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Based on a supersymmetric Yukawaon model with O(3) family symmetry, possible forms of quark and

lepton mixing matrices are systematically investigated under a condition that the up-quark mass matrix

form leads to the observed nearly tribimaximal mixing in the lepton sector. Although the previous model

could not provide a good fitting of the observed quark mixing, the present model can give a reasonably

good fitting not only for lepton mixing but also for the quark mixing by using a different origin of the CP

violation from one in the previous model.
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I. INTRODUCTION

One of the current subjects of the particle flavor physics
is to understand quark and lepton masses and mixings. The
investigation of them, even if it is phenomenological, will
provide a promising clue to new physics. The so-called
‘‘tribimaximal’’ mixing observed in the neutrino mixing
[1,2] is very suggestive of a fundamental law in the lepton
sector. Usually, the observed tribimaximal mixing has been
explained by assuming a discrete symmetry [3].

Meanwhile, as a neutrino mass matrix model without
assuming any discrete symmetry, an unfamiliar model
[4,5] has been proposed by using a seesaw type neutrino
mass matrix M� ¼ mDM

�1
R mT

D. In this model, the Dirac
neutrino mass matrix mD is given by mD / Me (Me is a
charged lepton mass matrix) and the Majorana mass matrix
MR of the right-handed neutrinos is given by

MR / M1=2
u Me þMeM

1=2
u : (1.1)

Here M1=2
u is defined by M1=2

u ðM1=2
u ÞT ¼ Mu (Mu is an up-

quark mass matrix with a symmetric formMT
u ¼ Mu). The

model [5] can lead to a nearly tribimaximal mixing by
assuming suitable up-quark mass matrix as we give a short
review in the next section. The model has only four pa-
rameters: one (��) is in the neutrino sector, and one (au) is
in the up-quark sector, and two (ade

i�d) in the down-quark
sector. (Here, we consider that the charged lepton mass
ðme;m�;m�Þ are known parameters, and we do not count

these parameters as adjustable parameters.) This model
leads to excellent fitting for up-quark mass ratios mu=mc

and mc=mt and neutrino mixing parameters sin22�atm,
tan2�solar and jUe3j2, only by adjusting the two parameters
au and ��. On the other hand, for down-quark sector, the
fitting is not so excellent, especially, the predicted values of
jVubj and jVtdj are somewhat large compared with the
observed values as far as we use parameter values which

can give reasonable values for the observed down-quark
mass ratios.
The purpose of the present paper is to investigate an

improved version of the above model and to search sys-
tematically for parameter values which can give reasonable
quark mass ratios, quark mixing parameters (Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix) and neutrino
mixing parameters. In Sec. II, we will show that the four
parameter model cannot have reasonable parameter region
consistent with four quark mass ratios, three neutrino
mixing parameters, and four CKM mixing parameters. In
Sec. III, we propose a revised model and give parameter
fitting for 11 observables. (In the present model, we do not
discuss the observed value R � �m2

solar=�m
2
atm for neu-

trino masses, because we can always have an additional
one parameter which inevitably appears in the model and
affects only the mass ratios R, but does not affect neutrino
mixing and observables in the quark sector.) Finally,
Sec. IV is devoted to the summary and discussions.

II. SUPERSYMMETRIC YUKAWAON MODEL

In this section, we give a short review of a quark and
lepton mass matrix model [5] based on the supersymmetric
Yukawaon model, because, in this paper, we propose a
revised version of this model.
In the Yukawaon model, we put the following assump-

tion:
(i) We consider that the Yukawa coupling constants are

effectively given by

Yeff
f ¼ yf

hYfi
�

; (2.1)

where hYfi (f ¼ u, d, e, � and so on) are vacuum

expectation values (VEVs) of new scalars Yf with

3� 3 components of O(3) family symmetry and� is
an energy scale of the effective theory. (For the time
being, we assume �� 1014–15 GeV.) Therefore, the
would-be Yukawa interactions are given by
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HY ¼ X
i;j

yu
�

uci ðYuÞijqjHu þ
X
i;j

yd
�

dci ðYdÞijqjHd

þX
i;j

y�
�

‘iðY�Þij�c
jHu þ

X
i;j

ye
�
‘iðYeÞijecjHd

þ H:c:þX
i;j

yR�
c
i ðYRÞij�c

j ; (2.2)

where q and ‘ are SUð2ÞL doublet fields, and fc (f ¼
u, d, e, �) are SUð2ÞL singlet fields.

