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Unified description of quark and lepton mass matrices in a universal seesaw model
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In the democratic universal seesaw model, the mass matrices are gngmei/R+ ELmeRJrELM eFg (f:
quarks and leptong$:: hypothetical heavy fermionsm, andmg are universal for up and down fermions, and
Me has the structurel(+ b X) (bs is a flavor-dependent parameter, a0 & a democratic matrjx The model
can successfully explain the quark masses and Cabibbo-Kobayashi-Maskawa mixing parameters in terms of the
charged lepton masses by adjusting only one paranhgeteHowever, so far, the model has not been able to
give the observed bimaximal mixing for the neutrino sector. In the present paper, we considér timthe
quark sectors are still “fully” democratic, whild ¢ in the lepton sectors are partially democratic. Then the
revised model can reasonably give a nearly bimaximal mixing without spoiling the previous success in the
quark sectors.
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[. INTRODUCTION (~10? GeV). On the other hand, the top quark mass en-
hancement is understood from the additional condition
detM =0 for the up-quark sectoi(=U) [2—4]. Since the

Stimulated by the recent progress of neutrino experiseesaw mechanism does not work for the third family fermi-
ments, there has been considerable interest in a unified dgns, the top quark has a mass of the ordempf- A, .

scription of the quark and lepton mass matrices. One such For the neutrino sector, the mass matrix is given as
unified model, a nonstandard model, the so-called “universal

A. What is the universal seesaw model?

seesaw modellUSM) [1], is well known. The model de- 0o 0 0 m, c
scribes not only the neutrino mass mathik, but also the T g8
quark mass matriceM, and My and the charged lepton |60 m; O Ve
mass matrixM, by seesaw-type matrices, universally: the (vevgNLNR) | o mg M, My ¢l (@3
model has hypothetical fermiond=; (F=U,D,N,E; i T T L
=1,2,3) in addition to the conventional quarks and leptons m. 0 My Mg Ng

f; (f=u,d,v,e; i=1,2,3), and these fermions are assigned

to f=(2,2), fg=(1,2), F . =(1,1), and Fr=(1,1) of _ T .

SU(2)_ X SU(2)g. The 6x 6 mass matrix that is sandwiched Where vR=(vr)*=Crg. Since O(My)~O(M)~O(Mg)

between the fieldsf( .F.) and (fx.Fy) is given by >0(mg)>0(m,), we obtain the mass matrid , for the
L ROTR active neutrinos ,

wexo—| O™ 1.1 LT
“lme M) (1.1 M,=—-mMg'm/. (1.9

wherem_ and mg are universal for all the fermion sectors If we take the ratioO(m;)/O(mg) suitably small, we can
(f=u,d,v,e) and onlyM¢ have structures dependent on theunderstand the smallness of the observed neutrino masses
fermion sectorsF=U,D,N,E. For A <Agr<Ag, where reasonably.

A =0(my), Ag=0(mg), andAs=0O(Mg), the 3X3 mass For an embedding of the model into a grand unification
matrix M; for the fermionsf is given by the well-known scenario, for example, see RE5], where the possibility of
seesaw expression SO(10)x SO(10) was discussed.

Mi=—m Mg mg. (1.2)

B. What is the democratic universal seesaw model?

Thus, the model answers the question why the masses of As an extended version of the USM, the “democratic”
quarks(except for the top quaykand charged leptons are so USM [2,3] is also well known. The model has successfully
small with respect to the electroweak scald given the quark masses and the Cabibbo-Kobayashi-
Maskawa (CKM) [6] matrix parameters in terms of the
charged lepton masses. The outline of the model is as fol-
*On leave at CERN, Geneva, Switzerland. Email addresslows.
yoshio.koide@cern.ch; koide@u-shizuoka-ken.ac.jp (i) The mass matrice®, andmg have the same structure,
"Email address: fusaoka@aichi-med-u.ac.jp except for their phase factors

0556-2821/2002/681)/1130047)/$20.00 66 113004-1 ©2002 The American Physical Society



YOSHIO KOIDE AND HIDEO FUSAOKA

ml =mb/ k=myZ;, (1.5

wherex is a constant withc>1 andZ; are given by
Zi=P(6y)Z, (1.6
P(5) = diag(e'1,e!% ¢! %), 1.7
Z=diagz,,2,,23), (1.9

with 22+ z5+Z5=1.
(i) In the basis on which the matrices! and mf are
diagonal, the mass matricdsg are given by the form

