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Problems of fermion mass hierarchies and generation mixings are investigated through universal
seesaw mechanisms (USM’s) in an extension of the standard model with a left-right-symmetric gauge
group SU(3), XSU(2), XSU(2)g XU(1),. Electroweak Higgs doublets and singlets induce USM’s be-
tween ordinary fermion multiplets and exotic electroweak singlets of fermions. The USM’s work singly
in the charged-fermion sectors to suppress their masses below the electroweak mass scale, and doubly in
the neutral-fermion sector to make neutrinos superlight. The wide gap between vanishingly small neutri-
no masses and the 100 GeV scale of the top-quark mass is explained by multiple USM suppressions
without presuming a huge Majorana mass. A global chiral U(1) , symmetry is introduced so as to cir-
cumvent the strong CP violation, to distinguish generations, and to restrict the pattern of the Yukawa
interactions. Three kinds of electroweak Higgs singlets bring about USM’s and cause the generation
mixing leading to a realistic variety in each charge sector of the fermion mass spectrum. A fourth Higgs
singlet with the largest vacuum expectation value is introduced to make the neutrino masses tiny and to
make the axion invisible. By assigning chiral charges to make effective mass matrices of all fermion sec-
tors of the extended Fritzsch type, characteristics of the mass spectra of charged fermions and the quark
mixing matrix are described without introducing unnatural hierarchies in the Yukawa coupling con-
stants. Neutrinos have a spectrum comprising doubly degenerate states with a smaller mass and a singlet
state with a larger mass. The vacuum mixing angle takes a small value which is favorable for explaining
both the new results of the GALLEX Collaboration and the data of the Homestake and Kamiokande ex-
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periments.

PACS number(s): 12.15.Ff, 11.30.Rd, 12.15.Cc, 13.15.—f

I. INTRODUCTION

If the solar-neutrino puzzle owes its resolution to
matter-induced flavor conversion, viz., the Mikheyev-
Smirnov-Wolfenstein mechanism [1,2], neutrinos chang-
ing their flavors should have tiny masses around and less
than 1073 eV [3]. On the other hand, high-precision
measurements of Z decay at the CERN e te ™ collider
LEP [4] have shown that the top-quark mass takes a
value of 124134 GeV [5]. Therefore it is an important
challenge to theorists to account for why quarks and lep-
tons exist in a surprisingly broad mass spectrum ranging
from 1073 to 10! eV. In this paper we investigate such a
characteristic feature of the quark-lepton mass spectrum,
in which neutrinos hold a special position through
universal seesaw mechanisms in an extension of the stan-
dard model with the left-right-symmetric gauge group [6]

G =SU(3), XSU(2), XSU(2)g XU(1), ,

where a group U(1), is generated by a new charge y.

The universal seesaw mechanism (USM) [7-9] is
designed to explain the smallness of the masses of quarks
and charged leptons relative to the electroweak scale by
postulating the existence of exotic fermions belonging to
electroweak singlets. Davidson and Wali [9] have com-
bined a global chiral U(1) , symmetry with the underly-
ing gauge group G by introducing two left-right-
symmetric sets of electroweak Higgs doublets and de-
rived effective mass matrices of extended Fritzsch type
for up- and down-quark sectors at the first seesaw ap-
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proximation [9]. In their approach, neutral fermions are
presumed to have Dirac and Majorana masses, so as to
make neutrinos superlight through the original seesaw
mechanism [10]. To describe the masses of charged and
neutral fermions in a unified way, we have developed a
new scheme of USM [11,12] within a framework of a
gauge field theory with SU(4), XSU(4); color symmetry
in which leptons are described as the fourth color fer-
mions in the manner of Pati and Salam [13]. The distin-
guishing aspect of the new scheme from the ordinary
USM is that exotic electroweak-singlet fermions with and
without color are assumed to exist for each generation so
as to effectuate the USM singly in the charged-fermion
sectors and doubly in the neutral-fermion sector. As a re-
sult, the broad width of the quark-lepton mass spectrum
is explained naturally without resorting to a huge Ma-
jorana mass. Three Higgs biquartets trigger the USM’s
and work to bring diversity in the mass spectrum.
Colored Higgs quartets make the color interaction of lep-
tons superweak and lead to tiny neutrino masses through
multiple seesaw suppressions.