(ii) In order to distinguish each Yf from others, we

assume a Uð1ÞX symmetry (i.e. ‘‘sector charge’’)
in addition to the O(3) symmetry, and we have
assigned Uð1ÞX charges as QXðYfÞ ¼ xf, QXðfcÞ ¼
�xf and QXðYRÞ ¼ 2x�. (The SUð2ÞL doublet

fields q, ‘,Hu andHd are assigned to sector charges
QX ¼ 0.)

(iii) For the neutrino sector, we assume QXð�cÞ ¼
QXðecÞ, so that the Yukawaon Ye can also couple
to the neutrino sector as ð‘Ye�

cÞHu instead of
ð‘Y��

cÞHu in Eq. (2.2). Therefore, we can change
the above model into a model without Y�.
Hereafter, we read Y� in Eq. (2.2) as Ye. Besides,
we can have a term

X
i;j;k

y0R
�

�c
i ðYeÞikðYeÞkj�c

j ; (2.3)

in addition to the right-hand side of Eq. (2.2),
because YeYe has the same Uð1ÞX charge as YR,
i.e. QX ¼ 2xe. Although this term (2.3) leads to an
additional neutrino mass term, the term does not
affect neutrino mixing [6] as far as the neutrino
mass matrix M� is real,1 because of M� /
Ye½ð� � �Þ þ YeYe��1Ye ¼ ½Y�1

e ð� � �ÞY�1
e þ 1��1.

(iv) We give a superpotential W which is invariant
under O(3) family symmetry and Uð1ÞX symmetry,
and solve supersymmetric (SUSY) vacuum condi-
tions. As a result, we obtain VEV relations among
Yukawaons.

For example, we have assumed the following superpo-
tential:

We ¼ �eTr½�e�e�e� þ�eTr½Ye�e� þW�: (2.4)

Here we have assumedQXð�eÞ ¼ 1
2QXðYeÞ ¼ � 1

2QXð�eÞ
and the term W� has been introduced in order to
determine a VEV spectrum h�ei completely. Then, from
a SUSY vacuum condition:

@W

@�e

¼ �e�e�e þ�eYe ¼ 0; (2.5)

we obtain a VEV relation:

hYei ¼ � �e

�e

h�eih�ei: (2.6)

The VEV value h�ei is derived from the term W� (for
example, see Refs. [7–9]). However, for simplicity, in this
paper, we use the observed values of the charged lepton
masses straightforwardly for the VEV value as given by

h�eie ¼ diagðv1; v2; v3Þ / diagð ffiffiffiffiffiffi
me

p
;

ffiffiffiffiffiffiffi
m�

p
;

ffiffiffiffiffiffi
m�

p Þ: (2.7)

In other words, we have assumed the ad hoc relation (2.7),
the derivation of which is not discussed in the present
paper. Hereafter, for counting a number of ‘‘adjustable’’
parameters, we do not include vi in the number. Here, the
notation hAif denotes a form of a VEV matrix hAi in the

diagonal basis of hYfi (we refer to it as f basis). The scalar

�e does not have a VEV, i.e., h�ei ¼ 0. Therefore,
terms which include more than two of �e do not play
any physical role, so that we do not consider such
terms in the present effective theory. [Hereafter, we will
denote fields whose VEV values are zero as notations
�A (A ¼ u; d; � � � ).]
Next, for the purpose of the comparison of our new

model with the previous one, we give a short review of
quark and lepton mass matrix forms of the previous model
discussed in Ref. [5]. The explicit form of the superpoten-
tial for the previous model is given in Ref. [5]. That, for the
new model, shall be given in the next section.
In the previous model [5], the quark mass matrices, i.e.,

hYui and hYdi, are given as

Mu / hYui / h�uih�ui; (2.8)

h�uie / h�eieðhEie þ auhXieÞh�eie; (2.9)

Md / hYdie / h�eieðhEie þ ade
i�dhXieÞh�eie; (2.10)

respectively. (For convenience, we have changed the defi-
nitions of au and ad from those in Ref. [5].) Here, hXie and
hEie are given by

hXie ¼ XvX � 1

3

1 1 1
1 1 1
1 1 1

0
@

1
AvX;

hEie ¼ 1vE �
1 0 0
0 1 0
0 0 1

0
@

1
AvE:

(2.11)

