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CP violation in a supersymmetric SO„10…ÃU„2…F model

Mu-Chun Chen* and K. T. Mahanthappa†
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A model based on SUSYSO(10) combined withU(2) family symmetry constructed recently by the authors
is generalized to include phases in the mass matrices leading toCP violation. In contrast with the commonly
used effective operator approach,126-dimensional Higgs fields are utilized to construct the Yukawa sector.
R-parity symmetry is thus preserved at low energies. Thesymmetricmass textures arising from the left-right
symmetry breaking chain ofSO(10) give rise to very good predictions for quark and lepton masses and
mixings. The prediction for sin 2b agrees with the average of current bounds from BaBar and Belle. In the
neutrino sector, our predictions are in good agreement with results from atmospheric neutrino experiments. Our
model accommodates both the LOW and QVO solutions to the solar neutrino anomaly; the matrix element for
neutrinoless double beta decay is highly suppressed. The leptonic analogue of the Jarlskog invariant,JCP

l , is
predicted to beO(1022).
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I. INTRODUCTION

SO(10) has long been thought to be an attractive can
date for a grand unified theory~GUT! for a number of rea-
sons: First of all, it unifies all the 15 known fermions wi
the right-handed neutrino for each family into one 1
dimensional spinor representation. The see-saw mecha
then arises very naturally, and the nonzero neutrino ma
can thus be explained. Since a complete quark-lepton s
metry is achieved, it has the promise for explaining the p
tern of fermion masses and mixing. BecauseB2L contained
in SO(10) is broken in the symmetry-breaking chain to t
standard model~SM!, it also has the promise for baryoge
esis. Recent atmospheric neutrino oscillation data fr
Super-Kamiokande indicates nonzero neutrino masses.
in turn gives very strong support to the viability ofSO(10)
as a GUT group. Models based onSO(10) combined with
discrete or continuous family symmetry have been c
structed to understand the flavor problem@1,2#. Most of the
models utilize ‘‘lopsided’’ mass textures which usually r
quire more parameters and therefore are less constra
Furthermore, the right-handed neutrino Majorana mass
erators in most of these models are made out of 16H316H
which breaks the R parity at a very high scale. We ha
recently constructed a realistic model based on supers
metric SO(10) combined withU(2) family symmetry@1#
~referred to as Chen and Mahanthappa~CM! hereafter!
which successfully predicts the low-energy fermion mas
and mixings. Since we utilizesymmetricmass textures and
126-dimensional Higgs representations for the right-han
neutrino Majorana mass operator, our model is more c
strained in addition to havingR-parity conserved@3#. The
aim of this paper is to generalize this model to inclu
phases in the mass matrices which lead toCP violation. We
first summarize our model followed by analytic analyses
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the complex mass textures, and then the implications of
model for neutrino mixing andCP violation are presented.

II. THE MODEL

The details of our model based onSO(10)3U(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,

wherea51,2 and the subscripts refer to family indices; t
superscripts1/2 refer to (Z2)3 charges. The Higgs fields
which breakSO(10) and give rise to mass matrices up
acquiring 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 . ~1!

Higgs representations 10 and126 give rise to Yukawa cou
plings to the matter fields which are symmetric under
interchange of family indices. The left-right symmetry brea
ing chain ofSO(10) is

SO~10!→ SU~4!3SU~2!L3SU~2!R

→SU~3!3SU~2!L3SU~2!R3U~1!B2L

→SU~3!3SU~2!L3U~1!Y

→SU~3!3U~1!EM . ~2!

The U(2) family symmetry is broken in two steps@4# and
the mass hierarchy is produced using the Froggatt-Nie
mechanism@5#:

U~2!→
eM

U~1! →
e8M

nothing ~3!
©2002 The American Physical Society10-1



h

r

n

rp

ic
,

is a

s
he-

’s

d
on

he
or-

ta-

the
-

y
of

MU-CHUN CHEN AND K. T. MAHANTHAPPA PHYSICAL REVIEW D 65 053010
andM is the UV cutoff of the effective theory above whic
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. ~4!

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

The superpotential for our model is

W5WDirac1WnRR
1Wflavon, ~5!

WDirac5c3c3T11
1

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

1
1

M
cacb~T41C̄!S(2)

1
1

M
cacbT5S(1) ,

WnRR
5c3c3C̄11

1

M
c3caFC̄2

1
1

M
cacbSC̄2 , ~6!

where Wflavon is the superpotential involving only flavo
fields which give rise to their VEV’s given in Eq.~34! of CM
@6#. The mass matrices can then be read from the supe
tential 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 , ~7!

