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The phenomenological model that all quark and lepton mass matrices have the same zero texture, namely
their (1,1), (1,3), and(3,1) components are zeros, is discussed in the context ¢f@@rand unified theories
(GUT9). The mass matrices of type | for quarks are consistent with the experimental data in the quark sector.
For the lepton sector, consistent fitting to the data of neutrino oscillation experiments forces us to use the mass
matrix for the charged leptons which is slightly deviated from type I. Given quark masses and charged lepton
masses, the model includes 19 free parameters, whereas {1€®) S®JTs give 16 constrained equations.
Changing the remaining three parameters freely, we can fit all the entries of the CKM quark mixing matrix and
the MNS lepton mixing matrix, and three neutrino masses consistently with the present experimental data.

PACS numbses): 12.15.Ff, 12.10-g, 14.60.Pq, 14.65.q

[. INTRODUCTION rephasing of weak bases, always ond/fandM 4 can have
the symmetric Fritzsch form and the other can have the NNI
The downward and upward discrepancy in the atmo.form [9] Demanding to deal with the quark and Iepton mass
spheric neutrino deficit in Superkamiokan(l&] together ~Matrices on the same footing, we have proposed a four tex-
with other neutrino oscillation experiments such as solafur® zero modef10}, in which all the quark and lepton mass
neutrino [2], reactor[3], and acceleratof4] experiments matricesMy, Mg, M, andM, are Hermitian _and have th_e
drives us to the definite conclusion that neutrinos have mas§2Me textures. Herd , andM,, are mass matrices of neutri-
These experiments enable us to get a glimpse of high enerdy~ e v,,v,) and charged leptonse(u, 7), respectively.

: L2 amely their(1,1), (1,3), and(3,1) components are zeros and
physics beyond the standard model. In these situations %%fe others are nonzero valued. This model was also discussed

strategy is as f_ollows. First, we search for the most suitak_)IEy Du and Xing[11], by Fritzsch and Xind12], by Kang
phgnqmenqlogmal quark and. Iepton_ mass matrices whichi4 Kang[13], by Kang, Kang, Kim, and Kini14], and by
satisfies .m|scellgneous exp_enments in the hadro_n anq eleghkareuli and FroggaltL5], mainly in the quark sector. This
troweak mtergctlons._ Next, in order to search for its uniqueynodel is compatible with the large top quark mass, the small
ness and for its physical |mpl_|cat|0ns,_such mass matrices aig ark mixing angles, and the large,-», neutrino mixing
incorporated into grand unified theoriéGUTs). Of course  angles via the seesaw mechanism. In this article, we discuss
phenomenological mass matrices and GUTs are closely cothe above four texture zero model embedding in thé19D
related and the real model building is performed going backsUTs. The S@L0) GUTs impose some further constraints
and forth between these two approaches. Indeed, we considen the mass matrices. Using those constraints we predict all
the seesaw mechanism in the neutrino mass madBix the entries of the lepton mixing matrix and neutrino masses,
which supports minimally SQ0) GUTs. Conversely SQ0)  which are consistent with the experimental data, in terms of
GUTs prefer the mass matrices reflecting some similarity irthree free parameters left in the model.

the quark and lepton sectors. In the seminal work of phenom- This article is organized as follows. In Sec. Il we review
enological quark mass matrix mod¢B), Fritzsch proposed four texture zero model. In Sec. Ill we present a mass matrix
a symmetric or Hermitian matrix later called a six texture model motivated by SQ0) GUTs . This model is combined
zero model which has vanishir@,1), (1,3, (3,1, and(2,2 with the four texture zerd\nsdzein Sec. V. Section V is
components in both the mass matricdg, for up-type devoted to summary.

quarks (,c,t) andMy for down-type quarksd,s,b). Here

n texture zero means that two types of quark mass matrices
have totallyn zeros in the upper half of Hermitian mass
matrices, in this casél,1), (1,3, and (2,2 in each mass Phenomenological quark mass matrices have been dis-
matrix. However, this model failed to predict a large top cussed from various points of vief#6]. In this section we
quark mass. Symmetric or Hermitian six and five texturereéview our quark and lepton mass matrix mofi&0]. The
zero models were systematically discussed by Ranevred. ~ Mass term in the Lagrangian is given by

[7]. They found that the HermitiaM, andMq compatible |\ _ _—w—\ 0 _cd Mmoo qf —To Mol .

with experiments can have at most five texture zero. Before ™™~ dRiMuiidL— AriMdijdL; ~ IRV eiflL j

Il. FOUR TEXTURE ZERO QUARK-LEPTON MASS
MATRICES

the work of Ramonckt al. nonsymmetric or non-Hermitian J— 1 1—

six texture zero quark mass matrices mdaelarest-neighbor —VRiMopij L~ (L) ML~ 5(vRi) ‘Meijvg |
interaction(NNI) modell was proposed by Branco, Lavoura,

and Mota[8], and Takasugi showed that, by rebasing and +H.c., (N
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with 0 A, O
Mu=: Au Bu Cu y
0 C, D
u d e oo
qir=| C e v lLR=| M ; 0 Ay O
t LR LR T/ LR Mg=Pg4| A By Cq|P]
0 Cyq Dy
, 0 Age' 12 0
Ve Ve . .
, , = Ade tage Bd Cdel @23 (6)
=\ Pu| o VRT| PYuf ) 0 Cqe 1928 Dy
v, L V; R
0 A, O
whereM,, My, Mo, Mp, M, andMp are the mass ma- Mc=Pc| Ae Be Ce|P]
trices for up quarks, down quarks, charged leptons, Dirac 0 C. D¢
neutrinos, left-handed Majorana neutrinos, and right-handed 615
Majorana neutrinos, respectively. The mass matrix of light 0' Ace 0
Majorana neutrino®/ , is given by =| Ae 'hr2 B C.e'P23
0 Cee Pz D
M, =M, ~MpMg Mo, ) 0 A, 0
MV: AV BV CV )
which is constructed via the seesaw mechar{iShirom the 0 C, D,
block-diagonalization of neutrino mass matrix, where Py=diag(e'™,e®,e%), aj=a—a;, and P,