Mg=mo\ (1+3b:X), (1.9

100 1 1 1
1[0 1oy 11 1) g
00 1 11 1

w| =

(i) The parameteb; for the charged lepton sector is

given byb, = 0, so that in the limit ofx/\<1 the param-
etersz; are given by

Z3

(1.1

Z; Z5 1
Vme  Vm, m, \/me+mﬂ+m7'

Then the up- and down-quark masses are successfully given

[2,3] by the choice ofb,=—1/3 and by=—¢'fd (B4
=18°), respectively. Here, note that the cholgg=—1/3
gives deM =0, so that the case with,= —1/3 givesm,
~O(m,). Another motivation for the choice,=—1/3 is
that the model withb,=0 andb,= —1/3 leads to the suc-
cessful relation7,2] m,/m.=(3/4)(m./m,), which is al-
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This suggests that the previous model with the universal
structure ofM is too tight. Therefore, in the next section,
we assume that for the lepton sectors the democratic matrix
Xin Eq. (1.9 will be changed by a “partially” democratic
matrix, which is given by a rotatioRy from the fully demo-
cratic matrix in the quark sector. Then we can obtain the
observed nearly bimaximal mixing. However, generally
speaking, the success is not so remarkable because we have
three additional parameters in the rotation maRix. The
problem is whether the rotatioRy has a physical meaning
or not.

In Sec. I, we will investigate a rotation matriy that
leads to the observed nearly bimaximal mixing and suggests
an interesting relation between quarks and leptons. In Sec.
I, the numerical results are given and neutrino phenomenol-
ogy is discussed. In Sec. 1V, the mysterious characteristics of
the rotation matrixRy are discussed. Finally, Sec. V is de-
voted to the conclusions.

II. S, SYMMETRY VERSUS S; SYMMETRY
A. Basic assumption

For the quark sectors, the model is essentially unchanged
from the previous model, i.e., the mass terms are given by

mo 2 [f_LZ FR"F KELZfR
f=u,d

+)\ELPT(5f)(1+3bfx)P(5f)FR]+H.C., (2.1

where we have changed the place of the phase nfatiriam
Zto Mg, so thatm,_ andmg are completely flavor indepen-
dent. On this basis the mass matricgs andmg are diago-
nal, and the mass matrM g is invariant under the permuta-
tion symmetry § except for the phase factors. As
investigated in Refd2,3], in order to give reasonable values

most independent of the value of the seesaw suppressiasi the CKM matrix parameters, it was required to choose

factor x/N. For the choice ofb,=—1/3 and by=

—e'fd (B4=18°), the CKM matrix parameters are success-

fully given [2,3] by taking

P(8,)PT(84)=P(8,— 8g)=diag1,1-1), (2.2

although the origin of such a phase inversion is still an open

&Y — 89= 84— 839=0, 85— 83=r. (1.12  question. In this paper, we assume

A more detailed formulatioriincluding the renormaliza- P(é,)=diag1,1,-1), P(5y)=diag1,1,). (2.3

tion group equation effeckss found in Ref.[8]. For the lepton sectors, we assume
C. What is the problem? _ _
) mo E [fLZFR+ KFLZfR

It seems that the model is successful as far as the quark f=ev
mass phenomenology is concerned, so that the future task is — )
only to give a more reliable theoretical base to the model. +AFP'(61)(1+3biX)P(5¢)Fr]+H.c, (2.4

However, the democratic USM has a serious problem in the ] )
neutrino phenomenology. In the previous model, the paramwhere, for convenience, we have dropped the Majorana mass

etersz; are fixed by the observed charged lepton masses d6rmsN_ M Nf+N5MgNg from the expressioii2.4), since

shown in Eq.(1.11), and the only adjustable parametebis
defined by Eq(1.9. Forb,=—-1/2 (b,=—1), we can ob-
tain the maximal mixing between, andv, (v, andv,,) [9],

we always assume that the Majorana mass matitesnd
Mg have the same structure as the Dirac mass maiix
=AmoPT(8,)(1+3b,X)P(4,). In Eq. (2.4, we have de-

while we cannot give the nearly bimaximal mixing that is fined
suggested by the observed atmosphierfi and solaf11,12]

neutrino data. F'=RJF. (2.9
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Here, we have tacitly assumed symmetries SU(2)
X SU(2) for the heavy fermion$, andFg in addition to
the symmetries SU(2)X SU(2); for f, andfg, so that we
have required the same rotatidty for the heavy leptons
(N;,Ej). [and (N;,E;)g]. Then the heavy lepton mass terms
in Eq. (2.4) can be rewritten as

