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SU(2), xU(1)y%x S3x D model for atmospheric and solar neutrino deficits
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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 $U(2)y with the discrete
symmetries §;X D) 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
betweenv,, and v, with sir? 26,,=1 as required by the atmospheric neutrino data and small mixing between
ve and v, with sinf26,,~(10"2—10"%) 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 numbsefs): 12.60.Fr, 13.15tg, 13.40.Em, 14.60.Pq

[. INTRODUCTION Super-Kamiokande data on neutrino oscillations. Another
type of study{12] investigating the impact of neutrino oscil-
Recent results from the Super-Kamiokande experiment ofation on the texture of neutrino mass matrices in a model
the atmospheric neutrino anomaf{t] and solar neutrino independent way led to maximal mixing and appropriate
deficit [2] have supported neutrino flavor oscillation as amass squared difference, which are necessary to explain the
possible explanation of these effects. Atmospheric neutrin&uper-Kamiokande data.
data are consistent withr,— v, oscillations with Amzw Recently several authorfsl3,14 have studied see-saw
=(0.5-6)x10% eV? and a nearly maximal mixing models based on the extension of the standard model includ-
sir? 26,,=0.82. The data are equally consistenwifis re-  ing two singlet neutrinos with an exttd(1)" gauge group
placed by a sterile neutrino and several authors have considgorresponding to a newly defined gauge charge, the gauge
ered models with an extra light singlet neutrino, in additon tocharge being B—3L,) for Ref. [13] and B-3/4L,
the usual three heavy right handed singlet neutr|i3ds +L,]) for Ref.[14]. Assuming theJ(1)’ symmetry break-
Furthermore, Super-Kamiokande data on solar neutrining scale to be of the order of~(10'2—10'%) GeV, the
deficit allow a solution in terms of, disappearence vacuum model naturally accounts for the largemal) mixing solu-
oscillation[4] with Am?,,~10"*° eV? and a nearly maxi- tions to the atmospherigolay neutrino oscillations and ex-
mal mixing angle sif2 6.,~1.0. Also consistent with these plains the hierarchy of the left handed light neutrino masses.
data are the small angle matter enhanced solution witffhis has motivated us to propose an SU()J(1)y model
Am?,,~(0.5-1)x10"° eV? and sirf26,,~10 2—~10"%  with the (S;x D) discrete symmetries and three right handed
[5] as well as matter enhanced large angle solution wittsinglet neutrinos to explain the results of Super-Kamiokande
Am?,~(107°~10"*)eV? and sirf26,,~1.0 [6] although  experiment on atmospheric and solar neutrinos. Our model
the small angle is more likely at the moment. The recentiffers from those in Refd.13] and[14] in not having extra
CHOOZ [7] reactor result excludes the large mixing anglegauge symmetry and in the choice of discrete symmetries.
neutrino oscillation ofv,— v, as far aSAmZ,Le>9X 104 The present model contains three right handed singlet neu-
eV?. While the results of CHORU$B] and NOMAD[9] on  trinos veg, g, v, along with three doublet Higgs fields
v, oscillations are awaited and the Liquid Scintillation Neu- ¢,,¢,,¢5 and three singlet Higgs fieldg,x»,xs. The
trino Detector(LSND) [10] data, which are disfavoured by doublet Higgs fields are responsible for generating the Dirac
the KARMEN [11] experiment, needs confirmation from fu- mass terms of the neutrinos whereas right handed singlet
ture experiments, several authors have proposed the strateggutrinos acquire their heavy masses through the singlet
of fitting the Super-Kamiokande data on atmospheric andHiggs fields. We have imposed an extra global symmetry in
solar neutrinos discarding the LSND data to discuss th@ur model to start with to ensure lepton number conservation
problem of neutrino flavor oscillations within the framework by making appropriate lepton number assignments for the
of three generations of neutrinos. Such studies have showriggs fields. In our model each singlet Higgs field is as-
that two mass squared differencasnZ,,, and Am3,.sare  signed with a(-2) lepton number. As soon ag;, x>, xs de-
relevant and the hierarchy of light neutrino masses such agelop their nonzero VEVs, the lepton number symmetry is
m, ,m,>ms or my,m,<<ms is adequate to explain the recent broken spontaneously at the grand unified the@®UJT)
scale (~10') GeV yielding three heavy right handed Majo-
rana neutrino massed$/(;,M,,M3) through the well-known
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tween the left handed neutrino flavors in order to explainy. in order to explain atmospheric neutrino anomaly with

atmospheric and solar neutrino data.

appropriate choice of the VEVs of the Higgs fields},)

We organize our paper as follows. Section Il contains the~1 GeV, ($,)=($3)~10* GeV. The small VEV of the
model. Section Il describes the Higgs potential, the neutrindHiggs field ¢, is achieved by choosing positive mass term of
mass matrix and its analysis. Conclusions are presented the ¢, Higgs field in the Higgs potential. The nonzero but

Sec. IV.