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 , ~8!

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
05301
e

o-

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 ~9!

with MR[^12618
0&. @This is one of the five sets of symmetr

texture combinations@labeled set~v!# proposed by Ramond
Roberts, and Ross@7#.# Here, the superscripts1/2/0 refer to
the sign of the hypercharge. It is to be noted that there
factor of 23 difference between the~22! elements of mass
matricesMd and Me . This is due to the CG coefficient
associated with126; as a consequence, we obtain the p
nomenologically viable Georgi-Jarlskog relations@8#.

In CM, VEV’s were taken to be real. In general, all VEV
are complex leading tospontaneousCP violation, which is
the subject matter of this paper.

III. ANALYTICAL ANALYSIS OF MASS TEXTURES

In our convention, the Yukawa couplingsYi ,(i
5u,d,e,nLR) are defined in the way that the left-hande
fields are on the right, and the charge conjugate fields are
the left. In the quark sector, they read

Lmass52YuŪRQLHu2YdD̄RQLHd1H.c.,

and the charged current interaction is given by

Lcc5
g

A2
~Wm

1ŪLgmDL!1H.c.

Here we have written the Lagrangian in the weak basis. T
Yukawa matrices are diagonalized by the biunitary transf
mations

Yu
diag5VuR

YuVuL

† 5diag~yu ,yc ,yt!,

Yd
diag5VdR

YdVdL

† 5diag~yd ,ys ,yb!, ~10!

whereVR andVL are the right-handed and left-handed ro
tions, respectively, and all the eigenvaluesyi ’s are real and
non-negative. To extract the left-handed~right-handed! rota-
tion matrices, we need to consider the diagonalization of
Hermitian quantityY†Y (YY†). The Cabibbo-Kobayashi
Maskawa~CKM! matrix is then given by

VCKM5VuL
VdL

† 5S Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

D . ~11!

The unitary matrixVCKM has, in general, six phases. B
phase redefinition of the quarks, one can remove five
them. The remaining phase is one of the sources forCP
violation. A parametrization independent measure for theCP
0-2
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violation is the Jarlskog invariant@9#, defined asJCP
q

[Im$V11V12* V21* V22%, and the three angles of the CKM un
tarity triangle are defined as

a[ArgS 2
VtdVtb*

VudVub* D , b[ArgS 2
VcdVcb*

VtdVtb*
D ,

g[ArgS 2
VudVub*

VcdVcb*
D . ~12!

In the lepton sector, the charged lepton Yukawa matrix
diagonalized by
a
v

rix

na

k-

05301
s

Ye
diag5VeR

YeVeL

† 5diag~ye ,ym ,yt!. ~13!

The effective light left-handed Majorana neutrino mass m
trix ~obtained after using the see-saw mechanism! is diago-
nalized by an unitary matrixVnLL

:

M nLL

diag5VnLL
M nLL

VnLL

T 5diag~mn1
,mn2

,mn3
!, ~14!

where the eigenvaluesye,m,t andmn1 ,n2 ,n3
are real and non-

negative. The leptonic mixing matrix, the Maki-Nakagaw
Sakata~MNS! matrix, can be parametrized by
UMNS[VeL
VnLL

† 5S c12c13 s12c13 s13

2s12c232c12s23s13e
id l 2c12c232s12s23s13e

id l s23c13e
id l

s12s232c12c23s13e
id l 2c12s232s12c23s13e

id l c23c13e
id l

D S 1

ei
a21

2

ei
a31

2

D . ~15!
re
the

s-
ber
Note that the Majorana condition

C~ n̄ j !
T5n j , ~16!

whereC is the charge conjugate operator, forbids the reph
ing of the Majorana fields. Therefore, we can only remo
three of the six phases present in the unitary matrixUMNS by
redefining the charged lepton fields. Note thatUMNS is the
product of an unitary matrix, analogous to the CKM mat
which has one phase~the so-called universal phase! d l , and
a diagonal phase matrix which contains two phases~the so-
called Majorana phases! a21 anda31. The leptonic analog of
the Jarlskog invariant, which measures theCP violation due
to the universal phase, is given by

JCP
l [Im$Um2Ue3Um3* Ue2* %. ~17!

For the Majorana phases, the rephasing invariantCP viola-
tion measures are@10#

S1[Im$Ue1Ue3* %, S2[Im$Ue2Ue3* %, ~18!