Ediag(eiﬁlleiﬁz’eiﬁs)’ ﬁI]EBI_BJ .
Let us discuss the relations between the following tex-

( M, ME) ture’s components of mass matiix
- 4
Mp M
TR 0 A O
M= A B C @)
We set anAnsdz that the mass matriced,,, Mg, My, 0 C D
and M, are Hermitian and have the same textures.
Our model is different from the Fritzsch model in the senseand its eigenmass; . They satisfy
that (2,2 components are not zeros and that our model deals
with the quark and lepton mass matrices on the same footing. B+D=m;+m,+ms,
The mass matricedly, M, andMg are, furthermore, as-
sumt_ad to have the same zero textureMas. This ansa_ttz BD— C2— A2=m,m,+ m,ms+ mgm, ,
restricts the texture formd 0] and we choose our following
texture because it is most closely related with the NNI form ’
DA = —m;m,ms. (8)

[8]:

Therefore, the mass matrix is classified into two types by
choosingB andD as follows:

0O * O 0O * O
NNI:| * O * |, Our Texture:| * * * |. (5 [typel] B=my, D=ms+tmy,

o o In the previous papefl10] we showed that type | is
The nonvanishing2,2) component distinguishes our form compatible with the experimental data both for the quark
from NNI's. Thus the quark and lepton mass matrices areand lepton mass matrices. So, we concentrate on the type |

described as follows:

053001-2
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In the type | caseB=m,, D=m3z+m,), the otherA andC take the following value from Eq38):

—my)mom —my)mg(Mz—my,+m
A | JEmmams c=\/( 1) Ma( Mg — M ) 10
M+ my mg+mq

Transformingm; into —m; by rephasing, the mass matiix becomes

/m;m,m
mz—m,
m;myMg myMg(Mz—my—m,)
M=| \/ ——= m,
mz—my mz—my

0 \/mlmS(mB_ My —m;) Ms—m,
mg—my
0 ympm, 0
=[ Vmim, m, Vmyms (for mzg>my>m;,). (11

0 ymimg MmMz—m;

The orthogonal matriX> which diagonalized/ in Eq. (11) as

0 Vymim, 0 -m 0 O
o'| Vvmim, m, ymimg |Oo=[ 0 m, O (12

0 \/m1m3 m3_m1 0 O m3
is given by
\/ m2m§ \/ m;ms(Mg—MmMy—m;) \/ mfmz
(My+my)(mi—m?) (My+my)(Mz—my)(Mz—my) (mz—m,)(m5—m?)
o= _\/ mims \/ my(Mz—mMy—my) \/ mp;ms
(My+my)(mg+my) (my+my)(mz—my) (mz—my)(mg+my)
\/mi(ms_mz_ml) _\/ m;mymg (Mg)2(mz—my—my)
(My+my)(mi—m3) (mz—my)(mMy+my)(mz—m;y) (m3—m3)(mz—m,)
2
m m;m
1 my 1Mm3
m; m3
= _ /M 1 M (for mg>my>m;,). (13
m; ms
m3 o m 1
m;mg mg

The mass matrices for quarks and charged leptihs, M, andM,, are considered to be of this type | and are given by
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0 Jmgmg 0 Uipn U Ugg
My=Py4[ Vvmgms ms ymgmy, | PY, U=PlOIPO,=| Uar Uz Uasl, (17)
0 VMmgm,  mMp—my Usi Us Ugs
0 ymym 0 . . .
we where theP] factor is included to put) in the form with
My=| vmymc me vmymg |, diagonal elements real to a good approximation. Her&xhe
0 Jymym, mi—m, is the orthogonal matrix which diagonalizes the light Majo-
rana neutrino mass matricés, given by Eq.(3).
0 vmem,, 0
M=Pe| Vmem, — m,  ymem. |PL. (14 | MASS MATRICES IN THE CONTEXT OF SO (10) GUTS

0 VMmem, m,—mg
Even if we succeeded in constructing the quark mass ma-
ThoseMy, M, andM, are, respectively, diagonalized by tricesM, and My consistent with experiments, we have in-
matricesP 04, O,, andP.O,. Here the orthogonal matri- finitely many mass matrices equivalent to thk, and M4
cesQq, O, andO, which diagonalize®{M P4, M, and  which are defined as
PlM «P. are obtained from Eq.(13) by replacing
my, My, mg by mg, mg, my, by m,, m., m,, and by

me, m,, m,, respectively. In this case, the Cabibbo- M/ =F™™M,G,, M}=F'MyGyq, (18
Kobayashi-Maskaw&CKM) quark mixing matrixV can be
written as

with arbitrary unitary matriceg, G,, andGy in the standard
V=P, 'P; 10 P4O4P, SU_(2)XUy(1) model, and withG,=G4 in the SU_(2)
X SUr(2)XUy(1) model. The fact that quark and lepton

—ip
V14 Vil [Vide mass matrices have the same form strongly suggests that the
_ — |V [V N2 ’ quarks and leptons belong to the same multiplets. So in this
Vi Vo — [Videld =V, IVad section we try to incorporate our mass matrix in the context

of SO(10) GUTs. We consider two S@0) symmetry break-
(15) ing patterns:

where theP 4! factor is included to puV in the form with .
diagonal elements real to a good approximation. Further- (i) SAL0)—SUA)XSUL(2) X SUr(2)— SUc(3)
more, theP; ' and P,=diag(e'*1,e'?2,6'%3) with ¢;— b, X SU(2)XSUg(2) X U(1)—Gq,
=arg(Py'0,PeOq)1> and ¢;— da=arg(Py O PyOy) 23

come from the choice of phase convention as @§). The

explicit forms of the components &f are obtained10] as (i) SO(10)—SU(5)— Gs, (19)

[mg  my
Vid=| Vo~ Ve '™
S C
mg  [m,
Vol =| Vi = Ve
b :
2
[mimg  my( mg  [m, .
~ — I - Bl | —1
V14 = 3 m m — “23)e 2
mb C b t

[V, 2+ my/m.—mg/mg

' whereGg=SU,(3)XSU_ (2)XU(1).