(Here, the VEV form hXie breaks the O(3) flavor symmetry
into S3.) Therefore, we obtain quark mass matrices

M1=2
u / M1=2

e ð1þ auXÞM1=2
e ;

Md / M1=2
e ð1þ ade

i�dXÞM1=2
e ;

(2.12)

on the e basis. Here, we have redefined the coefficients
auvX=vE and advX=vE in Eqs. (2.9) and (2.10) as au and

1When RTM1R ¼ D1 � diagonal, the inverse matrix M�1
1 is

also diagonalized as RTM�1
1 R ¼ D�1

1 by the same orthogonal
transformation matrix R; When we take M ¼ M1 þm01, M is
diagonalized as RTMR ¼ D1 þm01, so that we can diagonalize
M�1 as RTM�1R ¼ ðRTMRÞ�1 ¼ ðDþm01Þ�1.
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ad, respectively. Hereafter, for numerical estimate of au
and ad, we use the definition of those in Eq. (2.12). (This
quark mass matrix form (2.12) has first been proposed in
Ref. [10] as a ‘‘democratic universal seesaw mass matrix
model’’.) Note that we have assumed that the O(3) rela-
tions are valid only on the e and u bases, so that hYei and
hYui must be real. [The VEV matrix h�ui must satisfy the
relation (2.9) on the e basis, while h�ui must also satisfy
the relation hYui / h�uiuh�uiu on the u basis. However,
for the down-quark sector, such a condition is not required,
because hYdi is given by Eq. (2.10) only on the e basis.]

A case au ’ �1:79 can give a reasonable up-quark mass

ratios
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mu1=mu2

p ¼ 0:043 and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mu2=mu3

p ¼ 0:057, which
are in favor of the observed values [11]ffiffiffiffiffiffiffi

mu

mc

s
¼ 0:045þ0:013

�0:010;

ffiffiffiffiffiffi
mc

mt

s
¼ 0:060� 0:005; (2.13)

at � ¼ mZ.
In this paper, we will carry out parameter-fitting at

� ¼ mZ, because we interest in the mixing values at
� ¼ mZ. Exactly speaking, fitting for the mass ratios
must be done at � ¼ �� 1014 GeV. However, at present,
our model does not intend to give so precise predictions
of the quark mass ratios. For example, we know [11]ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mu=mc

p ¼ 0:046þ0:013
�0:012 and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mc=mt

p ¼ 0:051þ0:002
�0:006 even

at � ¼ 2� 1016 GeV ( tan� ¼ 10). Even in
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mc=mt

p
,

the discrepancy is smaller than 20%. Besides, the mass
values are dependent on the value of tan� in the SUSY
model. Therefore, for simplicity, in this paper, we will
carry out the parameter-fitting at � ¼ mZ.

On the other hand, in the neutrino mass matrix

M� / hYeiehYRi�1
e hYeie; (2.14)

the Majorana mass matrix of the right-handed neutrinos
hYRie is given by

hYRi / hYeiehPuieh�uie þ h�uiehPuiehYeie
þ ��ðhPuiehYeieh�uie þ h�uiehYeiehPuieÞ: (2.15)

Here, we have introduced a new field Pu with a VEV,

hPuiu / diagðþ1;�1;þ1Þ; (2.16)

in order to make ‘‘effective’’ eigenvalues of h�uiu positive,
because the eigenvalues of h�uiu ¼ ðvu1; vu2; vu3Þ give
signs ðþ;�;þÞ for the parameter value au ��1:8. (The
field Pu has been introduced from a phenomenological
reason. If the factor (2.16) were absence [i.e. YR were given
by hYRi / hYeieh�uie þ h�uiehYeie], we could not give
the observed maximal mixing sin22�atm ’ 1 [1] for any
values of the parameters au and ��.) The reason for the ��

term in Eq. (2.15) is as follows: When we consider a term
YePu�u þ�uPuYe we must also consider an existence
of PuYe�u þ�uYePu [5], because they have the same
Uð1ÞX charges. The results at au ’ �1:78 are excellently
in favor of the observed neutrino oscillation parameters

sin22�atm ¼ 1:00�0:13 [1] and tan2�solar ¼ 0:469þ0:047
�0:041 [2]

by taking a small value of j��j, �� ¼ þ0:005 or
�� ¼ �0:0012.
Thus, the model in Ref. [5] can successfully fit two up-