From S1 and S2, one can then determine the Majora
phases

cosa315122
S1

2

uUe1u2uUe3u2
,

cos~a312a21!5122
S2

2

uUe2u2uUe3u2
. ~19!

The Lagrangian is invariant under the following wea
basis phase transformations
s-
e

UL→UL85KL
1UL , DL→DL85KL

1DL ,

UR→UR85KR
uUR , DR→DR85KR

dDR ,
~20!

Yu→Yu85KR
uYuKL , Yd→Yd85KR

dYuKL ,
~21!

whereKL
1 , KR

u , andKR
d are diagonal phase matrices. We a

interested in complex symmetric textures resulting from
SO(10) relations:

Yu5S 0 0 aeiga

0 beigb ceigc

aeiga ceigc eig
D d,

Yd5S 0 eeige 0

eeige f eig f 0

0 0 eigh

D h,

YnLR
5S 0 0 aeiga

0 beigb ceigc

aeiga ceigc eig
D d,

Ye5S 0 eeige 0

eeige 23 f eig f 0

0 0 eigh

D h

with a.b!c!1 ande! f !1. The weak-basis phase tran
formations mentioned above enable us to reduce the num
of phases to two,u[(gb22gc2g) and j[(ge2g f1gc
2ga). Then we have
0-3
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Yu,nLR
5S 0 0 a

0 beiu c

a c 1
D d,

Yd,e5S 0 ee2 i j 0

eei j ~1,23! f 0

0 0 1
D h.

~22!

We then diagonalize the mass matrices analytically. In
leading order, the mass eigenvalues are given by

mu.
a2bd

u2beiu1c2u
vu ,

mc.u~2beiu1c2!udvu ,

mt.dvu ,

md.
e2f h

e21 f 2
vd ,

ms.
~2e2f 1 f 3!h

e21 f 2
vd ,

mb5hvd

me.
3e2f h

e219 f 2
vd ,

mm.
6e2f h127f 3h

e219 f 2
vd ,

mt5hvd . ~23!

The CKM matrix elements are given by

Vud.S 12
1

2

e2

f 2D 2S e

f D S a

cDe2 idq,

Vus.
e

f
1

a

c
e2 idq,

Vub.ae2 idq,

Vcd.2
a

c
eidq2

e

f
,

Vcs.S 12
1

2

e2

f 2D 2S e

f D S a

cDeidq,

Vcb.c,
05301
e

Vtd.
e

f
c,

Vts.2c,

Vtd.12 1
2 c2. ~24!

The phasedq is given by

dq.tan21F2
a

c
sin~u82j!G2tan21F2

e

f

a

c
sin~u82j!G

1~u82j!, ~25!

where

u8.tan21S b sinu22
b3

a2
sin2 u22

b

a2
sinu D . ~26!

The form of the CKM matrix in Eq.~24! is also the one
favored in@11#.

In the lepton sector, similar diagonalization is carried o
and the charged lepton diagonalization matrix is

Ve5Vd~b→23b!. ~27!

We obtain bimaximal mixing in the neutrino sector an
Dmatm

2 @Dm(
2 by choosing@1#

M nLL
.S 0 0 t

0 1 1

t 1 1
D d2vu

2

MR
. ~28!

In the basis where the Yukawa matrices take the form of
~22!, this implies that the right-handed neutrino mass mat
Eq. ~9!, has the following elements:

d1.
a2

2a22ac1c2t
,

d2.
b2te2iu

2a22ac1c2t
,

d3.
a~c2beiu!1bcteiu

2a22ac1c2t
. ~29!

The three eigenvalues ofM nLL
are

mn1
.S t

A2
2

t2

8 D d2vu
2

MR
,

mn2
.S t

A2
1

t2

8 D d2vu
2

MR
,

mn3
.S 21

t2

4 Dd2vu
2

MR
. ~30!
0-4
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TABLE I. The predictions for the charged fermion masses, the CKM matrix elements, and th
violation measures.

Experimental results
extrapolated toMZ Predictions atMz

ms

md
17;25 25

ms 93.4213.0
111.8 MeV 85.66 MeV

mb 3.002
10.11 GeV 3.147 GeV

uVudu 0.974520.9757 0.975 1

uVcdu 0.21820.224 0.221 8

uVcsu 0.973620.9750 0.974 4

uVtdu 0.00420.014 0.005 358

uVtsu 0.03420.046 0.036 11

uVtbu 0.998920.9993 0.999 3

JCP
q (2.712

11.12)31025 1.74831025

sin 2a 20.9520.33 20.891 3

sin 2b 0.592
10.142

10.05 ~BaBar! 0.741 6

0.992
10.142

10.06~Belle!

g 34°282° 34.55°(0.6030 rad)
,

ta

th
te
a

ix

are
o
le,

ini-

hen

ted

t
M

Note that sinceVeL
is approximately an identity matrix

UMNS'VnLL

† . Consequently, with the present experimen

status, it is not possible to make unique predictions for
leptonicCP violating phases from the fitting of the absolu
values of the MNS matrix elements, as was done in the qu
sector. We therefore assume the light neutrino mass matr
be real and the leptonicCP violation will solely due to the
phase present inYe .