A. The case of S@10) breaking down
to SU(4)xSU, (2) x SUgr(2)

Here we consider the charge-conjugation-conserving
(CCQO) version[18-2(Q of the S@10) model in which left-
right discrete(not manifest symmetry is imposed.

In the S@10) model [21-23, the left- (right-) handed
fermions (g in a givenith generation are assigned to a
. (16) single irreduciblel6. Sincel6x 16=10s+120,+ 1265, the
2|V g Vmy /mg fermion masses are generated when the Higgs fieldsOof

and 120, and 126 dimensional SQL0) representatior(de-

The lepton mixing matrixU (hereafter we call it the noted by¢.g, 120, andeq.¢, respectively develop nonva-
Maki-Nakagawa-SakatdMNS) mixing matrix[17]) is given  nishing expectation values. Their decomposition under
by SU(4)XSU, (2)XSUg(2) are given by

COS¢p=

053001-4
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10

(@) 10w

1By ('2v/s) | e ———————
1012 .

11 /7
8 1055 B2 1o vy |

|Avir2y/s) |
1010 |

9l
10 10v(r2y/s) |

1081

(<))
My (ry/s') | [eV]

1071

106 | cos aj; = 0.2
r=3

103

(b) 20

1012

Ima(r'2y/s’

1] - - N "
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 Ima r'22/s') |

cOS 04

1011

1010

FIG. 1. The case whefd ,, My, andM, are all of purely type
| is analyzed. The experimental constraint |@hyy (0.28<|U,4?
<0.72) gives the allowed regioffour thick lines in the cosay,r
plane. Here the is treated as a free parameter. 107

= im 2 |

[mi (r'2y/s") | [eV]

cos oy = 0.2
r=3

10=(6,1,1)+(1,2,2),

(c)

120=(15,2,2)+(6,3,1) +(6,1,3) +(1,2,2) + (10,1, 1)
+(10,1,1), (20)

126=(10,1,3)+(10,3,1)+(15,2,2)+(6,1,1).

(U3

On the other hand, the fermion field of 16-dimensinal
SO(10) representation is decomposed as

16=(4,2,1)+(4,1,2). (22)

With respect toSU(4)XSU, (2)XSUg(2), the left- and
right-handed quarks and leptons of a givémgeneration are FIG. 2. The slight deviation from type K& 0) makes physical
assigned as parameters change drastically . The dotted lifgdid lineg show
the ¢ dependence for cag;=0 (CcoSa,3<0) in each diagram. All
lines terminate at the points from whef@osa,g=1 or |cosgB,4
U Uy Up Ve _ =1 as will be seen from Fig. 9 and Fig. 1(B) The diagram of the
d d, d, e =FLr (22) elements in the neutrino mass mati4, versusé. Except for
L(R) |C,(r'2yls’)| the dotted lines are overlapped with the correspond-

andF ), andF | rs are likewise defined for the 2nd and ing solid lines.(b) The diagram of the neutrino mass eigenvalues
(R) (R) ersusé. (c) The MNS mixing matrices versus

3rd generations. Note that their transformation properties aré
FLi=(4,2,1) and Fgr;=(4,1,2) and that £ ;+Fg;) vields

the 16 of SO(10. Since @,2,1)%x(4,1,2)=(152,2) o o o
+(1,2,2), the Dirac masses for quarks and leptons are gen¢10,1,3)(4,1,2)(4,1,2), respectively. Here thelQ,3,1) is
erated when neutral components in(B2,2) multiplet in  the SU_(2) Higgs triplet[denoted by#(10,3,1)] and the
$10, (1,2,2) and (152,2) in 1m0, and (152,2) in 16 of  (10,1,3) is the SUx(2) Higgs triplet] #(10,1,3)].

SU(4)X SU_(2) X SUr(2)CSO(10) develop nonvanishing  |n the CCC version of the S@0) model , the mass ma-
expectation values. On the other hand, t®,8,1) and tricesM,, M4, M., Mp, M, and Mg, for up quarks,
(10,1,3) in ¢y are responsible for the left- and the down quarks, charged leptons, Dirac neutrinos, left-handed
right-handed Majorana neutrino masses through the Higgsmajorana neutrinos, and right-handed Majorana neutrinos,
lepton-lepton interactions 10,3,1)(4,2,1)(4,2,1) and respectively, are given, in the lowest tree level, by
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0.2 0.2
0.15 0.15
0.1 0.1
3 3
0.05 0.05
0 0 {
T0.057 5. -0.2 0 0.2 0.4 T0.057 5. -0.2 0 0.2 0.4
c0s 0y c0s 0y
FIG. 3. The experimental constraint dhl,g (0.28<|U,4? FIG. 4. The allowed region in the cas»¢ plane from the
<0.72) gives the allowed regiofdotted arepin the cosw;¢é  experimental constraints Am2,/Ama,<(1x 10 4)/(3.5x10 %)
plane. =2.9x10"2,
1 , which appear in the Yukawa coupling of fermion fields with
_ (10) 41 120 3 3 X . ST
M, =811 ) + Al )(<¢+>+ 3(d% >) Higgs field, which is given by

1
(126)~ / 15
+S 3<¢+>1 2Ly =S i) paot + AP W) braoiy

+ S YL S praghj + (LR +HH.C. (24
1 )
_ o(10); 41 (120) _/ 43\ =/ 43
Mq=S"Xd2)+A ( (6=)+ 3<¢‘ >) The ¢ ()i are the 16 irreducible representations of the left-
and right- handed fermion fields in a givéth generation.
_ g(126) % (6%), The property tha8'® andS*?6) are symmetric and(*?? is

M =St ) + A~ (4) (7))

