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Symmetric textures in SO„10… and large mixing angle solution for solar neutrinos
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We analyze a model based on supersymmetricSO(10) combined withSU(2) family symmetry and sym-
metric mass matrices constructed by the authors recently. Previously, only the parameter space for the low
mass, low probability and vacuum oscillation solutions was investigated. We indicate in this Brief Report the
parameter space that leads to a large mixing angle solution to the solar neutrino problem with a slightly
modified effective neutrino mass matrix. The symmetric mass textures arising from the left-right symmetry
breaking and theSU(2) symmetry breaking give rise to very good predictions for the quark and lepton masses
and mixing angles. The prediction of our model for theuUen3

u element in the Maki-Nakagawa-Sakata matrix is
close to the sensitivity of current experiments; thus the validity of our model can be tested in the near future.
We also investigate the correlation between theuUen3

u element and tan2u( in a general two-zero neutrino mass
texture.
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The recently reported measurements from the KamLA
reactor experiment@1# confirmed the large mixing angl
~LMA ! solution to be the unique oscillation solution to th
solar neutrino problem at the 4.7s level @2–4#. The global
analysis including solar1KamLAND1CHOOZ data indi-
cates the following allowed region at 3s @2#:

5.131025,Dm21
2 ,9.731025 eV2, ~1!

0.29<tan2u12<0.86, ~2!

~0.70<sin22u12<0.994!. ~3!

The allowed regions at the 3s level based on a global fi
including Super-Kamiokande~SK!1solar1CHOOZ data for
the atmospheric parameters and the CHOOZ angle are@5#

1.431023,Dm32
2 ,6.031023 eV2, ~4!

0.4<tan2u23<3.0, ~5!

~0.82,sin22u23!, ~6!

sin2u13,0.06. ~7!

There have been a fewSO(10) models constructed aiming t
accommodate the observed neutrino masses and m
angles~see, for example,@6–8#!. By far, the LMA solution is
the most difficult to obtain. Most of the models in the liter
ture assume the mass matrices to be ‘‘lopsided.’’ In o
model based on supersymmetric~SUSY! SO(10)3SU(2)
@6,7# ~referred as CM hereafter!, we considersymmetricmass
matrices which result from the left-right symmetric breaki
of SO(10) and the breaking of the family symmetrySU(2).

*Electronic address: chen@quark.phy.bnl.gov
†Electronic address: ktm@verb.colorado.edu
0556-2821/2003/68~1!/017301~4!/$20.00 68 0173
ng

r

Previously, we studied the parameter space for the low m
low probability ~LOW! and vacuum oscillation~VO! solu-
tions to the solar neutrino problem in our model. In view
the KamLAND result, we reanalyze our model and find t
parameter space for the LMA solution.

The details of our model based onSO(10)3SU(2)F are
contained in CM. The following is an outline of its salien
features. In order to specify the superpotential uniquely,
invokeZ23Z23Z2 discrete symmetry. The matter fields a

ca;~16,2!211 ~a51,2!, c3;~16,1!111,

where the subscripts refer to family indices; the superscr
1/2 refer to (Z2)3 charges. The Higgs fields that brea
SO(10) and give rise to mass matrices upon acquir
vacuum expectation values~VEV’s! are

~10,1!: T1
111 , T2

212 , T3
221 , T4

222 , T5
122 ,

~126,1!: C̄222, C̄1
111 , C̄2

112 . ~8!

The Higgs representations 10 and126 give rise to Yukawa
couplings to the matter fields which are symmetric under
interchange of family indices.SO(10) is broken through the
left-right symmetry breaking chain

SO~10! → SU~4!3SU~2!L3SU~2!R

→ SU~3!3SU~2!L3SU~2!R3U~1!B-L

→ SU~3!3SU~2!L3U~1!Y

→ SU~3!3U~1!EM . ~9!

The SU(2) family symmetry@9# is broken in two steps and
the mass hierarchy is produced using the Froggatt-Nie
mechanism:

SU~2!→
eM

U~1! →
e8M

nothing, ~10!
©2003 The American Physical Society01-1
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where M is the UV cutoff of the effective theory abov
which the family symmetry is exact, andeM and e8M are
the VEV’s accompanying the flavon fields given by

~1,2!: f (1)
112 , f (2)

121 , F212,

~1,3!: S(1)
122 , S(2)

222 , S112. ~11!

The various aspects of VEV’s of Higgs and flavon fields a
given in CM.