The model in this paper has the same number of funda-
mental fermions as the previous scheme [11,12]. Namely,
in addition to the fermions presumed to exist in the forms
of electroweak doublets and singlets in the Davidson-
Wali approach, we postulate the existence of additional
electroweak-singlet neutral fermions per generation.
Higgs fields of the model consist of a left-right-symmetric
pair of electroweak doublets and four kinds of elec-
troweak singlets. The Higgs doublets determine scales of
the standard left-handed electroweak interaction and of a
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high-energy right-handed electroweak interaction. The
Higgs singlets carrying different chiral charges work to
resolve the strong CP problem and to bring about multi-
ple USM suppressions. Three of them create variety in
the mass spectrum of each charge sector of fermions (hor-
izontal hierarchy). The remaining one, with the largest
vacuum expectation value (VEV), plays the roles of ex-
plaining the wide mass gap in each generation of ob-
served fermions (vertical hierarchy) and making the so-
called axion invisible through the double universal seesaw
mixings. Chiral charges are assigned to the fermion and
Higgs fields so as to distinguish generations, to get
effective mass matrices of extended Fritzsch type with an
extra (2,2) entry for the charged-fermion sectors, and to
realize the maximum suppression of neutrino masses at
the first seesaw approximation.

In contrast with the conventional seesaw approach
where both the original and universal seesaw mechanisms
are implemented separately, the present scheme enables
us to describe the main characteristics of the fermion
mass spectrum in a unified manner. All fermions acquire
masses through the ordinary Higgs mechanism and the
fermion number is conserved. The vertical and horizon-
tal hierarchies in the spectrum of the charged fermions
and the magnitude of the quark mixing matrix are ex-
plained without adjustment of the Yukawa coupling con-
stants over an unnatural range of values. Neutrinos turn
out to have a distinctive mass spectrum consisting of dou-
bly degenerate states with smaller mass and a singlet state
with larger mass. As a result of such a unique spectrum,
the matter-induced flavor conversion occurs among three
neutrino species, and the vacuum mixing angle takes a
small value which is favorable for explaining the data of
the Homestake [14] and Kamiokande [15] experiments
and the new gallium counting rate results of the GAL-
LEX Collaboration [3].

In the next section, fundamental fermions and Higgs
bosons in the model are introduced and their
classification is made with respect to the underlying
gauge group G and the chiral symmetry U(1) 4. For the
ordinary USM to take place, every conventional fermion
must be accompanied by an exotic fermion belonging to
an electroweak singlet, and an extra neutral fermion is as-
sumed to exist per generation so as to induce the USM
doubly in the neutral-fermion sector. The Higgs struc-
ture is simple in the sense that only electroweak doublets
and singlets are introduced. The electroweak bidoublet
of Higgs fields [6] is forbidden to exist, since it obstructs
implementation of the USM. In Sec. III the Higgs poten-
tial is given and the condition for the existence of a left-
right-asymmetric vacuum is derived. To analyze the pat-
tern of the Yukawa interaction, we introduce a subsidiary
matrix # [9] whose (i,j) component consists of the sum
of chiral charges of the fermion fields of the ith and jth
generations in Sec. IV. There are several different
choices of chiral charge assignments which distinguish
generations and lead to effective mass matrices of extend-
ed Fritzsch type. We adopt an assignment of chiral
charges that produces the horizontal hierarchies and in-
duces the strongest suppression in the neutrino effective
mass matrix. In Sec. V a generic form of effective mass
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matrices is derived for all fermion sectors at the first
seesaw approximation. In Sec. VI an analysis is made of
the effective mass matrices for the charged-fermion sec-
tors and neutrino sector. The magnitude of the elements
of the quark mixing matrix is found to be consistent with
the observed values. Strong USM suppressions give
unique features to the neutrino mass spectrum and the
lepton mixing matrix, i.e., degenerate masses and three-
flavor oscillation with a small vacuum mixing angle. Sec-
tion VII is allotted for discussion. Order estimation of
VEV’s of the Higgs fields in the model shows that the su-
perlightness of neutrinos is deeply related to the invisible-
ness of the axion. In Appendix A different assignments
of chiral charges and properties of the resulting mass ma-
trix are shown. Appendix B describes briefly a formalism
for the matter-induced neutrino oscillation among three
flavors with a specific mass spectrum.