+ (128 ¢§>, (23 0.15

r'Mp=S2% %)+ AU (43) (7))
—S129(¢3), ¢

0.05

sM, =S12) $(10,3,1)),

s'Mg=S"%¢(10,1,3)), °
Where<¢1i) are the vacuum expectation values of the Higgs
fields of ¢10, (¢3) and (%) of ¢iz, and (43), 00 02 s 0.2 0.4
(#(10,3,1)) and (#(10,1,3)) of ¢16. See Ref.[20] for 08 Gz
details and the notations. The matricg4® and S(*?®) are FIG. 5. The allowed region in the cos, ¢ plane from the

real symmetric matrices andl*?? is a pure imaginary ma-  experimental constraints 0.28U,42<0.72 andAmZ/AmZ,<2.9
trix. These matrices are the coupling-constant matrices< 1072,
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(a) (b)

0.2
s 0.15
.27 00 o
W -
£0.1 0.1
FIG. 6. Ther is treated as a
0.05 free parameter. Figuréa) shows
the allowed region in the
CoSay I -£¢ space from the experi-
: mental constraints 0.28|U /2
. SR 0 0.2 0.4 <0.72 and AmiJAM5,=<2.9
(©) o) COS arp X102, Figures(b), (c), and (d)
04 . show the projected allowed re-
gions in the co#-¢, &-r, and
cosa-r planes, respectively.
3.5 3.5
w3 H o3
2.5 2.5
2 2
0 0.05 0.1 0.15 0.2 -0.4 -0.2 0 0.2 0.4
£ COS 012

antisymmetric results from the decompositibéx 16=105  assumed to be real so that all the fermion mass matrices are
+120,+ 1265, whereas the property thaf'® andS(1?6) are  Hermitian.

real andA(*?9 is purely imaginary is a consequence of their ~ With these assumptions, E(4) becomes

being Hermitian, which in turn comes from the requirement

of the invariance oty under the discrete symmetuy < i/

[20]. In Eq. (23), the factorsr=(2~3), r’, s, and s’, M,=S+€S/,

all roughly of order unity, are the renormalization-

group-equation factors[24,19 which arise from the

differences in the renormalization of the lepton and My=aS+S +A’ = aM +A —(ae—1)S,

guark masses due to the color quantum numbers of the

quarks and so on. The overall factor comes from the loop

correction of gauge boson in the renormalization group equa- , , , ,

tion. Exactly we should consider the evolution equation of ~Me=a@S=3S"+ A" =aM,+ A —(aet+3)S,
Yukawa coupling and in this case mass matrices get renor- (25
malized in a somewhat different form. Therefore, this form is

an approximation. We will also discuss this point in the last r'Mp=S—3eS’,

section.
We now make the following assumptions.
(i) The contribution froml20is assumed to be small com- sM_=BS'

pared with the contributions froh0 and126, and hence it is

neglected irM, andM . On the other hand, it is retained in

Mg andM,, for the main termS19( ¢ ) is smaller by the

factor a=($*)/{¢%), which is of order of (n,/m,) [see

Eqg. (27)]. This is an assumption for simplicity in order to

incorporate Eq(6). where the matrice§, S', andA’ and the real parameters
(i) All the vacuum expectation values of Higgs fields are, y, and é are defined by

S,MR: ’)/S,,
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(a) (b)
0.2
0.15
£ Ww 0.1
FIG. 7. The allowed region in
005 the cosa-r-¢ space from the ex-
’ perimental  constraints  0.28
<|U,4?<0.72, the small mixing
angle solution of the solar neu-
0 trino experimentq sinf26,,=(2—
-0.4 -0 0 0.2 0.4 10)x10°%], and the up-to-date
COS o2 .
(c) (d) value of mass difference
a 4 AmZ,/ Am3,=[(4-10)x10 °)/
[(1.5-6)%X 10" %] = (0.67-6.7)
x10°3.
3.5 3.5
W oal EREmREETID -
2.5 2.5
2 2
0 0.05 0.1 0.15 0.2 -0.4 -0 0 0.2 0.4
£ COS o112

1
S=819%¢l), s'= s<126>< -3¢ 4)5)) :
1
A’=A(120)< —(¢3)+ §<¢i>),

a=(p2)($%), ﬂ=<¢><ﬁ3,1>>/ (— §<¢5>),
(26)

y=<¢(1o,1,3>>/ (—%<¢5_>).

5=<<¢i>+<¢i’>>/ <¢>i>—§<¢i’>).

Note that solving diagonal elements of Eg5) for «, one
finds

3TrMg+rTrMe, my
a= =—, 27
S3TrM,+r'TrMp M

which is about 0.02. As mentioned already, this is why the
A129) andS(*28) terms are kept itV 4 andM . Equation(25)
is our S@10)-motivated model for fermion mass matrices.

B. The case of SQL0) breaking down to SU(5)

In this case, the fermion masses are also generated when
the Higgs fields ofl0, and120, and126 dimensional SQLO)
representationdenoted by¢qp, @129, and ¢q,6, respec-
tively) develop nonvanishing expectation values. Their de-
composition undeBU(5) are given by

10=5+5,

120=5+ 5+ 10+ 10+ 45+ 45, (28)

126= 1+ 5+ 10+ 15+ 45+ 50,

The Yukawa couplings irLy give the following fermion
masses when the neutral components i6 andgHiggs
multiplet in ¢4q, 5, 5, 45, and45in $120, @Nd1, 5, 15, and
45in ¢ 456 0f SU(5)C SO(10) develop nonvanishing expec-
tation valued 25,23
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(b)
0.2
0.15
w 0.1
FIG. 8. The allowed region in
0. 05 the cosa;r-¢ space from the ex-
’ perimental  constraints  0.28
<|U,4?<0.72, the large mixing
angle solution of the solar
0 neutrino  experiments  siBd,,
-0.4 -0.2 Cosoa 0.2 0.4 =(0.5-1, and the up-to-date
(d) 12 value of mass difference
a Am? Am3; = [(8—30)x 10 )/
[(1.5-6)x 10 %]=(0.13-2.0)
x10°3.
3.5 3.5
3 3 s
2.5 2.5
2 2
0 0.05 0.1 0.15 0.2 -0.4 -0.2 0 0.2 0.4
£ COS a2
ST ) baothj— ST bao5) (Ur Uy + Vg v ) My =S b1(5)) + A2 b1 45) ) + S ¢h 5 5)),