Il. THE MODEL

small VEV of ¢, arises due to the presence of quartic cou-
pling term in the Higgs potentidll5].

In our present model the lepton and the Higgs fields havé!l- HIGGS POTENTIAL AND NEUTRINO MASS MATRIX
the following representation contents under the gauge group \ye focus our attention on the relevant terms of the Higgs

SU(2), X U(1)y:

liL(2,=1)1,6r(1,—2)1,ver(1,0)1, VMR(lxo)l ) V’TR(lvo)l('l)

wherei=1, 2, 3,

¢1(2,1)0,xi(1,0) —». )

The subscripts in the parenthesis correspond to the lepton

number L (=Le+L,+L)).

We consider the following vacuum expectation values

(VEVs) of the Higgs fields:
()| [0
<¢io> i

<Xio>: K .

(¢>=<

)

potential, which yield small value of the VEV ap; and,
hence, write explicitly the followingp, dependent terms in
the potential:

Vi, =Mi(bld1) + N 1(h1b1) (b3 +No( d1b1) (hicbs)

+Na( Pl (X5 x1) +Na(Didb1) (X5 x2)

+Ns( D1 ) (X5 x3) + N (Bl dbax? xat X5 X1501)-
(6)

After substituting the VEVs of the Higgs fields in the
above potential and minimizing with respect ¢g)=v,,
we obtain

The following discrete symmetries have been incorpo-
rated in the model in order to generate the required pattern d¥Nere

Majorana neutrino mass matrix as well as the mixing.
(i) S3 symmetry:

|1|__>1,| 2L_>11|3L_’1!(eR ) TR)_>2’MR ,—>1,( VeRrs VTR)

HZ,VMRH 1,

(b1,03)—2,p2—1x1—1x—1xs— 1. (4)

(ii) D symmetry:
li =iy o — —Te* s lsi— —i0*l; er
— —iw*er, ur— KR,
* % *
TR— W TR, Ver— — W VeR,VMRHVﬂR,VTR—?w VR
. . . 2
P1— — 11, pa—1why, p3—1d3, x1— — 0 X1, X2 X2,

(5

X3—>w2X37

where w=e?73,

The choice of the discrete symmetrigg< D allow v, to
couple with v_z only through ¢, Higgs field. But similar
couplings ofv, with other two singlet neutrinos are prohib-
ited. Howevery, andv, couple with the singlet neutrinos
through the Higgs fieldsp, and ¢5. This facilitates small
mixing betweenv, andv,, as required for explanation of the
solar neutrino deficit and maximal mixing betweep and

)\,V3klk3
Vi=—————, ()
|\/|¢1
MZ =mMi+ N\ Vi+ NV hgki T Agk5+Asks ()

is the physical mass of thg, Higgs field.
Assumingmf to be much greater than all other terms in
Eq. (8) and puttingM% ~m3, which does not affect the

essential results obtained in our model, we get

_)\,V3klk3
Vi=————.

2 €)
We require the value of the VEV of¢,)~1 GeV. This
would correspond to\'~1v;~10? GeV k;~ks; and m;
""10(3

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

Ly=filyvrdit+falo vurdot falo vigdat 4l s v,rde
-~ — 0, ~ ¢ 0
+fila v rdst Q1verrery1t U2V RV uRX2

+0315rX S+ H.C. (10)

Substituting the VEVs of the Higgs fields in E(LO) we
obtain the following form of (6<6) Majorana neutrino mass
matrix in the basis fe,, v, , V7, Vers VR V5R):
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0O 0 O 0 ¢ Equation(15) is reduced to the following simple form:
oon 0000
M=lp M|=| 4 o o " 02 03 , m,=| CsAs  A3+A3 AZB§+A283 . (16)
0 & b, 0 M, 0 CsB; A,B,+AB;  B2+B2
c; az by 0 0 My We now proceed to calculate the masses and mixing

(11) angles of the three light left handed neutrinos by diagonaliz-
ing the mass matrix in Eq.16). It can be shown that the
whereD andM denote the (X 3) Dirac and Majorana neu- determinant ofm, is zero implying that one of the eigen-
trino mass matrices, respectively. The matrix elements of Eqvalues ofm,, is zero.