quark mass ratios and three neutrino mixing parameters
only by the two parameters au and ��. On the other hand,
the fitting of six observable quantities (two down-quark
mass ratios and four CKMmixing parameters) only by two
parameters ad and �d given in Ref. [5] are not in excellent
agreement with the observed values. Especially, the pre-
dicted values of jVubj and jVtdj are considerably larger than
the observed ones. We find from a systematical parameter
search that this is not due to incompleteness of the parame-
ter search, but plausible values of the CKM mixing pa-
rameters cannot be obtained even if we abandon the fitting
of the down-quark mass ratios.
Considering the success in the up-quark and neutrino

sectors, we do not change the model for the up-quark
and neutrino sectors. We fix the parameter values as
au ��1:8. The observed values of the down-quark masses
are as follows [11]:

md

ms
¼ 0:053þ0:051

�0:029;
ms

mb

¼ 0:019� 0:006; (2.17)

at� ¼ mZ. We consider that the mass ratiomd=ms may be
sensitive due to an unknown effect of a minor change of the
model, so that, for the time being, we disregard the fitting
of md=ms and concentrate on the fitting of ms=mb.
Although a parameter value ad ��16 can give a reason-
able prediction of ms=mb, the solution cannot give
reasonable predictions of the CKM mixing parameters,
we rule out this solution ad ��16. We find that there
are another solutions of ad in a range �ad ¼ 1:3–1:7,
which can roughly give ms=mb ¼ 0:1–0:4. The solutions
have a possibility that they can give reasonable values of
the CKMmixing parameters. Therefore, we investigate the
case with �ad ¼ 1:3–1:7 in detail.
The results are shown in Fig. 1, where the predicted

values jVijj versus the phase parameter �d are given in the

unit of the observed values [12] jVijjobs:
jVusjobs ¼ 0:2252� 0:0009;

jVcbjobs ¼ 0:0406� 0:0013;

jVubjobs ¼ 0:00389� 0:00044;

jVtdjobs ¼ 0:0084� 0:0006:

(2.18)

Here, we have illustrated the behaviors of jVijj for the

range �d ¼ 0�–180�, because the behaviors for �d ¼
360�–180� are just the same as that for �d ¼ 0�–180�.
As seen in Fig. 1(a), in order to obtain a reasonable value
of jVcbj, we must choose a value of �d smaller than
�d � 10�, and also a value of ad smaller than
�ad � 1:5. However, from Fig. 1(b), we can conclude
there is no solution for a reasonable value of jVusj for
any values of ad and �d even at the cost of the fitting of
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down-quark mass ratios. Therefore, in the next section, we
proposed a revised model for quark mass matrices keeping
the model for the neutrino sectors.

III. PHENOMENOLOGY OF QUARK
MASS MATRICES

We present an explicit form of the quark mass matrices
in our new model. In this paper, we put the following
assumptions for a phenomenological forms of quark

mass matrices Mu (M1=2
u ) and Md:

(i) Different from the previous model [5], we regard that
not only hYui (also h�ui) but also hYdi are real, i.e.,
�d ¼ 0 in Eq. (2.10). Instead, we consider that CP
violation in the quark sector originates in a phase
matrix hPdie ¼ vPdPd � vPddiagðei	1 ; ei	2 ; ei	3Þ
which does not affect the down-quark mass ratios,
but does only the CKM mixing. Namely, the quark

mass matrices M1=2
u and Md are given by

M1=2
u /M1=2

e ð1þauXÞM1=2
e þ�uðM1=2

e M1=2
e ð1þauXÞ

þð1þauXÞM1=2
e M1=2

e Þþm0u1; (3.1)

Md / Pd½M1=2
e ð1þ adXÞM1=2

e

þ �dðM1=2
e M1=2

e ð1þ adXÞ
þ ð1þ adXÞM1=2

e M1=2
e Þ þm0d1�Pd; (3.2)

so that the CKM matrix V is given by V ¼ RT
uPdRd,

where Ru and Rd are defined by RT
uM

1=2
u Ru ¼

diagðþ ffiffiffiffiffiffiffi
mu

p
;� ffiffiffiffiffiffi

mc
p

;þ ffiffiffiffiffiffi
mt

p Þ (for au ��1:8) and

RT
d ðPy

dMdP
y
d ÞRd ¼ diagðmd;ms;mbÞ, respectively.

(ii) Similar to Eq. (2.15), we assume the �q terms,

which originate in the reordering of the fields with
the same quantum numbers.