+<¢10(§)>(d_R,idL,j +¥,ieL,j)}1

A(120)( i) Prooh —>A(120){< ¢120(§)>(d_F\’,idL,j +¥,ieL,j)
+<¢120(4_5)>(d_R,idL,j - 3¥,ieL,j)
+($12d 5) vk oL

+ (12 45) ) Ug, UL i}, (29

51(126)( i) ¢’126¢LJ—>5(126){< ¢126(5)>(U_R,iUL,j - 3;,iVL,j)
+( 124 45))(dr,idL j— 3eg ey )
+(p12d 1)) Vi R

+ (12 15))vE v i},

Therefore, the mass matricés,, My, M., Mp, M, and

Mg=S2Y b1¢(5)) + AL b1, 5)) + ( 120 45)))
+ 5120 b, 45)),

M o= S h1(5)) + AL2O(( 15 5)) — 3( h124(45)))
— 35129 b, 45)),

(30)
r'Mp=S101(5)) + A2 1, 5)) — 3512 ¢h 1,4 5)),
SM =S125 1,4 15)),

s'Mg= 5(126)< 126 1)),

These mass matrices reduce to the same form a&2bpby
assuming again that the contributions from th20 Higgs

Mg, for up quarks, down quarks, charged leptons, Diracepresentation itM, andMp are negligible and by defining
neutrinos, left-handed Majorana neutrinos, and right-handethe matricesS, S’, andA’ and the real parametets B, v,

Majorana neutrinos, respectively, are given by

and 8, instead of Eq(26), as
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(a) (b)
0.2
0.15
€0 w 0.1
0.05 - -
I bl FIG. 9. The allowed region in
0 - the cosapzr-¢ space from the
-t 0.5 0 0.5 L same constraints as in Fig. 6.
COS a3
(c) (d)
4 4
3.5 3.5
3T s 3
2.5 2.5
2
0 0.05 0.1 0.15 0.2 -1 -0.5 0 0.5 1
£ COS o33

S=519(¢,4(5)), S =S12Np,,q45)),

A= A(lzo)« ¢120(§)> + <¢120(4—5)>)’

a=($10(5)){$19(5)), ﬂ=<¢126<15>>/<¢126<4_5>>,(31)

y={$12d D)/{ $12445)),

8= ({120 5)) — ¢120(4_5)>)/(< b12d5))+( ¢120(E3)>),

Thus, Eq.(25) is our S@10)-motivated model for fermion
mass matrices for both the $I0) breaking patternsi) and

(i) in Eq. (19).

IV. FOUR TEXTURE ZERO MODEL IN SO (10)

The SQ10) model Eq.(25) is now combined with the
four texture zeroAnsazefor M,, My, and M, which are

given by Eq.(6).

First it follows from Eq.(25) thatS S, andA’ are rep-
resented in terms of the symmetriantisymmetri¢ parts,

Msym (Mantisyn)y of My, My, andMg:

(1-ae)S=(M u)sym_ €M d)sym,

1
S'= Z{(Md)sym_r(Me)sym}' (32
A'= (Md)antisym-
We also find the constraints
(1- a’f)r(Me)sym=4a'(Mu)sym_(3+ a’f)(Md)sym,
5(Md)antisym:r(Me)antisym- (33

Using the four texture zerdnsdze for M, My, and M,
given by Eq.(6), the respective elements of E§3) become

(1—ae)rA cosB,=4aA,—(3+ ae)AyCOSa,,
(1—a€e)rBe=4aB,— (3+ ae€)By,
(1—ae)rCycosBy3=4aC,—(3+ ae)CyCOSays,

(1—ae)rD=4aD,—(3+ ae€)Dy, (34

OAgSina=rAgSinB,,

5Cd Sin 3= I’Ce Sinﬁzg.
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FIG. 10. The allowed region in
the cosB,»r-¢ space from the
same constraints as in Fig. 6.

.§ COS Bi2
In Eq. (34) there are six equations and eight unknown pa- sinBys  [AsCyq) SinB1s
rgmeters, namely, €, &, @y, a3, B2, Bos, andr pro- sina23: AC.| sinag,’
vided thatA,, By, ...,D. are given. In the following, we
treat cosyy, andr as free parameters so that all the other
parameters are functions of them. Here we treas a free
parameter too, although we knaw=(2-3). Let us present
the following useful expressions which are derived from r(BeDd_DeBd) . BeDy—DeBy 3
Eq. (34): ~ |BDg—DBy _\BuDg— DBy
o BeDu—DeBu)H’ " [BDa—DeBy|
"|ByD4— DBy "|ByDs—D.Bqg
BeDd_DeBd) Au)
C0%6127| §,5,~D,By/ | Ac
Ag\ sin
) BeDu—DeBu)<Ad)COS 5—r(Ae) Snpiz @9
B,Dg—D.Bg/ | Ay~ 12 \ P 12
Now we discuss the Maki-Nakagawa-SakawiNS) lep-
B.D.—D.B.\/C ton mixing matrix and neutrino masses. The light Majorana
o e-d e~d u ; ; ; ;
cosﬁzs—()() neutrino mass matriM , is given by Eq.(3), where the
BuDg—=DuBa/ | Ce Dirac neutrino, left- and right-handed Majorana neutrino
mass matrice$lp, M, andMy are expressed in terms of
B.D.-D.B.\/C the entries of the quarks and charged lepton mass matrices
_(e“e“)(d) COSays, due to the SQLO) constraints and their expressions are
BuDg—DyBg/ |\ Ce given, from Eqgs(25) and(32), by
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(a) (b)

0.2
0.15
£0.1 w0 lE
0.05F 3
E ) i — FIG. 11. The allowed region in
olo: : the cosB,3r-¢ space from the

i
|
o
(S
o
o
w
I

same constraints as in Fig. 6.