IV. RENORMALIZATION GROUP EQUATION „RGE…
ANALYSIS

We use the following inputs atMZ591.187GeV:

mu52.32 MeV~2.3320.45
10.42!,

mc5677 MeV~677261
156!,

mt5182 GeV~1812
113!,

me50.485 MeV~0.486 847!,

mm5103 MeV~102.75!,

mt51.744 GeV~1.7467!,

uVusu50.222~0.21920.224!,

uVubu50.0039~0.00220.005!,

uVcbu50.036~0.03620.046!,
05301
l

e

rk
to

where the values extrapolated from experimental data
given inside the parentheses@12#. These values correspond t
the following set of input parameters at the GUT sca
MGUT51.0331016 GeV:

a50.00246, b53.5031023, c50.0320,

d50.650, u50.110,

e54.0331023, f 50.0195,

h50.0686, j520.720, ~31!

g15g25g350.746 ~32!

the one-loop renormalization group equations for the m
mal supersymmetric standard model~MSSM! spectrum with
three right-handed neutrinos@13# are solved numerically
down to the effective right-handed neutrino mass scaleMR .
At MR , the see-saw mechanism is implemented. We t
solve the two-loop RGE’s for the MSSM spectrum@14#
down to the SUSY breaking scale, taken to bemt(mt)
5176.4 GeV, and then the SM RGE’s frommt(mt) to the
weak scaleMZ . We assume that tanb[vu /vd510, with
vu

21vd
25(246/A2 GeV)2. At the weak scaleMZ , the pre-

dictions fora i[gi
2/4p are

a150.016 63, a250.033 74, a350.1242.

These values compare very well with the values extrapola
to MZ from the experimental data@12#, (a1 ,a2 ,a3)
5(0.016 96,0.033 71,0.121460.0031). The predictions a
the weak scaleMZ for the charged fermion masses, the CK
0-5
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matrix elements and theCP violation measures are summ
rized in Table I~after taking into account the SUSY thresho
correction @15#, Db520.15) along with the experimenta
values extrapolated toMZ @12#.

The current result from the atmospheric neutrino exp
ment is@16#

Dm23
2 5~1.328!31023eV2~best fit:3.331023!,

sin2 2u51.

In the solar neutrino sector, the current best fit from the so
neutrino experiment data for each of the solutions is given
@17# LMA: @large mixing angle Mikheyev-Smirnov
Wolfenstein~MSW! solution with larger squared-mass di
ference#

Dm253.231025 eV2,

tan2 u50.33, sin2 2u50.75;

LOW: ~large angle MSW with low squared-mass differenc!

Dm25131027 eV2,

tan2 u50.67, sin2 2u50.96;

SMA: ~small mixing angle MSW!

Dm255.031026 eV2

tan2 u50.0006, sin2 2u50.0024;

QVO: ~quasivacuum oscillation!

Dm258.6310210eV2,

tan2 u51.5, sin2 2u50.96.

At present, none of these solutions can be ruled out@18#. The
current bound onuUen3

u from the CHOOZ experiment is@19#

uUen3
u<0.16.

Our model favors both the LOW and QVO solution. Th
LOW solution is obtained with the following set of param
eters:

MR52.01231013 GeV, t50.088, ~33!

which give rise to, using Eq.~29!,

d150.001 247,

d252.22131024ei (0.2201),
05301
i-

r
y

d350.016 48e2 i (0.001 711).

This gives rise to three light neutrino masses

mn1
50.001 711 eV,

mn2
50.001 762 eV,

mn3
50.054 38 eV

and the squared-mass differences are

Dmatm
2 52.95431023 eV2,

Dm(
2 51.76931027 eV2. ~34!

The MNS matrix is given by

uUMNSu5S 0.6743 0.7346 0.074 97

0.5427 0.4322 0.7202

0.5008 0.5230 0.6897
D .