(iii) Since only two of the three phase parameters
	1, 	2 and 	3 in the phase matrix Pd ¼
diagðei	1 ; ei	2 ; ei	3Þ are physically independent
parameters, for convenience we take 	3 ¼ 0.

(iv) It is better that the parameter number is as few as
possible. We consider that the first term is dominant
in Eq. (3.1) [and also Eq. (3.2)], and we will con-
sider �q and m0q terms as the need arises. As seen

later, we can do fitting without �d and m0u terms.
Of course, we consider that these relations are derived

from SUSY vacuum conditions for a given superpotential
W. However, prior to investigating the superpotential form,
from a phenomenological point of view, we would like to
investigate whether there is a possible parameter region or
not in the present model. A Yukawaon model for the
phenomenological forms (3.1) and (3.2) will be discussed
in the next section.

Since the mass spectra M1=2
u ðauÞ and MdðadÞ have

the same behavior for the parameter aq (au and ad),

we illustrate the mass spectra versus aq in the limit of

�q ¼ 0 in Fig. 2. (The mass values in Fig. 2 read

ð ffiffiffiffiffiffiffiffiffiffijmuj
p

;
ffiffiffiffiffiffiffiffiffijmcj

p
;

ffiffiffiffiffiffiffiffiffijmtj
p Þ and ðjmdj; jmsj; jmbjÞ for the up-

and down-quark sectors, respectively.
In the present model, too, the model for the up-quark

sector and neutrino sector is essentially unchanged from
the previous model [5] except for the �u term given in (3.1).
For reference, in Fig. 3, we illustrate the up-quark mass

ratios
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mu=mc

p
and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mc=mt

p
versus au and �u. As seen in

Fig. 3, there are two set of the solution ðau; �uÞ [regions
(i) and (ii) illustrated in Fig. 3] which can give reasonable

100 101 102
0

2

4

6

|V
ij|

/|V
ij| o

bs

|Vus|/0.2252

|Vcb|/0.0406

= -1.30

-1.40

-1.50
-1.60

-1.65

d

100 101 102
0

2

4

6

|V
ij|

/|V
ij| o

bs

|Vtd|/0.0084

|Vub|/0.00389

= -1.30d

-1.40

-1.50

-1.60

-1.65

FIG. 1 (color online). jVijj=jVijjobs versus a phase parameter �d. (a) jVusj=0:2252 and jVcbj=0:0406; (b) jVubj=0:00389 and
jVtdj=0:0084. The parameter au in the up-quark sector is fixed at au ¼ �1:79. The five curves represent ad ¼ �1:30, �1:40,
�1:50, �1:60 and �1:65, respectively.
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up-quark mass ratios. However, the region (ii) cannot give
reasonable CKM mixing parameters. Hereafter, by taking
fitting of neutrino mixing parameters into consideration,
too, we will take au ¼ �1:764 and �u ¼ 0:0070 in the
region (i). The choice of ðau; �uÞ ¼ ð�1:764; 0:0070Þ can
give up-quark mass ratiosffiffiffiffiffiffiffi

mu

mc

s
¼ 0:0619;

ffiffiffiffiffiffi
mc

mt

s
¼ 0:0559: (3.3)

In model building of the down-quark sector, we give the
down-quark mass ratio ms=mb preference rather than
md=ms, because it is not so difficult to adjust the ratio
md=ms without affecting the CKM parameter fitting, as we
demonstrate later. In Fig. 4, we illustrate the behavior of
ms=mb versus ad. As seen in Fig. 4, there are three regions
which can give reasonable mass ratioms=mb. However, the
regions (ii) and (iii) cannot give reasonable CKM mixing
parameters. (The region (ii) corresponds to a parameter
region adopted in the old model [5].) Hereafter, we will
show the region (i) (i.e., ad ��17) in detail.
Next, we investigate possible parameter regions which

can give reasonable CKM mixing parameters. We take
jVusj, jVubj, jVcbj and jVtdj as four independent parameters
in the CKM matrix. In Fig. 5, we illustrate allowed regions
in the 	1-	2 plane obtained from jVijj with jVijjobs under
au ¼ �1:764, �u ¼ 0:0070 and ad ¼ �16:6 whose values
are obtained from global best fit. As seen in Fig. 5, the
value of 	2 ’ 180� is in favor of the observed CKM
mixing parameters. The case with 	2 ¼ 180� is also
illustrated in Fig. 6. It is interesting that jVijj take their

minimum at 	1 ’ 180�. From Fig. 5 we find that 	1 ’
�16� þ 180� is in favor of the observed CKM mixing
parameters.
In conclusion, our best hit parameters are

au ¼�1:764; �u ¼ 0:0070; ad ¼�16:6;