The superpotential of our model is

W5WDirac1WnRR
, ~12!

WDirac5c3c3T11
1

M
c3ca~T2f (1)1T3f (2)!

1
1

M
cacb~T41C̄!S(2)1

1

M
cacbT5S(1) ,

WnRR
5c3c3C̄11

1

M
c3caFC̄21

1

M
cacbSC̄2 . ~13!

The mass matrices then can be read from the superpote
to be

Mu,nLR
5S 0 0 ^102

1&e8

0 ^104
1&e ^103

1&e

^102
1&e8 ^103

1&e ^101
1&

D
5S 0 0 r 2e8

0 r 4e e

r 2e8 e 1
D MU , ~14!

Md,e5S 0 ^105
2&e8 0

^105
2&e8 ~1,23!^1262&e 0

0 0 ^101
2&
D

5S 0 e8 0

e8 ~1,23!pe 0

0 0 1
D MD , ~15!

where MU[^101
1&, MD[^101

2&, r 2[^102
1&/^101

1&, r 4

[^104
1&/^101

1&, and p[^1262&/^101
2&. The right-handed

neutrino mass matrix is

M nRR
5S 0 0 ^12628

0&d1

0 ^12628
0&d2 ^12628

0&d3

^12628
0&d1 ^12628

0&d3 ^12618
0&
D

5S 0 0 d1

0 d2 d3

d1 d3 1
D MR ~16!
01730
e

tial

with MR[^12618
0&. Here the superscripts1/2/0 refer to the

sign of the hypercharge. It is to be noted that there is a fa
of 23 difference between the~22! elements of mass matri
cesMd and Me . This is due to the Clebsch-Gordan coef
cients associated with126; as a consequence, we obtain t
phenomenologically viable Georgi-Jarlskog relation. We th
parametrize the Yukawa matrices as follows, after remov
all the nonphysical phases by rephasing various matter fie

Yu,nLR
5S 0 0 a

0 beiu c

a c 1
D d, ~17!

Yd,e5S 0 ee2 i j 0

eei j ~1,23! f 0

0 0 1
D h. ~18!

This is one of the five sets of symmetric texture combin
tions @labeled set~v!# proposed by Ramond, Roberts, an
Ross@10#.

We use the following inputs atMZ591.187 GeV@11,12#:

mu52.32 MeV ~2.3320.45
10.42!,

mc5677 MeV ~677261
156!,

mt5182 GeV ~181613!,

me50.485 MeV ~0.486847!,

mm5103 MeV ~102.75!,

mt51.744 GeV ~1.7467!,

uVusu50.222 ~0.219–0.224!,

uVubu50.0039 ~0.002–0.005!,

uVcbu50.036 ~0.036–0.046!,

where the values extrapolated from experimental data
given inside the parentheses. These values correspond t
following set of input parameters at the grand unified the
scaleMGUT51.0331016 GeV:

a50.00246, b53.5031023,

c50.0320, d50.650,

u50.110,

e54.0331023, f 50.0195,

h50.0686, j520.720,

g15g25g350.746, ~19!

the one-loop renormalization group equations for the m
mal supersymmetric standard model~MSSM! spectrum with
three right-handed neutrinos are solved numerically down
1-2
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the effective right-handed neutrino mass scaleMR . At MR ,
the seesaw mechanism is implemented. With the constra
umn3

u@umn2
u,umn1

u and maximal mixing in the atmospher
sector, the up-type mass texture leads us to choose the
lowing effective neutrino mass matrix:

M nLL
5S 0 0 t

0 1 11t3/2

t 11t3/2 1
D d2vu

2

MR
~20!

and from the seesaw formula we obtain

d15
a2

c2t1a2~2t1/21t2!12a@12c~11t3/2!#
,

d25
b2te2iu

c2t1a2~2t1/21t2!12a@12c~11t3/2!#
,

d35
2a@beiu~11t3/2!2c#1bcteiu

c2t1a2~2t1/21t2!12a@12c~11t3/2!#
.

~21!

We then solve the two-loop renormalization group equati
~RGE’s! for the MSSM spectrum down to the SUSY brea
ing scale, taken to bemt(mt)5176.4 GeV, and then the SM
RGE’s frommt(mt) to the weak scaleMZ . We assume tha
tanb[vu /vd510, with vu

21vd
25(246/A2 GeV)2. At the

weak scaleMZ , the predictions fora i[gi
2/4p are

a150.01663, a250.03374, a350.1242.