This translates into

sin2 2uatm[4uUmn3
u2~12uUmn3

u2!50.9986,

sin2 2u([4uUen2
u2~12uUen2

u2!50.9937

and the MNS matrix elementuUen3
u is predicted to be

0.074 97, in very good agreement with the experimental
sult. The leptonic analog of the Jarlskog invariant is p
dicted to be

JCP
l [Im$U11U12* U21* U22%520.008 147.

The matrix element for the neutrinoless double beta (bb0n)
decay, u^m&u, is given in terms of the rephasing invaria
quantities by

u^m&u25m1
2uUe1u41m2

2uUe2u41m3
2uUe3u4

12m1m2uUe1u2uUe2u2 cosa21

12m1m3uUe1u2uUe3u2 cosa31

12m2m3uUe2u2uUe3u2 cos~a312a21!.

The current upper bound foru^m&u from the experiment is
0.2 eV @20#. The two Majorana phases (a31,a21) are
(0.9708,21.326); they give rise to a highly suppress
u^m&u51.35931023 eV @21#. The three heavy neutrino
masses are given by

M159.4123107 GeV,
0-6
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M251.4863109 GeV,

M352.01331013 GeV.

The QVO solution is obtained with

MR51.21731014 GeV, t50.0142 ~35!

which give rise to

d150.001 267,

d253.64131025ei (0.2201),

d350.01502e2 i (0.010 74).

The three light neutrino masses are predicted to be

mn1
52.85631024 eV,

mn2
52.87031024 eV,

mn3
55.58731022 eV

and the squared-mass differences are

Dmatm
2 53.12231023 eV2,

Dm(
2 57.584310210 eV2.

The MNS matrix is given by

uUMNSu5S 0.6794 0.7318 0.053 10

0.5302 0.4513 0.7178

0.5072 0.5107 0.6942
D .

This translates into

sin2 2uatm50.9991, sin2 2u(50.9950

and the MNS matrix elementuUen3
u is predicted to be

0.053 10, in very good agreement with the experimen
result. The leptonic analog of the Jarlskog invariant is p
dicted to be

JCP
l 520.008 110.

The two Majorana phases (a31,a21) are (1.385,20.4976)
and the matrix element forbb0n decay is predicted to be
u^m&u53.0731024 eV. The three heavy right-handed Ma
jorana neutrino masses are
05301
l
-

M153.6993107 GeV,

M252.34131010 GeV,

M351.21831014 GeV.

Our model can also produce the LMA solution by prope
choosing the values forMR andt; however, the prediction for
Uen3

violates the experimental bound, leading to the elim
nation of the LMA solution in our model.

A few words concerning the baryonic asymmetry are
order. Even though the sphaleron effects destroy baryo
asymmetry, it could be produced as an asymmetry in
generation of (B2L) at a high scale because of lepton num
ber violation due to the decay of the heavy right-hand
Majorana neutrinos@22#, which in turn is converted into
baryonic asymmetry due to sphalerons. But in our model
mechanism produces baryonic asymmetry ofO(10213)
which is too small to account for the observed value
(1.728.3)310211 @23#, the reason being that the mass of t
lightest right-handed Majorana neutrino is too smalland the
1-3 family mixing of right-handed neutrinos is too larg
leading, in essence, to the violation of the out-of-equilibriu
condition required by Sakharov@24#. So a mechanism othe
than leptogenesis is required to explain baryonic asymme

V. SUMMARY

We have generalized our recently constructed mo
based on SUSYSO(10) combined withU(2) family sym-
metry to include phases in the mass matrices leading toCP
violation. In contrast with the commonly used effective o
erator approach,126-dimensional Higgs fields are utilized t
construct the Yukawa sector.R-parity symmetry is thus pre
served at low energies. Thesymmetricmass textures arising
from the left-right symmetry breaking chain ofSO(10) give
rise to very good predictions for quark and lepton mas
and mixings. The prediction for sin 2b agrees with the aver
age of current bounds from BaBar and Belle. In the neutr
sector, our predictions are in good agreement with res
from atmospheric neutrino experiments. Our model allo
both the LOW and QVO solutions to the solar neutri
anomaly, and the matrix element forbb0n decay is highly
suppressed. The leptonic analog of the Jarlskog invari
JCP

l , is predicted to be ofO(1022). It is interesting to note
that, in the Yukawa sector, the model predicts (1213)
masses, (613) mixing angles and (413) phases~the addi-
tional 3’s in the parentheses refer to the right-handed n
trino sector! in terms of 9 parameters given in Eq.~31! andt
andMR , a total of 11 parameters.
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