	1 ¼ 196:0�ð164:0�Þ; 	2 ¼ 181:5�ð178:5�Þ (3.4)

together with �d ¼ 0, and then we obtain the predicted
CKM mixing parameters

jVusj ¼ 0:2259; jVcbj ¼ 0:04141;

jVubj ¼ 0:00418; jVtdj ¼ 0:00854:
(3.5)

However, the parameter value ad ¼ �16:6 gives a con-
siderably small value of md=ms, i.e., md=ms ¼ 0:00358.

FIG. 2 (color online). Eigenvalues jm1j, jm2j, jm3j versus a

parameter a in a mass matrix M ¼ M1=2
e ð1þ aei�XÞM1=2

e with
� ¼ 0 (thick curves). For reference, a case with � ¼ 20� is also
illustrated by thin curves in the figure. ðjm1j; jm2j; jm3jÞ read

ð ffiffiffiffiffiffiffiffiffiffijmuj
p j; ffiffiffiffiffiffiffiffiffijmcj

p
;

ffiffiffiffiffiffiffiffiffijmtj
p Þ and ðjmdj; jmsj; jmbjÞ for up- and down-

quark sectors, respectively. Numerical values of the eigenvalues
are given in a unit of ðme þm� þm�Þ.

FIG. 3 (color online). Allowed region in the au-�u plane

obtained from the up-quark mass ratios
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mu=mc

p
and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mc=mt

p
.

The shaded areas are consistent with the observed values given
in Eq. (2.13).

40                    20                 0                          20    40

FIG. 4 (color online). ad dependence of ms=mb. The dotted
lines show the observed down-quark mass ratio ms=md ¼
0:019þ 0:006 and 0.019–0.006.
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In order to correct this wrong value, we must takem0d with
a nonzero value. By taking a value

m0d=m0 ¼ �0:0061; (3.6)

where m0 � me þm� þm�, we obtain the reasonable

down-quark mass ratios

md

ms
¼ 0:0529;

ms

mb

¼ 0:0231; (3.7)

without affecting the CKM mixing parameters.
On the other hand, for neutrino mixing parameters, the

model is essentially the same as before. In Fig. 7, we
illustrate �� dependence of the neutrino mixing parame-
ters. As seen in Fig. 7, the model can predict sin22�atm ’ 1
and jU13j2 ’ 0 independently of ��. The value of ��

is determined from the observed value tan2�solar ¼
0:457þ0:038

�0:041. The value of �� and the neutrino mixing

parameters are listed in Table I.
Let us summarize above phenomenological considera-

tions for the mass matrices for quarks and neutrinos. By
taking the phenomenological considerations �d ¼ 0 and
m0u ¼ 0 into consideration, we have adopted the quark

mass matrices M1=2
u and Md given by

M1=2
u / M1=2

e ð1þ auXÞM1=2
e þ �uðM1=2

e M1=2
e ð1þ auXÞ

þ ð1þ auXÞM1=2
e M1=2

e Þ; (3.8)

Md / Pd½M1=2
e ð1þ adXÞM1=2

e þm0d1�Pd: (3.9)

On the other hand, the neutrino mass matrix is given by
Eqs. (2.14), (2.15), and (2.16). By using these mass matri-
ces with the 7 free parameters, au, �u, ad,	1,	2,m0d, and
�� we have searched systematically for the parameter
values which can give reasonable 4 quark mass ratios, 4
CKM quark mixing parameters, and 3 neutrino mixing
parameters. (Although the values of ðme;m�;m�Þ play an

FIG. 5 (color online). Allowed regions in the 	1-	2 plane
obtained from the CKM mixing parameters jVijj. Shaded areas

are consistent with the observed values jVijjobs in Eq. (2.18). The
parameter values of au, �u and ad are chosen as au ¼ �1:764,
�u ¼ 0:0070 and ad ¼ �16:6, respectively. The star ( ? ) indi-
cates the best fit points [see Eq. (3.4)].