> FL(1+3b¢X;)Fr+H.c.,

=e,v

Mo\ (2.6
f

where
X;=RxP(81)XP()Ry. 2.7
We take the phase matrices in the lepton sectors as
P(48,)=P(6,)=diag1,1-1),
P(8.)=P(8,)=diag 1,1,1), (2.9

corresponding to Eq2.3). Then, the effective charged lep-
ton and neutrino mass matrices are given by

K
M= —mo-ZRx(1+3a.X) RIZ=mSZ(1+3a.X,)Z,
(2.9
1 : .
M, =—mo=ZReP'(3,)(1+3a,X)P(8,)R}Z
=m¢Z(1+3a,X,)Z, (2.10

where mé=—mg(x/\), mg=—my/\, Xc=RyXR}, and
X,=RyP1(8,)XP(48,)R), and we have used
(1+3beX) " 1=1+3aX, (2.11)

af:_bf/(1+3bf). (212

The rotationRy is between the basis in the quark sectors
and that in the lepton sectors. Our interests are as follows:

PHYSICAL REVIEW 6, 113004 (2002

XZE (213)

o B K
o B K
o o o

We identify X, as Xo=X,.
forms X5 into X,, i.e.,

The rotationRy, which trans-

RyXsRy=X>, (2.19
is given by
a
Rx=Rs| = 7| T-Rs(60)-(—P3)-A, (2.15
cosfd sing O
Ry(6)= —sing cosfd O , (2.16
0 0 1
1 1
— - —_ 0
V2 2
1 1 2
A= \/5 \/g \/g , (2.17
1 1 1
NERNCING
0O 0 1 1 0 O
=0 1 0 . Py= 01 O 2.18
1 00 0 0 -1

The matrix A transforms the fully democratic matriX; to
the diagonal form

=Z,. (2.19

o O O

00 0
Ax,AT=| 0 0 0
00 1

What rotationRy can give reasonable neutrino masses and
mixings? What relation does it suggest between quarks and

leptons?

B. A special form of Ry

In the heavy down-quark mass mathk, , we have con-
sidered that the matriXy is completely democratic, i.e.,
Xg=X defined by Eg.(1.10. Hereafter, we define the
“fully” democratic matrix X defined in Eq.(1.10 as X;
=X. The matrixX; is a rank-1 matrix, which satisfies the
relation (X;)?=X;. We suppose that the matriceé(f
=g, v) in the heavy lepton sectors will not be “fully” demo-
cratic, but “partially” democratic. The simplest expression
of the partially democratic matrix is

The matrixZ; is invariant under the rotatioR3(#) with an
arbitrary 6. The transformatioril has been introduced in
order to transforniZs to Z,=diag(1,0,0). Finally, the rota-
tion R3(— m/4) transformsZ, to X,. In the definition ofRy,
[Eg. (2.195] we have inserted the matrix P5 on the left-
hand side of the matriA. The matrix— P; does not have
any effect on the matriZs. In the numerical study in the
next section, we are interested in the case whBg {; takes
a small positive value, so that the matrixP; has been
introduced to make the numerical search easier.

For further convenience, we express the rotaRg() by
a new angle parameter= 60— /4. Then, the explicit form
of Ry is given by
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X1

X3 X2

2 2 2
\[§_ X3 \/;— X2 \[5— X1
§(X1_X2) §(X3_X1) §(X2_X3)

Rx:

(2.20
wherex; are given by
1 c¢—s
Xi=—F=— ——,
ERCRRG
1 +c—s c+s (220
Xo=——=+ ——=——F+, .
6 26 22

l+C—S+C+S
Xo=—— - -
* V6 26 242

(s=sine andc=cose) and they satisfy the relations

(2.22

X3+x5+x5=1,

3
X1+X2+X3: E

Since we have assumed the invers®(,) [Eq. (2.3)],
the heavy up-quark mass matiik, [and therefore the ma-
trix PT(5,)X3P(8,)] is not invariant under the permutation
symmetry §, although it is still invariant under the permu-
tation symmetry gfor the fieldsu; andu,, because of the
form