COS 23
(c) (d)
4 4
3.5 3.5
Wttt ot ooaE —
2.5 2.5
2
0 0.05 0.1 0.15 0.2 -1 -0.5 0 0.5 1
£ COS f23
0 Ap O and
r'Mp=S-3eS'=| Ap Bp Cp|,
0 Cp Dp .
Ag = 7 (AgcoSa,— rAgCOSB1o),
0 Ay O
sM =8S'=8| As Bs Cg |, (36)
0 Csr DS' 1
Bs =7 (Ba—rBe),
0 Ag O
s'Mg=7yS'=y| As Bs Cg |,
0 Cg Dg

1
Cy :Z(Cd COSay3—C,C0SBya), (38
where the element&,, Bp, Cp, Cp, Ay, Bg, Cy, and
Cg are obtained as

Ap=A,— €(AqCOSa1,— A, COSB1y), Dsr:%(Dd*rDe).

Bp=B,—€(Bq—rBe),

In the following analysis, we assume that the contribution of

Cp=Cy— €(CyCOSaz—rCeCOSB53), (37 M, toM, in Eqg.(3) is much smaller than that of the second
term so that we have M,=M —M{Mz'My=
Dp=D,—e(Dy—rDy), —MSMg*Mp. Then, all the components,, B,, C,, and
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(a) s’ [ A3
° . AV= - _2 - L
I" Y Asr
-2
£
g - 5 - s’ [ApBp Cob ApCs
- ol ——
» i r ,2’)/ AS’ DS’ AS’ DS’
=10
0.0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2
BD CDCS’ AD(_C572+ Bersl)
°\A¢ AgDg As Dy ’
= ol —— ,
g r'zy Asr DS’ AS’DS’
-8
cos gy = 0.2
r=3
-10
0.0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2
3
s’ [ D3
D,=——|—1|. (40)
FIG. 12. The dependence of lgfm,; /m,| (a) and loggm, /my| r'?y\Dg

(b) on ¢ for cosa;,=0.2 andr=3. The dotted line(solid line)
shows the¢ dependence for cag;=0 (coSa,3<0) in each dia-
gram. Both lines terminate at the points from whr@sa,4=1 or
|cosB,d=1 as are seen from Fig. 9 and Fig. 11. The singular be-
haviors of(a) and(b) come from those ofm; andm, (see Fig. 2

Therefore, the neutrino mass rati@s, /m, and m,/ms
and hence MNS lepton mixing matrix elements are also
determined as functions of cas, and r. The common
overall factors’/(r'?y) is determined by theAm? data
from neutrino oscillation experiments. The light
Majorana neutrino masses are obtained by diagonali¥ing

D, in Eq. (6) are determined, from Eq§36), (37), and(398),
as functions of cog;, andr except for the common overall
factors'/(r'?y) as

as
0 A, O
M,=| A B, C,
o Cc, D,
0 A O m 0 O
0 Ay O o)A B, C,|JO,=[ 0 m O (41)
0o c, D, 0 0 m

=—S'/(I"2’y) Ap Bp Cp
0 Cp Dp

0 Ay O0\0o Ay O
For the case in whiclB, ,C, ,D,>A, is satisfied, the neu-

x| As Bs Cg Ao Bo Col, (39 trino masses are approximately expressed in term8 of
0 Cg Dg 0 Cp Dp B,,C,, andD, as
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D,AZ

m = T T 5
‘" B,D,-C2

1
2
(B,D,—C?)\(B,+D,)>—4(B,D,—C?)

D2+C?--D,{B,+D,—(B,+D,)?>—4(B,D,—C?)}

A2

My~ {B,+D,~\(B,+D,)7—4(8,0,~Ch)} +
(42

1
D12/+C12/_ EDV{BV_l_ DV+ \/(Bv+ DV)2_4(BVDV_C121)}

1
mg=={B,+D,+ (B,+D,)?—4(B,D,—C?%)} - Az,
3! v A 2 (B,D,~C%)V(B,+D,)*~4(B,D,~C%) ’

The orthogonal matrice®, which diagonalizeM, are ex-  sirf26,,=(2—-10)x 103, or the large mixing angle solution
pressed in terms of the diagonalized massgsm,, andm;  [27] with AmZ,=mi—mi=(8-30)x10 ¢ eV? and

and the matrix componenss,, B,, C,, andD, as[14] sirf26,,=(0.5-1). In the following analysis, we transform
Ag, Be, Cq, andD; in Eq. (6) into —A,, —B., —C,, and
A A A . . .
—(0,)n —2(0,) —2(0,)ss —D,, respectively by rephasing of the right-handed charged
My m; M3 lepton fields.
0,= (0,)21 (0,)2 (0,)23 , First assuming that the mass matriddg, My, andM,
c, c, , are all of type I, we calculate numerically the MNS lepton
m(oy)ﬂ m(oy)zz m(oy)zg mixing matrix U using the central values for the running
ro 2 s (43  Qquarks and charged leptons massep atmy [28]:
with my(m) =2.33°52% MeV,
1 me(mz)=677"3° MeV, my(my)=181+13 GeV,
(Ov)glz 2 2
v C, 0.60
_l +1+ ml_ D md(mz):4.69to_66 MeV,
. mg(m;)=93.4"138 MeV, my(m;)=3.00+0.11 GeV,
(0,)5,= 2 2 (44) 49
(@) +1+(m2_DV) me(m,)=0.487 MeV, m,(m,)=103 MeV,
1 m.(m;)=1.75 GeV.
0,)5= : : : . I o
(0.)2 A\? 1 c, \* Since the recent atmospheric neutrino oscillation data indi-
ms * m;—D, cates large value of2,3 element of U, (0.28<|U,4?