II. FUNDAMENTAL FERMIONS AND HIGGS BOSONS

Fundamental fermions in the model are classified with
respect to the underlying gauge group G and the global
chiral group U(1),. The electroweak doublets of fer-
mions destined to constitute main components of ordi-
nary quarks and leptons of the ith generation are de-
scribed by the chiral fields with transformation properties

u” uf ul 1
U= |gr 48 4° iL~(3,2,1;3;x,-),
(1)
u” uf u® 1
qdir = d" df db iR~(3,1,2;?;—-xi),
v
liL= ~(172’1;'—1;x,) ’
€ liL
(2)
IiR= e iR~(1,1,2;—1;—xi),

where the fourth and fifth entries in parentheses are, re-
spectively, y charges and chiral charges. As the seesaw
partners, we introduce electroweak singlets of exotic fer-
mions with the chiral fields transforming as

Up,=(U" U Uy ~(3,1, ;%) ,

Ur=(U" U8 U ~ (3,1, ;4 —y;) ,

D, =(D" D8 D%, ~(3,1,1;— %y, ,

Djg=(D" D! D?);p ~(3,1,1;—2;—y,), @
N;~(1,1,1;0;y;), Nir~(1,1,1;0;—y;), (5)
E; ~(1,1,1,—2;y;), Ejg~(1,1,1;,—2;—y;) (6)

for each generation. To bring about the USM doubly in
the neutral-fermion sector, it is necessary to assume the
existence of electroweak singlets of neutral fermions

N/ ~(1,1,1;0;z;), Njx~(1,1,1;0; —z;) 7)

for each generation. Although the symmetry between
charged and neutral sectors is broken, these additional
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singlets make the neutrinos superlight without violating
fermion-number conservation.

The model has a rather simple Higgs structure. A
left-right-symmetric pair of electroweak Higgs doublets,

xr~(1,2,1;,—1;0), xp~(1,1,2;—1;0), (8)
with VEV’s
w wg
=0 | xd=14 ©)

works to break the left-right symmetry and the
Weinberg-Salam symmetry in the electroweak interac-
tion. We assign zero chiral charge to them so that quarks
of up and down sectors can acquire masses through
VEV’s of x;r and their conjugates Y gr =io,X] r-
Three kinds of Higgs singlets carrying different chiral
charges,

o;~(1,1,1;0;h;) (i=1,2,3), (10)
with VEV’s
(o;)=v;, (1

induce the USM'’s in all fermion sectors and bring in
different scales to afford realistic mass spectra for quarks
and leptons. An extra Higgs singlet

09~(1,1,1;0; ) (12)
with the largest VEV
(0'()):”0 (13)

is introduced to bring about doubly the USM in the
neutral-fermion sector. Without loss of generality, the
chiral charges of Higgs singlets are restricted to be posi-
tive, i.e., h;>0 (i=0,1,2,3). The complex-conjugate
field o} with negative chiral charge —h; is the chiral
partner of o; transforming as o ;<»0} under L«->R.

The VEV’s are assumed to be real and to satisfy the
hierarchy

Vo>U3>0,>0 >wg >wy (14)

(w3>>vi>>vi>>vi>wi>w?). The G symmetry
breaks down to SU(3), XU(1), via the Weinberg-Salam
symmetry Gywg=SU(3),XSU(2); XU(1)y. The hyper-
charge Y of the group U(1), at the Weinberg-Salam sym-
metry is given by

Y=2Tz+y , (15)

in terms of the third component of the electroweak iso-
spin T3z and the y charge.

The Lagrangian with the symmetry group G is re-
quired to be invariant under the chiral U(1) , transforma-
tion of the fermions and Higgs scalars defined by

—iysx;0

—iysx;0
q,—e€ g;, li—e

L, (16)

(Ui,Di)—’e_iysyia( U;,D;) , (17)
(N, E;)—e "?N,E,),
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TABLE I. Classification of the fermion and Higgs multiplets.