(2.23

) 1 1 -1
xu=P*(5u)x3F>(5u):§ 1 1 -1|=X;.
-1 -1 1
(2.24

Since the matrixX3 is not invariant under the permutation
symmetry §, the neutral heavy lepton mass matkily has
a somewhat complicated form: the rank-1 mafixis gen-
erally given by

y;
YyiYo
Y1Y¥3

yiYo
v
YaYys3

Y1Y3
Y2Ys
y3

X,= (2.25

wherey; satisfy the normalizatiog?+y3+y3=1. By com-
paring the resuIRxng; from Eq. (2.20 with the expres-
sion (2.25, we find

—i+E c—s)
y1_3\/§ 3( ’
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1 2
=————(c— 2.2
Y2 32 3(0 s), (2.26
2
y3=§(c+s).

In the next section, we will investigate the neutrino mass
matrix (2.10 numerically. The expressiofR.25 is not al-
ways S invariant. Therefore, in the next section, we will
require the matrix, to also have an Snvariant form. Then
the parametee is fixed, so that the model can again be
reduced to a one-parameter model with obly.

IIl. NUMERICAL STUDY OF THE NEUTRINO MASS
MATRIX

In order to find the numerical study of the neutrino mass
matrix (2.10 without spoiling the previous success in the
qguark sectors, we evaluate E@.9) in the limit of b,—0.
Then the values of the parametezsare still given by Eg.
(1.11). Therefore, the numerical success in the quark sectors
[2,3] is unchanged. The matrid, by which the mass matrix
(2.10 is diagonalized as

UM, U*=D,=diagm},my,mj) (3.1
is the so-called Maki-Nakagawa-Sakata-PontecdMiNSP)
[13] matrix. Hereafter, we will simply callJ, the lepton
mixing matrix.

The neutrino mass matrid , has two parameteis, and
e. First, we try to require that the matriX, be invariant
under a permutation symmetry,.SAlthough, as suggested
from the formX.= X, in Eqg. (2.13, the case witly; =Yy, is
very interesting, regrettably it cannot give the observed
nearly bimaximal mixing for any value d§,. Of the pos-
sible cases/1=Y,, Yo=Y3, andysz=Yy4, only the casey;
=y, has a solution that gives reasonable mixing and mass
values. The case with, = y; fixes the parameters ande as

y1=Yy3=0.6900, y,=—0.2186, (3.2

x,=0.014811, x,=0.23904, xs=0.970890, (3.3)
£=2.043°. (3.4)

As we defined in Egs(2.22 and (2.23, the parameters;
satisfy the relation

(3.5

2
X2+ x§+x§:§(xl+x2+x3)2.

On the other hand, it is well known that the observed charged
lepton masses satisfy the relatifi]

(3.6

2
Me+ m,u+m7':§( \/Fe-i_ \/m_M+ \/E)Z’

ie.,
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TABLE I. Predictions of the neutrino masses and mixing param-x; =z, . From the numerical point of view, there is no essen-
eters. For the predlctlonAm” andm, we have used the value tja| difference between the two cases.
Am3,=2.5x10 % eV? from the atmospheric neutrino d4t&0]. In The predicted value of si@;, (tarf6;,)
case A, the valuex; are determined from the requiremewnt
=y,, and the valueg; are obtained from the relatiai8.7) and the
observed values ofi, andm,, . In case B, the valuesg are taken as sinf26,,=0.80 (tarfd,;,=0.39 (3.11)
Xj=2z;, wherez; are obtained as in case A.

is in good agreement with the present best fit vallg]