FIG. 6 (color online). 	1 dependence of the CKM mixing
parameters jVijj in the case 	2 ¼ 180�. In the case of 	2 ¼
180�, 	1 ¼ 191� and 169� are in favor of all the observed
jVijjexpð2
Þ.

FIG. 7 (color online). �� dependence of the neutrino mixing
parameters tan2�solar (solid curve), sin22�atm (dashed curve) and
jU13j2 (dotted curve). The up-quark mass matrix parameters are
chosen as au ¼ �1:764 and �u ¼ 0:0070.
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essential role in the present model, we have fixed those to
the running mass values at � ¼ mZ, so that we do not
count those as free parameters.)

IV. SUPERPOTENTIAL

In this section, by taking the phenomenological results
with �d ¼ 0 and m0u ¼ 0 in the previous section into
consideration, we discuss a possible form of the super-
potential W assuming an O(3) family symmetry. Since we
consider the effective theory with �� 1014 GeV, at
present, it is not our chief concern whether O(3) is local
or global. For the moment, we assume that O(3) is global.
It should be noted that the massless states are harmless
because � takes an extreme large value �� 1014 GeV
[13]. Under the O(3) family symmetry and conservations
of Uð1ÞX and R charges given in Table II, we obtain the
following form of W:

W ¼ We þWR þWu þWd; (4.1)

We ¼ �eTr½Ye�e� þ �eTr½�e�e�e�; (4.2)

WR ¼ �RTr½YR�R� þ �R

�
fTr½ðYePu�u þ�uPuYeÞ�R�

þ ��Tr½ðPuYe�u þ�uYePuÞ�R�g;
Wu ¼ �uTr½Yu�u� þ �uTr½�u�u�u� (4.3)

þ�0
uTr½�u�

0
u� þ �0

u

�
fTr½�eSu�e�

0
u�

þ �uTr½ð�e�eSu þ Su�e�eÞ�0
u�g; (4.4)

Wd ¼ �d

�
Tr½PdYdPd�d� þ �0

d

�
Tr½�eSd�e�d�

þ�0dTr½E0d�d�; (4.5)

where, for convenience, we have denoted linear combina-
tions of fields Eq and Xq as Sq ¼ Eq þ aqXq (q ¼ u, d)

and hEqi ¼ vEq1 and hXqi ¼ vXqX.

Among the SUSY vacuums which are derived from the
superpotential (4.1), we take only a vacuum with h�ei ¼
h�Ri ¼ h�ui ¼ h�0

ui ¼ h�di ¼ 0. Therefore, we can
obtain VEV relations (2.6), (2.15), (3.1), and (3.2) from
SUSY vacuum conditions @W=@�e ¼ 0, @W=@�R ¼ 0,
@W=@�0

u ¼ 0 and @W=@�d ¼ 0, respectively. Since other
conditions, for example, @W=@Ye ¼ 0, and so on, inevita-
bly contain a field �A (A ¼ u; d; � � � ), they cannot play
effective roles in the VEV relations. (Although we did not
give an explicit form of Wð�eÞ in the present paper, we
assume that Wð�eÞ also contains � fields. For the form of
h�ei, Eq. (2.7), we will use the charged lepton mass values
at � ¼ mZ.) One of merits to introduce such � fields is
that we do not need to consider contributions from higher
dimensional terms with the form ðTr½� � ��A�Þn (n 	 2),
because @W=@�A from such a higher dimensional term
always contains �A more than one, so that such a term
becomes vanishing.
Let us emphasize a role of the R charges: By assuming

the R charge conservation with the R charge assignment
given in Table II, we can forbid all of higher dimensional
terms with ð1=�Þn (n 	 2) except for the terms given by
Eqs. (4.2), (4.3), (4.4), and (4.5). (However, for this pur-
pose, we must assume that our Kähler potential is given by
a canonical (minimal) form.) We also note that if we
assume Uð1ÞX only, the assignments can allow unwelcome
terms in the superpotential, for example, Tr½SuPu�,
Tr½�uPu�e�, and so on. Such terms can be forbidden by
assuming suitable R charge assignments. For example,
when we take R charges as Rð‘Þ ¼ 1� r, RðecÞ ¼
Rð�cÞ ¼ RðqÞ ¼ RðucÞ ¼ RðdcÞ ¼ 1 and RðHuÞ ¼
RðHdÞ ¼ 0, we can forbid the terms Tr½SuPu� and
Tr½�uPu�e� by taking R charges of other fields as given
in Table II.
In the phenomenological study in Sec. III, the VEV