=0.72[26]), we obtain the allowed region of the parameters

It should be remarked that the light neutrino mass maitix ~ space, cog;, vsr space which reproduces a laigé,3. The
itself is out of type | via the seesaw mechanism and that theesult is given in Fig. 1. In this allowed parameter region,
MNS lepton mixing matrix is obtained from Eg&3) and =3 is automatically satisfied without any fine tuning. How-
(17). Since O, is almost diagonal, the magnitudes of off- ever, we have a serious problem that in this allowed param-
diagonal elements are predominated by E). Thus the eter space we cannot accommodate the overall factor
seesaw mechanism changes the form of the lepton mixing'/(r'?y) simultaneously to the dataAmizz m%—mf
matrix from that of the CKM matrix given by Eq16). <10 * eV? (here we have adopted a rather conservative

Now, by changing the values of the free parameters in ouvalue; we accept more restrictive ones lafeom solar neu-
model, we proceed to find the solutions which are consistentrino oscillation experiments and the datanZ,=m3—m3
with the recent following findings thali) the atmospheric =3.5x10"2 eV? from atmospheric neutrino oscillation ex-
neutrino oscillation experiment indicates the,-v, large  periments. Taking deviations from the central val[@g] for
mixing (0.28<|U,42<0.72 [26]) with Am§3= m%—m% quarks and charged leptons masses does not resolve this
=(1.5~6)x10 3=3.5x10"2 eV?, and (i) the solar neu- problem. This difficulty is resolved by abandoning the above
trino experiments imply the MSW small mixing angle solu- assumption that the mass matriddg, M4, andM,, are all
tion [27] with Am3,=m3—m3=(4-10)x10 ® eV? and of type I. Let us assume thatl, deviates from type | al-
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thoughM, andM are of type I. Then, we can accommodate the overall fa&tr'?y) simultaneously to botm? data
from solar and atmospheric neutrino oscillation experiments.
Next we discuss this new scenario and show that there are solutions consistent with the data. First we represent the
deviation from type | aB.=m,(1+£). In this case, the entries of the mass maMx for charged leptons in Eq6) are
given, in the unit of eV, as

mem,m,

—— T =71X10,
mT_ gm,u,_ me

A=

Be=(1+&)m,=1.02x10°(1+§),

m,—§&m,

Ce= \/( Me+ém,)(m,—(1+&)m,— me)( ) ~ /8.1 104+ 1.7x 10%7¢,

m,—&m,,—m,
De=—Me—ém,+m ~=7.1x 10, (46)
and the expressions fa, @ and the elements of the matricBandS' are given by

(=r(1+¢&m,+3mgm,—m(3my—rm,)
r((1+&mym,—msm,)

€=—

B r(1+¢&mym,—(1+¢&mgm,—msm,)
MpMe+(—rm,—rém,—mgm—m(mg—rm.)’

Spp=((rm,+mg)[ cosa1,yMyMg(—3Mpymc—r(1+ £)m,my) + CoSa 1,y MgMg(3Msm;+rmem,)

- r( - mbm,u+ mSmT) \ mcmu])/(4rms( mbm,u_ mSmT))l

(=rm,—mg)(—r(1+¢&m,+3mym;
4r(mym,—msm,)

==

3= (— COSazyMyMy(—rm,—mgmyf —3myme—r(1+&m, m+3mgmg+rmem. |

- r( - rm,u_ ms) mt[(l + g) mbm,u._ mSmT] \l mtmu)/[r zm’T[ mmemM+ ms( gm,umt_ mCm’T)]

—r(3mimem,, +4mZmm,— mymg (4+ £&)m,m;+3mem,])],

(—rm,—mgm(3m,—rm,)
4r(mym,—msm,)

Sga=—

. (cosag,ymgmg(rm ,+mg)mg—r(m,m,—mgm,)ymem,)

12 4mgm,

3

1
Sézz Z(rm,u,—i_ ms)v

. ——  r(mym,—msm)m, /(_ (mpm, —msm,) ([ —r(1+&)m,+3ms]m,—mg(3m,—rm,))
37| oSz mbmd+(—rmﬂ—ms)\/mtmu) t (=rm,—mgmy((1+ &) mpm,—msm,)

1
Sé3:Z(mb_md+rmr)- (47)
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The pointr=3 is rather singular in the following sense. As eters cosy, and ¢& The parameters determined so far from
is seen from Eq(35), e becomes small at=3, hence we the lepton sector do not give rise to any inconsistency with
cannot neglecf in this region. That is¢ is sensitive to small  the data in quark sector.

& For instance, substituting EGL7) into Egs.(25) we obtain

Mp andMg and thereforeM , through Eq.(39). The behav- V. SUMMARY

iors of the elements in the neutrino mass mati, are In this paper we have presented and discussed a model of
depicted in Fig. 2. The large,-v, neutrino mixing appears texiure four zero quark-lepton mass matrices in the context
under the condition thaB,=D, which is realized at{  of SO(10). The consistent fitting of the free parameters to the
=0.02. By changing freely with fixedr(=3), we can well  data for neutrino oscillation experiments has forced us to use
reproduce the experimental data as shown in Figs. 3-5, ithe charged lepton mass matrix which slightly deviates from
which the constraints fromMU,, AmZj/Am3,, and the purely type | form(&~0.01). Using this deviated type of
both are satisfied, respectively. It is seen from Fig. 5 that bynass matrix for the charged leptons and the mass matrices
deviatingB,, a little bit from type | (¢~0.01), we can well for quarks of type I, we have been able to reproduce four
reproduce the experimental data for the solar neutrino oscilentries in the CKM quark mixing matrix and to predict six
lation and atmospheric neutrino deficit. If we relax the con-entries in the MNS lepton mixing matrix and three Majorana
dition r=3 and change freely as well as cos;, and ¢  neutrino masses which are consistent with the experimental
around the values of the above solutions, we have the largelata. The model has also given the restrictions onGlie
allowed region as is shown in Fig. 6. In the above allowedviolating phases which came from the neutrino oscillation
regions shown in Figs. 1-5, we have used only the conselexperiments. Remarkably enough the paramefaed from
vative condition forAm7, from the solar neutrino experi- data fitting is coincident with the value=(2-3 obtained
ments, that is, we have not used the constraints of the mixin§fom the renormalization equatid@4]. So it is attractive to
angle from the solar neutrino oscillation experiments. Whergxpect that the above deviatiog~0.01) from type | form

we take them into account in addition to the constraints froncan be obtained by taking the evolution equation of Yukawa
AmZ,, we obtain more restrictive allowed region than that ofcoupling fully. (In this paper we have considered the loop
Fig. 6. Under the condition of the small mixing angle solu- correction of gauge boson in the evolution equatidimough

tion for solar neutrino experiments, the larger region ofthe detail calculations will be developed in the forthcoming
|cosay, in Fig. 6 is eliminated and we have the allowed Paper, we will roughly outline our idea. That icharged
region as is shown in Fig. 7. On the other hand, under théepton mass matrix is exactly of type | at some scale. How-
condition of the large mixing angle solution, the smaller re-€ver, they change their form due to the evolutionary equation
gion of |cosay, is eliminated and the allowed region is Of the Yukawa couplingY, until the corresponding Higgs
given in Fig. 8. It should be noted that as seen in Figsfield acquires the vacuum expectation valae]