Case A withx; # z; Case B withx; =z !
tarf Ogq 5= 0.34 (Sirf26,,,=0.76). It should be noted that

b, —0.680 —0.684 the predicted valug3.11) gives a suitable deviation from
a, —0.654 —0.650 sinf26,,= 1.0, although the Zee-type model cannot give such
m? (eV) 2.39x10° 2.43x 10° a sizable deviation from sta¢,,=1.0[15].
my (eV) 7.46x 10° 7.48<10° It is also worth noting that in Table | the value bf is
mj (eV) 5.06x 10 5.06x 107 very near tob,=—2/3. The resultd,=0, b,=—-1/3, b,
Am3, (eV?) 5.00<10°° 5.01x 10 ° =—2/3, andby=—1 may suggest the existence of some
AmZ, (eV?) 2.50x10°3 2.50x10°3 unified rule forby .
AmZ,/Am2, 2.00X 102 2.00X 102 Finally, we must excuse ourselves for taking the param-
SirP26,, 0.796 0.801 eterb, asb,— 0 in the numerical calculations. We h_av_e as-
(tarf6y,) (0.377 (0.383 sumed that the heavy charged lepton mass mamg(’ is
Si20,5 0.978 0.979 given byME=Am0(1+_3beX2) on the_ basis of (notF'),
1(U,) 142 6.65x 10°3 6.68x 103 i.e., Mg has the partially democratic form. However, the

choiceb,=0 makes this assumption nonsense. We consider
that the value of the parametky is be=0, but it is notb,

2 =0. In fact, although the relatio(B.6) has given, for the
425+ z§=§(zl+ Z,+23)% (3.7  observed charged lepton mass valugsandm,,, an excel-

lent prediction of the tau lepton mass., for the valueg16]

of me and m, at u=m; we obtain the predicted value
m.(mz) =1724.99 MeV, which slightly deviates from the
observed valuan (m;)=1746.69 039 MeV [16]. This de-
viation can be adjusted by taking a small deviationbgf

In fact, from relation(3.6), the observed charged lepton
massesm, andm,, predictmi"®°'=1776.97 MeV, which is
in excellent agreement with the observed valo®€®s
=1776.99 352 MeV, together with the parameter values of

from zero.
z; for bg=0
2,=0.016473, 2,=0.23687, z,=0.97140, (3.9 IV. MEANINGS OF THE ROTATION Ry
which correspond to In the previous section, we found that the values of the
parameters; with the requiremeny,=y5 are very close to
£=2.268"°. (3.9  the values ofz;, which are evaluated from the observed

charged lepton masses. It should be noted that only for such
It should be noted that the valu€3.3) [and (3.4)] are very  a case withx;=z; do we obtain a solution for the value of the
near to the value€3.8) [and(3.9)]. We may consider that the parametem, that gives reasonable masses and mixings. In
parameterg; are identical with thex;, which givesy;=y,;  other words, even if we do not require the conditippn
at a unification scalge=My. =Yy,, the phenomenological two-parameter study witand
In the numerical search, the value of the parambieis b, can find a reasonable solution only whep=z;. This
determined as the predictidR=Am3,/Am3, gives the ob- suggests that the rotatid® has a special meaning not only

served valug¢10,12| for the neutrino mass matrix, but also for the charged lepton
mass parameter matriz We consider that the coincidence
50105 eV? Xj=z; is not accidental.
Rope= ——————=2.0x10 2. (3.10 The rotationRy has the following property:
S 2 5x 1073 eV? X 9 Propery
In Table I, we list the numerical results bf,, m’, Ams,, X3 1
A.mgzl, ein22012, Sirf26,3, and|(U,) 42 as ce;se A. Here, for Rl %2 | =[ 0 @.1)
simplicity, we have used the value$(¥,),4“|(U,)1* and « 0
1

4](U,)24?(U,)s4? as the values of s, and sirf26,3,
respectively, becausB<1. For reference, in Table I, we
also list a case withy; =z, = ym&/ (m.+ m,+m,) as case B. in addition to the property2.14). Therefore, it means that
In this case, the scenario is that the partially democratic fornthe parameterg; can be obtained from the vector (1,0,0) by
of X, with y3=Yy;, is slightly broken afu=m;, still keeping the following rotation:
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Zs 1 V. CONCLUSIONS
Z, :(RX)I:Z_ 0], (4.2) We proposed an improved version of the democratic uni-
2, b 0 versal seesaw model in order to extend the success of the

unified description of the quark and charged lepton mass
matrices to the neutrino mass matrix. In the original model,
the mass matrices, and mg were given by a universal
~ structure Z, independently of the fermion sector$
Ry=TR\T, (4.3  =u,d,e,v, and the hypothetical heavy fermion mass matri-
cesM¢ have the same structure, “a unit matrix plus a demo-
whereT is defined by Eq(2.18), the relations become more cratic matrix,” which includes only one flavor-dependent

