not having extra
gauge symmetry and in the choice of discrete symmetr
The present model contains three right handed singlet n
trinos neR,nmR ,ntR along with three doublet Higgs field
f1 ,f2 ,f3 and three singlet Higgs fieldsx1 ,x2 ,x3. The
doublet Higgs fields are responsible for generating the D
mass terms of the neutrinos whereas right handed sin
neutrinos acquire their heavy masses through the sin
Higgs fields. We have imposed an extra global symmetry
our model to start with to ensure lepton number conserva
by making appropriate lepton number assignments for
Higgs fields. In our model each singlet Higgs field is a
signed with a~-2! lepton number. As soon asx1 ,x2 ,x3 de-
velop their nonzero VEVs, the lepton number symmetry
broken spontaneously at the grand unified theory~GUT!
scale (;1016) GeV yielding three heavy right handed Majo
rana neutrino masses (M1 ,M2 ,M3) through the well-known
see-saw mechanism, which induce small hierarchical ma
to the left handed doublet neutrinos (ne ,nm ,nt). The (S3
3D) discrete symmetries facilitate appropriate mixing b

h-
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tween the left handed neutrino flavors in order to expl
atmospheric and solar neutrino data.

We organize our paper as follows. Section II contains
model. Section III describes the Higgs potential, the neutr
mass matrix and its analysis. Conclusions are presente
Sec. IV.

II. THE MODEL

In our present model the lepton and the Higgs fields h
the following representation contents under the gauge gr
SU(2)L3U(1)Y :

l iL~2,21!1 ,eiR~1,22!1 ,neR~1,0!1 ,nmR~1,0!1 ,ntR~1,0!1 ,
~1!

wherei 51, 2, 3,

f i~2,1!0 ,x i~1,0!22 . ~2!

The subscripts in the parenthesis correspond to the le
number L (5Le1Lm1Lt).

We consider the following vacuum expectation valu
~VEVs! of the Higgs fields:

^f&5S ^f i
1&

^f i
0& D 5S 0

v i D ,

^x i
0&5ki . ~3!

The following discrete symmetries have been incorp
rated in the model in order to generate the required patter
Majorana neutrino mass matrix as well as the mixing.

~i! S3 symmetry:

l 1L→1,l 2L→1,l 3L→1,~eR ,tR!→2,mR ,→1,~neR,ntR!

→2,nmR→1,

~f1 ,f3!→2,f2→1,x1→1,x2→1,x3→1. ~4!

~ii ! D symmetry:

l 1L→ iv* l 1L ,l 2L→2 iv* l 2L ,l 3L→2 iv* l 3L ,eR

→2 iv* eR ,mR→mR ,

tR→v* tR ,neR→2 iv* neR,nmR→nmR ,ntR→v* ntR ,

f1→2 if1 ,f2→ ivf2 ,f3→ if3 ,x1→2v2x1 ,x2→x2 ,

x3→v2x3 , ~5!

wherev5e2p i /3.
The choice of the discrete symmetriesS33D allow neL to

couple with ntR only throughf1 Higgs field. But similar
couplings ofneL with other two singlet neutrinos are prohib
ited. However,nmL andntL couple with the singlet neutrino
through the Higgs fieldsf2 and f3. This facilitates small
mixing betweenne andnm as required for explanation of th
solar neutrino deficit and maximal mixing betweennm and
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nt in order to explain atmospheric neutrino anomaly w
appropriate choice of the VEVs of the Higgs fields:^f1&
;1 GeV, ^f2&5^f3&;102 GeV. The small VEV of the
Higgs fieldf1 is achieved by choosing positive mass term
the f1 Higgs field in the Higgs potential. The nonzero b
small VEV of f1 arises due to the presence of quartic co
pling term in the Higgs potential@15#.