values of �e play an essential role in evaluating the pre-
dicted values. Although it has been tried to build a model
[8,9] which gives a VEV spectrum (2.7), it is not clear
whether such a model can be applicable or not to the
present model straightforwardly. In this paper, we do not
give a superpotential form which can lead to the VEV
spectrum (2.7). We have just assumed the VEV value given
by Eq. (2.7), where we have used the values of charged
lepton masses at the scale � ¼ mZ.
Also, so far, we have not given superpotential forms

which lead to VEV matrices hEqi, hXqi, hPui and hPdi. In
general, any Hermitian VEV matrix hAi can be obtained
from a superpotential:

TABLE I. Input value of �� and predicted values of the neu-
trino mixing parameters. The up-quark mass matrix parameters
are chosen as au ¼ �1:764 and �u ¼ 0:0070 which can give
reasonable up-quark mass ratios.

�� tan2�solar sin22�atm jU13j2
þ0:00031 0.457 0.999 2:56� 10�4

�0:00102 0.457 0.998 2:74� 10�4

TABLE II. Uð1ÞX charges of the Yukawaons. For the time being, we assign different charges for the fields Eu and Ed (Xu and Xd) by
assuming that those are different fields. For R charges, see text.

Fields Ye �e �e YR �R Yu �u Pu �u �0
u Eu; Xu Yd Pd �d Ed; Xd E0d

QX xe
1
2 xe �xe 2xe �2xe xu

1
2 xu xe � 1

2 xu �xu � 1
2 xu

1
2 xu � xe xd xP �ðxd þ 2xPÞ xd þ 2xP � xe xd þ 2xP

R charge r 1
2 r 2� r 0 2 0 0 0 2 2 �r 0 0 2� r 0 r
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W ¼ �1ðTr½A�Þ3 þ �2Tr½AA�Tr½A� þ �3Tr½AAA�: (4.6)

[However, we must assign aUð1ÞX charge�3QXðAÞ for the
coefficients �i (i ¼ 1, 2, 3).] For example, ð�1; �2; �3Þ ¼
ð1=6;�1=2; 1=3Þ (i.e.W ¼ detA) gives the form hXi given
in Eq. (2.11). However, this method is not applicable to the
form hPdi, because the VEV matrix is not Hermitian. In
this paper, we have assumed these ad hoc VEV forms.

V. CONCLUDING REMARKS

In conclusion, we have proposed a phenomenological
quark and lepton mass matrices based on a Yukawaon
model. In Sec. II, we have demonstrated that the previous
model [5], in which the CP violation originates only in the
complex parameter ad, cannot give reasonable CKM mix-
ing values even if at the cost of the quark mass ratios.
Different from the previous model, in the present model,
CP violating phases are introduced in the phase matrix Pd

given in Eq. (3.2). In the up-quark sector, we have consid-
ered the �u term in Eq. (3.1). This comes from the fact
that the terms with another order of the fields, �e�eSu þ
Su�e�e, cannot be, in general, forbidden compared with
the order of�eSu�e because of the sameUð1ÞX charges. A
similar situation has been assumed in the neutrino sector,
too, i.e. the �� term in Eq. (4.3). (The values of �u and ��

are very small.) In contrast to those sectors, in the down-
quark sector, we have not considered such a �d term as well

as an additional term PdPdYd þ YdPdPd corresponding to
PdYdPd in Eq. (4.5). This is a result from the phenomeno-
logical study, and the theoretical reason for the absence is
unknown at present. Also we note that the phenomenologi-
cal fit requires the m0d term added to Eq. (3.2), but it does
not need an m0u in Eq. (3.1).
Our numerical conclusions from the present systemati-

cal study is summarized in Figs. 2–7. Especially, as seen in
Fig. 7, the results sin22�atm ’ 1 and jU13j2 
 0:005 are
insensitive to the value of the parameter ��. In other words,
if jU13j2 � 0:01 (the possibility was pointed out by Fogli,
et al. [14]) is established experimentally, the present model
will be ruled out, or it will need a drastic revision.
We have been able to obtain reasonable parameter fitting

not only for the observed lepton mixing but also for the
observed quark mixing. However, the model still includes
ad hoc assumptions. We consider that it is important to
clarify what parts are problems to get a good fitting of the
data for the next step of the investigation. Our model
building will proceed step by step.
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