These values compare very well with the values extrapola
to MZ from the experimental data, (a1 ,a2 ,a3)
5(0.01696,0.03371,0.121460.0031). The predictions at th
weak scaleMZ for the charged fermion masses, Cabibb
Kobayashi-Maskawa~CKM! matrix elements, and strength
of CP violation are summarized in Table I of Ref.@7#. Using
the mass squared difference in the atmospheric se
Dmatm

2 52.7831023 eV2 and the mass squared differen
for the LMA solution Dm(

2 57.2531025 eV2 as input pa-
rameters, we determinet50.35 andMR55.9431012 GeV,
and correspondingly

~d1 ,d2 ,d3!5~0.00119,0.000841ei (0.220),0.0211e2 i (0.029)!.

We obtain the following predictions in the neutrino sect
The three mass eigenvalues are give by

~mn1
,mn2

,mn3
!5~0.00363,0.00926,0.0535! eV. ~22!

The prediction for the Maki-Nakagawa-Sakata~MNS! ma-
trix is

uUMNSu5S 0.787 0.599 0.149

0.508 0.496 0.705

0.350 0.629 0.694
D , ~23!
01730
ts

ol-

s

d

-

or

.

which translates into the mixing angles in the atmosphe
solar, and reactor sectors,

sin22uatm[
4uUmn3

u2uUtn3
u2

~12uUen3
u2!2

51,

tan2uatm[
uUmn3

u2

uUtn3
u2

51.03,

sin22u([
4uUen1

u2uUen2
u2

~12uUen3
u2!2

50.93,

tan2u([
uUen2

u2

uUen1
u2

50.58,

sin2u135uUen3
u250.022. ~24!

To our precision, the atmospheric mixing angle is maxim
while the solar angle is within the allowed region at the 1s
level (0.37<tan2u(<0.60 @3#!. The MNS matrix given in
Eq. ~23! agrees with the recently obtained one from a glo
analysis@13# at 1 sigma level. We comment thatM nLL

given
in Eq. ~20! is a special case of a two-zero texture

S 0 0 *

0 * *

* * *
D ~25!

first proposed in@6# in which the elements in the~23! block
are taken to have equal strengths to accommodate nea
maximal mixing. Here we consider a slightly different cas

FIG. 1. Correlation betweenuUen3
u2 and tan2u( for different

values ofn. The value ofDmatm
2 is 2.831023 eV3. The dotted line

corresponds to the upper boundDm(
2 51024 eV2; the dotted-long-

dashed line corresponds to the best fit valueDm(
2 57.3

31025 eV2; the dotted-short-dashed line corresponds to the lo
boundDm(

2 5531025 eV2. So a generic viable prediction of th
texture given in Eq.~26! is in the region bounded by the dotted lin
and the dotted-short-dashed line.
1-3
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S 0 0 t

0 1 11tn

t 11tn 1
D . ~26!

This modification is needed in order to accommodate a la
but nonmaximal solar angle in the so-called ‘‘light side’’ r
gion (0,u,p/4) @14#. We find that it is possible to obtain
the LMA solution at the 3s level with n ranging from 1 to 2.
To obtain the LMA solution within the allowed region at th
1s level, we have considered aboven53/2. The correlation
betweenuUen3

u2 and tan2u( for different values ofn is plot-
ted in Fig. 1.

The predictions of our model for the strengths ofCP vio-
lation in the lepton sector are

JCP
l [Im$U11U12* U21* U22%520.00690,

~a31,a21!5~0.490,22.29!. ~27!

Using the predictions for the neutrino masses, the mix
angles, and the two Majorana phasesa31 anda21, the matrix
,

01730
e,

g

element for the neutrinoless doubleb decay can be calcu
lated and is given byu^m&u52.2231023 eV. The masses o
the heavy right-handed neutrinos are (M1 ,M2 ,M3)5(1.72
3107,2.443109,5.9431012) GeV. As in the case of the
LOW and VO solutions in our model@7#, the amount of
baryogenesis due to the decay of heavy right-handed ne
nos is too small to account for the observed amount. T
another mechanism for baryogenesis is needed in our mo
The prediction for the sin2u13 value is 0.022, in agreemen
with the current bound 0.06. Because our prediction
sin2u13 is very close to the present sensitivity of the expe
ment, the validity of our model can be tested in the fores
able future.
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