(11) are given by We then assume the approximatioh,,B,>A3,B;
> C;, which will be true for our parameter space of interest.
c3=fivy,a=fov,,a3=f3vs, b =1,vy, After diagonalization of the (%3) induced neutrino mass

matrix we get the following mass eigenvalues:
bz=f5v3,M1=01K;,M=05k;,M3=03ks. (12

_ _ m;~A3+ B3,
We see from the (& 6) mass matrix that the right handed
Majorana neutrino mass matrid becomes diagonal with (A,Bg—AgB,)?
mass eigenvalued ;, M,, andM 3 due to the imposition of m,~ > ,
the (S;x D) discrete symmetries. While all the heavy right A3+ B3
handed neutrinos acquire their masses at the lepton number
symmetry breaking scale which is of the order -ofl0* m3=0, 17

GeV, we assume the following hierarchy of masses:
wherem,/m;~M,/Maj.

M, 1 Finally, we investigate the mixing matrix connecting the
M_3: 10 (13)  three flavor eigenstates/{, v, ,v,) to the mass eigenstates
(v3,v,,vq) inincreasing order of mass:
in order to arrive at the required mass ratio for the left
handed doublet neutrinos. Ve
The induced (X 3) mass matrix for the left handed neu- | v
trinos (ve,v,,v,) can be calculated from E@l1) using the

w

V'T
see-saw formula in the basis of a diagonal Majorana mas
matrix as s
1 —C3V(A5+B3%) _1
D.D;; DyDy D3iDg; _
mij _ ]Iil/l 1j n il/l 2j + il/l 3j ' (14) Ang A382
1 2 8 C3Bz BZ C3A2
wherei andj denote the three neutrino flavors &gl ,D;, =| A;B3—A;3B; \/A§+ B2 A,A3+B,B;
andDg; refer to the respective Dirac mass matrix elements in
Eq. (11). Thus we get _—Che A2 CiBp
) AB3—AsB; \/A +B3 AA3+BoBj
C3 Csas3 C3bs
M, 2M3 2 M, Vs
C3as a; aj a,b, asbs "
m=(—— —+— —+—|. (15 x| "2]. (18
Ms M, Mg M; Mg (15 vy
csby ab, ash; b3 b3
Mg M, Mz M, M; In our model the mixing angle betweer andw. is given
] o ) by ratio of the two Yukawa couplings as follows:
With the redefinition of the matrix elements as
Ay f
b, tanf,,~ =~ T (19
\/_ \/_—>A3, \/_—>B3, B, 4
Assuming these Yukawa couplings to be equal, we obtain
a b 0,.=45, ie., sif26,,=1. This agrees with the Super-
—2_ A, —=B,. Kamiokande data on atmosoheric neutrinos, which suggest
VM3 VM2 maximal mixing betweerv, and v,. Now, for the solar
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neutrino oscillationve— v, , the mixing angle betweem,  without taking into account the LSND result. We demon-

andv, in our model is given by strate that the evidence of atmospheric and solar neutrino
— oscillations provided by Super-Kamiokande experiments can
ino CsV(A3+B3) vy 20 be accommodated in an extension of the standard elec-

sin

troweak gauge model based on the gauge group SU(2)
X U(1)y with appropriate discrete symmetrieS;< D) and
If the couplings are assumed to be of the same order, we getiggs fields along with the three right handed singlet neutri-
nos. The model can simultaneously reconcile the maximal
SiN O, ~ ﬂ~10—2. (21) mixing betweenv, and v, as required by the atmos_pheric

v neutrino data as well as matter enhanced Mikheyev-
Smirnov-Wolfenstein (MSW) solution to solar neutrino
“problem with small mixing angle between, and v,. The
desired small masses of the left handed neutrinos are gener-
. o ated by the well known see-saw mechanism with reasonable
maafses in our model. 'g‘fGSumwg_l'SX 107 GeV andM, choice of the model parameters. Apart from the electroweak
~107 GeV andM;~107 GeV, we getm”ﬂ~0'00§3 eV symmetry breaking scale, the model admits a lepton number
and m,,T~0045 eV. Thus our model leads tﬁmMT~2 symmetry breaking scale atlole GeV.
x 10 %eV? and Amgﬂ~0.53>< 10 %eV?, which are consis-
tent with the experimental results of Super-Kamiokande.

o AsB3—A3B; - f3,5V3'

This is in good agreement with the recent Super
Kamiokande solar neutrino data.
We shall now estimate the two nonzero light neutrino
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