SU@3), SuUQ2), SUQ2)x u(), u) ,

qiL 3 2 1 1 x;
qir 3 1 2 1 —X;
Ly 1 2 1 -1 x;
Iz 1 1 2 —1 —x;
U, 3 1 1 s »
Uir 3 1 1 % —¥;
Dy 3 1 1 -2 v
Dy 3 1 1 -2 -y
Ny 1 1 1 0 i
NiR 1 1 1 0 —Yi
Ey 1 1 1 -2 7
EiR l 1 l -2 Vi
Ni. 1 1 1 0 z;
Nix 1 1 1 0 —z
o, 1 1 1 0 h,
o0 1 1 1 0 ho
XL 1 2 1 -1 0
Xr 1 1 2 —1 0

’ —i’ysziﬂ '
N/ —e N/, (18)
XL>XR—>XLsXR > (19)
ih. 6
o,—e o, (i=0,1,2,3), (20)

for an arbitrary real number 6. Chiral charges are deter-
mined so as to place restrictions on the structure of
quark-lepton mass matrices and to distinguish the gen-
eration of fundamental fermions and the type of Higgs
singlet as

X, FX; ViFVi, 27z, hiFh (iF)) . 21

Table I categorizes the fundamental fermions and Higgs
bosons in the present theory.

III. HIGGS POTENTIAL

The renormalizable Higgs potential which is invariant
under the gauge group G, the left-right symmetry
(L<>R,0,;<>0}), and the global chiral transformation in
Egs. (16)—-(20) is generally given by

3
Va=—myxix. +xkxz)— 3 (i}, 2
i=0
F A XEXLXLX L+ X R X R X kX R) F AL X
P XLXL XL XL TXRXRXRXR YXLXLXRXR

3 P
+ 2 7\-57”)|0'i|2|0'j'2
i,j=0

3
+3 vy Hxkxg)lo 2+ vy, 22)
i=0

where Vy consists of cubic and quartic terms of Higgs
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singlets, other than |o;|?|o jlz, allowed by chiral charge
conservation.

The gauge symmetry is broken by the VEV’s of the
Higgs fields which minimize the potential V. Substitut-
ing the VEV’s into Vg and taking derivatives with
respect to them, we get conditions for the extremum.
Noting that all the VEV’s must take nonvanishing values
[see Eq. (14)], we obtain the relations for w; and wy as
follows:

3
—,uX+2k w2 +A w,% + 3 yiv2=0, (23)
i=0
3
—pit2hwi +Awi+ 3 v uf= (24)

i=0

Therefore, in order to ensure the existence of a left-right-
asymmetric vacuum (w? 7w} ), it is necessary to demand

the condition
k;( =2, (25)

Namely, the Higgs potential depends on the electroweak
J

£Y=2[Y17U‘71LXLUJ'R+Y quLXLD qtRXR U+
i
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doublets only through the combination X},XL + )(}; XR-
This fact does not mean the appearance of an additional
symmetry, since the gauge symmetry prohibits mixing be-
tween X; and Yi. Note that minimization of the Higgs
potential determines w? +w3 and v? (i =0,1,2,3), leav-
ing the ratio of w? and w3 unfixed. To realize the hierar-
chy of VEV’s in Eq. (14), it is necessary to adjust the pa-
rameters in the Higgs potential and to specify the w; /wg
ratio. Owing to a relation between chiral charges 4, and
h; [see Eq. (34) below], ¥y may have a term such as
0,03+ 0%03. Note that the stability of the potential
minimum is guaranteed if the coefficients A, and ALD of
diagonal quartic terms in Vj are sufficiently larger than
those of off-diagonal quartic terms such as y,; and A7
(i5j).
IV. CHIRAL CHARGES AND SEESAW MASS MATRICES
The Lagrangian density for fermion-Higgs-boson in-
teractions .Ly, being invariant under the fundamental

group G and the left-right symmetry, has the general
form

Y{Pgr Xr D1 }

+2 {YVN_LXLNJR+Ye LiXLERTYj lzRXRN +Y5 l:RXR i)