III. HIGGS POTENTIAL AND NEUTRINO MASS MATRIX

We focus our attention on the relevant terms of the Hig
potential, which yield small value of the VEV off1 and,
hence, write explicitly the followingf1 dependent terms in
the potential:

Vf1
5m1

2~f1
†f1!1l1~f1

†f1!~f2
†f2!1l2~f1

†f1!~f3
†f3!

1l3~f1
†f1!~x1* x1!1l4~f1

†f1!~x2* x2!

1l5~f1
†f1!~x3* x3!1l8~f1

†f3x1* x31x3* x1f3
†f1!.

~6!

After substituting the VEVs of the Higgs fields in th
above potential and minimizing with respect to^f1&5v1,
we obtain

v152
l8v3k1k3

Mf1

2
, ~7!

where

Mf1

2 5m1
21l1v2

21l2v3
21l3k1

21l4k2
21l5k3

2 ~8!

is the physical mass of thef1 Higgs field.
Assumingm1

2 to be much greater than all other terms
Eq. ~8! and puttingMf1

2 ;m1
2, which does not affect the

essential results obtained in our model, we get

v15
2l8v3k1k3

m1
2

. ~9!

We require the value of the VEV of̂f1&;1 GeV. This
would correspond tol8;1,v3;102 GeV k1;k3 and m1
;10k3.

Turning to the neutrino sector, the most general discr
symmetry invariant Yukawa interaction is given by

Ly
n5 f 1 l̄ 1LntRf̃11 f 2 l̄ 2LnmRf̃21 f 3 l̄ 2LntRf̃31 f 4 l̄ 3LnmRf̃2

1 f 1 l̄ 3LntRf̃31g1n̄eR
c neRx1

01g2n̄mR
c nmRx2

0

1g3n̄tR
c ntRx3

01H.c. ~10!

Substituting the VEVs of the Higgs fields in Eq.~10! we
obtain the following form of (636) Majorana neutrino mas
matrix in the basis (neL ,nmL ,ntL ,neR

c ,nmR
c ,ntR

c ):
7-2
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SU(2)L3U(1)Y3S33D MODEL FOR ATMOSPHERIC AND . . . PHYSICAL REVIEW D 61 035007
M n5S 0 DT

D M D 5S 0 0 0 0 0 c3

0 0 0 0 a2 a3

0 0 0 0 b2 b3

0 0 0 M1 0 0

0 a2 b2 0 M2 0

c3 a3 b3 0 0 M3

D ,

~11!

whereD andM denote the (333) Dirac and Majorana neu
trino mass matrices, respectively. The matrix elements of
~11! are given by

c35 f 1v1 ,a25 f 2v2 ,a35 f 3v3 ,b25 f 4v2 ,

b35 f 5v3 ,M15g1k1 ,M25g2k2 ,M35g3k3 . ~12!

We see from the (636) mass matrix that the right hande
Majorana neutrino mass matrixM becomes diagonal with
mass eigenvaluesM1 , M2, andM3 due to the imposition of
the (S33D) discrete symmetries. While all the heavy rig
handed neutrinos acquire their masses at the lepton num
symmetry breaking scale which is of the order of;1016

GeV, we assume the following hierarchy of masses:

M2

M3
5

1

10
~13!

in order to arrive at the required mass ratio for the l
handed doublet neutrinos.

The induced (333) mass matrix for the left handed ne
trinos (ne ,nm ,nt) can be calculated from Eq.~11! using the
see-saw formula in the basis of a diagonal Majorana m
matrix as

mi j 5
D1iD1 j

M1
1

D2iD2 j

M2
1

D3iD3 j

M3
, ~14!

wherei andj denote the three neutrino flavors andD1i ,D2i ,
andD3i refer to the respective Dirac mass matrix elements
Eq. ~11!. Thus we get

mn5S c3
2

M3

c3a3

M3

c3b3

M3

c3a3

M3

a2
2

M2
1

a3
2

M3

a2b2

M2
1

a3b3

M3

c3b3

M3

a2b2

M2
1

a3b3

M3

b2
2

M2
1

b3
2

M3

D . ~15!