If we define a rotation matriRy as

intuitive: complex parametdn; . The constraint was too tight, so that
the model could not give the observed nearly bimaximal neu-
0 0O trino mifxing. In the improved model, the mass matrim{s
= =y = 1 (alsomg) are still flavor independent, while the heavy fer-
RXsRx=X,=3| 0 1 1/, (49 ion mass matrices have different structures between quark
011 and lepton sectors, i.e., in the quark sectdfs; still have
democratic forms, while in the lepton sectd have only
Z; 0 “partially” democratic forms. If we take a special rotation
Royal z2]=[ 0 4.5 Ry, which tran_sforms_the 83 democratic m_atri»(g to the
Xi= ' ' 2x2 democratic matriXX, as Eq.(2.14 and if we take the
Z3 parameters;; asx;=z;o\/m¢ andb,=—2/3, we can obtain

reasonable values of the neutrino masses and mixings.

0 For the quark and charged lepton sectors, in the original
= 5 o BT democratic universal seesaw model3], we already ob-
(Ri)x=zZ2-(3X3)-Z- (Ruy; = Of. 48 tained reasonable values of the masses and mixings by taking
1 b.=0, b,=—1/3, andby=—1. Those values db; are un-

changed in the present revised model and, moreover, in order
However, in order to obtain the same numerical results ag, explain the observed nearly bimaximal neutrino mixing,
those in the previous section, we must change the assumghe valueb,~ — 2/3 is required. What is the meaning of these

o O O
o O O

tion X,= RXP3X3P3R>T< to the following assumption: parameter values
X,=RyP1XP.RY, 47 b.=0, b,=—-1/3, b,=-2/3, byg=-1? (5.1
This is a future task for us.
where We also searched numerically for a rotation matrix
R(61,, 60,3, 037) that can give reasonable values for the ob-
P,=diag —1,1,1). 4.9 served neutrino mixings and masses, without requiring the

constraint(2.14). We found that the only solution is the ro-

Then the parametesg in the expressioni2.26) are given by  tation Ry with x;=z [the valuesz; are given by Eq(1.11)]
the same relations with an exchange betwgerandy,;.  for b,=—2/3. The solutiorRy transforms the “fully” demo-
Since we requirgy;=Ys, the numerical results are exactly cratic matrixXs into the partially democratic matriX, and
identical with those in the previous section. In the previousthe parameters; satisfy the relatiori3.5), which leads to the
scenario we assumed, with the rotatRyg, that the heavy up charged lepton mass formu(8.6). The rotationRy with x;
fermions take the same phase mafix=P(5,)=P(5,). In =z also transforms the matriX; (2.24 into a partially
this case withRy, we must assume tha&(5,)=P;, but democratic matrixX, (2.25 with y;=y;. These results
P(5,)=P;. Although the scenario witRy is more intuitive, mean that th_e observed neutrino data require r_10t a mere nu-
we cannot at present answer the questions why quarks r -e”‘?a' solution 0fR(615,653,63), but the special solutlon_
quire the inversiorP, and why leptons require the inversion ~x With xi=z;. Thezobserved charged lepton masses, which
P,. are proportional t@;, are closely related to the rotatidy

In any case, it is essential that the parameter value¥ith xi=z;, for example, as Eqg4.2), (3.7, and so on.
(21.22,23) [OF (23.25,21)] come from (0,0,1)[or (1,0,0)] These facts give us a sufficient motivation for the rotafn
by the rotationRy (or Ry). In particular, it is noted that the with x;=2; to be taken seriously. However, at present, the

parameterg; satisfy the relatiorf2.23 [and thereford3.7)], ;Eteuorreei:sali ?(;'rgbns of the rotation is not clear. This is also a
which leads to the charged lepton mass relat®6). Thus, '

the rotationRy has special meanings not only as a rotation
between the heavy quark&J(D) and (N,E), but also as a
rotation that determines the charged lepton mass parameters The authors wish to acknowledge the hospitality of the
Z. theory group at CERN, where this work was completed.
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