6—8 our model not only satisfies the experimental observa-

tions in the lepton sector but also provides the restriction on %: 1
the CP violation phase, cog;,, from the neutrino oscilla- dt 167
tion experiments. Of course, we can also restrict the other ‘ ‘ ‘ )
CP violation phases, cagys, cosBy, and cog,s, which are whereT', G', H' are the vertex corrections due to the

respectively depicted in Figs. 9—11. Also it follows from Eq. férmion, the gauge boson and the Higgs boson, respectively.
(39) that the neutrino mass ratid, /m,| and|m,/ms| be- After that, each mass furthermore changes its value accord-

come sensitive functions @ as are shown in Fig. 12 taking "9 t0 the mass renormalization equation. The evolution
typical values of and cosr;,. The common overall factor equation of Yukawa coupling is very sensitive to the Higgs
s'/(r'2y) in Eq. (39) is determined to be of order 16 by potentials and the initial conditions. One such sensitivity has
the Am? data from the solar and atmospheric neutrino oscil-?€€n found in the behavior ¢f The details will be given in
lation experiments. a forthcoming paper.

Finally we discuss the entries of the Cabibbo-Kobayashi-
Maskawa(CKM) quark mixing matrix which are given by
Egs. (16) with (35). In our model, all the elements of the =~ We are greatly indebted to Y. Koide for many useful
CKM mixing matrix are also functions of two free param- comments on the whole subject discussed in this article.

S(T'=G'+HT), (49)

ACKNOWLEDGMENTS

[1] T. Kajita, Talk at Neutrino '98(Takayama, Japan, 1998Y. Theory and Baryon Number in the Universedited by O.
Fukudaet al, Phys. Rev. Lett81, 1562(1998. Sawada and A. Sugamot&EK, Tsukuba, 1979 p. 95; M.

[2] Y. Takeuchi, Observation of solar neutrinos in Super- Gell-Mann, P. Ramond, and R. Slansky, Supergravity ed-
Kamiokande present and futuf@alk in Future of Neutrino ited by D. Freedman and P. van Nieuwenhuiz@orth-
Physics at KEK, Japan, 1999 Holland, Amsterdam, 1979p. 315; R. N. Mohapatra and G.

[3] M. Apollonio et al, Phys. Lett. B420, 397 (1998. Senjanovic, Phys. Rev. Le##4, 912 (1980.

[4] K. Winter, Nucl. Phys. B(Proc. Supp). 38, 221 (1995. [6] H. Fritzsch, Nucl. PhysB155 189 (1979.

[5] T. Yanagida, inProceedings of the Workshop on the Unified [7] P. Ramond, R. G. Roberts, and G. G. Ross, Nucl. PB#86,

053001-16



SO(10) GUT AND QUARK-LEPTON MASS MATRICES PHYSICAL REVIEW D61 053001

19 (1993. Rev. D34, 862(1986.

[8] G. C. Branco, L. Lavoura, and F. Mota, Phys. Re\d®3443  [19] R. Johnson, S. Ranfone, and J. Schechter, Phys. Reb, D
(1989. 282(1987).

[9] E. Takasugi, Prog. Theor. Phy&8, 177 (1997). [20] A. Bottino, C. W. Kim, and H. Nishiura, Phys. Rev. BO,

[10] H. Nishiura, K. Matsuda, and T. Fukuyama, Phys. Re\6@ 1046(1984). In this paper, the contribution of 126 is neglected
013006(1999. in M.

[11] D. Du and Z. Z. Xing, Phys. Rev. B8, 2349(1993. [21] M. S. Chanowitz, J. E. Ellis, and M. K. Gaillard, Nucl. Phys.

[12] H. Fritzsch and Z. Z. Xing, Phys. Lett. B53 114 (1995. B128 506 (1977).

[13] K. Kang and S. K. Kang, Phys. Rev. 55, 1511(1997. [22] J. A. Harvey, D. B. Reiss, and P. Ramond, Nucl. PH3/E99,

[14] K. Kang, S. K. Kang, C. S. Kim, and S. M. Kim, 223(1982.
hep-ph/9808419. [23] J. D. Vergados, Phys. Rep33 1 (1986.

[15] J. L. Chkareuli and C. D. Froggatt, Phys. Lett.480, 158  [24] A. J. Buras, J. Ellis, M. K. Gaillard, and D. V. Nanopoulos,
(1999. Nucl. Phys.B135 66 (1978.

[16] See, for exampleProceedings of the International Workshop [25] R. Barbieri, D. V. Nanopoulos, G. Morchio, and F. Strocchi,
on Masses and Mixings of Quarks and LeptdBkizuoka, Ja- Phys. Lett.90B, 91 (1982.
pan, 1997, edited by Y. KoidéWorld Scientific, Singapore, [26] T. Fukuyama, K. Matsuda, and H. Nishiura, Mod. Phys. Lett.
1998. A 13, 2279(1998.

[17] Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. PBgs. [27] J. N. Bahcall, P. I. Krastev, and A. Yu. Smirnov, Phys. Rev. D
247 (1962. 58, 096016(1998.

[18] A. Bottino, C. W. Kim, H. Nishiura, and W. K. Sze, Phys. [28] H. Fusaoka and Y. Koide, Phys. Rev.97, 3986(1998.

053001-17