With the redefinition of the matrix elements as

c3

AM3

→C3 ,
a3

AM3

→A3 ,
b3

AM3

→B3 ,

a2

AM2

→A2 ,
b2

AM2

→B2 .
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Equation~15! is reduced to the following simple form:

mn5S C3
2 C3A3 C3B3

C3A3 A2
21A3

2 A2B21A3B3

C3B3 A2B21A3B3 B2
21B3

2
D . ~16!

We now proceed to calculate the masses and mix
angles of the three light left handed neutrinos by diagona
ing the mass matrix in Eq.~16!. It can be shown that the
determinant ofmn is zero implying that one of the eigen
values ofmn is zero.

We then assume the approximation,A2 ,B2@A3 ,B3
@C3, which will be true for our parameter space of intere
After diagonalization of the (333) induced neutrino mas
matrix we get the following mass eigenvalues:

m1;A2
21B2

2 ,

m2;
~A2B32A3B2!2

A2
21B2

2
,

m350, ~17!

wherem2 /m1;M2 /M3.
Finally, we investigate the mixing matrix connecting th

three flavor eigenstates (ne ,nm ,nt) to the mass eigenstate
(n3 ,n2 ,n1) in increasing order of mass:

S ne

nm

nt
D

5S 1
2C3A~A2

21B2
2!

A2B32A3B2

21

C3B2

A2B32A3B2

B2

AA2
21B2

2

C3A2

A2A31B2B3

2C3A2

A2B32A3B2

2A2

AA2
21B2

2

C3B2

A2A31B2B3

D
3S n3

n2

n1
D . ~18!

In our model the mixing angle betweennm andnt is given
by ratio of the two Yukawa couplings as follows:

tanumt;
A2

B2
;

f 2

f 4
. ~19!

Assuming these Yukawa couplings to be equal, we obt
umt5450, i.e., sin2 2umt51. This agrees with the Super
Kamiokande data on atmosoheric neutrinos, which sugg
maximal mixing betweennm and nt . Now, for the solar
7-3
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neutrino oscillationne→nm , the mixing angle betweenne
andnm in our model is given by

sinuem;
C3A~A2

21B2
2!

A2B32A3B2
;

f 1v1

f 3,5v3
. ~20!

If the couplings are assumed to be of the same order, we

sinuem;
v1

v3
;1022. ~21!

This is in good agreement with the recent Sup
Kamiokande solar neutrino data.

We shall now estimate the two nonzero light neutri
masses in our model. Assumingv351.53102 GeV andM2
;1015 GeV andM3;1016 GeV, we getmnm

;0.0023 eV

and mnt
;0.045 eV. Thus our model leads toDmmt

2 ;2

31023eV2 and Dmem
2 ;0.5331025eV2, which are consis-

tent with the experimental results of Super-Kamiokande.

IV. CONCLUSIONS

In the present paper we have focused our attention on
Super-Kamiokande data on atmospheric and solar neutr
a
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without taking into account the LSND result. We demo
strate that the evidence of atmospheric and solar neut
oscillations provided by Super-Kamiokande experiments
be accommodated in an extension of the standard e
troweak gauge model based on the gauge group SU(L

3U(1)Y with appropriate discrete symmetries (S33D) and
Higgs fields along with the three right handed singlet neu
nos. The model can simultaneously reconcile the maxim
mixing betweennm and nt as required by the atmospher
neutrino data as well as matter enhanced Mikhey
Smirnov-Wolfenstein ~MSW! solution to solar neutrino
problem with small mixing angle betweenne and nm . The
desired small masses of the left handed neutrinos are ge
ated by the well known see-saw mechanism with reason
choice of the model parameters. Apart from the electrow
symmetry breaking scale, the model admits a lepton num
symmetry breaking scale at;1016 GeV.
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