iy

+ Yij IIRXR 2

lj,

+2 {YV llLXL
i

+ Y)Y N N

The G symmetry prohibits the fermions belonging to elec-
troweak doublets from interacting directly with each oth-
er. This is the key ingredient for implementing USM.
The chiral U(1) , symmetry requiring the conservation of
chiral charges governs which Yukawa coupling constants
take nonvanishing values [see the # matrix in Eq. (31)].
Note that it is not necessary to specify the dependence of
the Yukawa coupling constant on the Higgs singlets,
since the chiral charges are assigned so that any pair of
singlet fermions can couple to only one kind of Higgs
singlet. The Yukawa coupling constants are assumed
here to be Hermitian, viz.,

Y, = Y;; . 27
Chiral charges must be assigned so that no fermion field
carries a bare mass.

Spontaneous breakdowns of the G symmetry create
6 X6 seesaw mass matrices for the charged-fermion sec-
tors and a 9X9 seesaw mass matrix for the neutral-
fermion sector. It is convenient to represent the mass
matrices, with respect to the following bases in the gen-
eration space, as

fi F, Fi
f=\f2|, F=|F,|, F'=|F;|, (28)
S Fy F)

R T YPDy Dy +Y)N, Ny +YEE, E

+Y NN N +YNN Nyp}(o,+ok)+H.c. (26)

r

where f;, F;, and F/ are the components of the multiplets
(g;,1;), (U,,D,,N,,E ), and N/, respectively. The mass
matrices take the block-matrix forms
; 0 M{
M= Mf MF (29)

for the charged-fermion sectors in the ( f, F) base, and

0 M{ o0
M= |\Mf ME MEF (30)
0 MEF Mm¥

for the neutral-fermion sector in the (f,F,F’)=(v,N,N’)
base. The 3 X3 submatrices M{ and M} are composed of
the VEV’s of the electroweak doublets x; and Yy, while
MYF and ML are of the VEV’s of the electroweak singlets
o; (i =1-3). In order to make neutrinos superlight, it is
necessary to require that the submatrices MfF and ME'F
be composed mainly of the largest VEV v, of the Higgs
singlet 0. To achieve the USM doubly in the neutral-
fermion sector, the top-right and down-left submatrices
in the 9 X9 seesaw mass matrix M/ must be zero. Other-
wise the neutrinos acquire masses of comparable order
with the charged leptons through direct Yukawa cou-
plings between /; and N;.
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As basic postulates, we presume here that all the 3 X3
submatrices in Egs. (29) and (30) are regular and that the
submatrix M7 takes an extended Fritzsch form. To visu-
alize the pattern of the Yukawa couplings in Ly, it is
convenient to introduce a matrix % which has the com-
ponent #/;; comprising the sum of chiral charges of the

fermion fields of the ith and jth generations as follows
[9,12]:

U =x; (12172’3)7
Hy=u+u; qu=y,_3 (i=4,5,6), (31)
U,=z; ¢ (i =17,8,9) .

The roles of the submatrices (Mf,M}) and M are inter-
changed in the Davidson-Wali scheme and the present
scheme. Namely, the variety in the quark mass matrices
is brought in through (M{,M{) in the former, while it is
through MZ in the latter. For M£ to be an extended
Fritzsch form and to explain the diversity in mass spec-
tra, the components of the # matrix must satisfy the con-
ditions

syhy, (ij)=(45),(54) ,

—s3h;3, (ij)=(55),
Fy= —s,hy, (ij)=(56),(65),

sihy, (ij)=(66)

(32)
HjFth,,th,y,th;,thy,0 otherwise ,
provided that

sshy=3sihy (33)

where the sign factors s; ==x1 depend on whether o; or
o} couples with fermion singlets. Equation (33) is

equivalent to
hy=3h,, s;=s; . (34)

Since the parameter 6 in the chiral transformation in Egs.
(16)—(20) is arbitrary, it is possible to specify s;=s;=1.
Henceforth, let us write s, =s. Then, the chiral charges
y; are determined to be

ylz—;—hl-f-shz, yzz_%hl, y3=%h1 . (35)

ZS4ho'—3h1 —2Sh2
)= (s5+54)ho—sh,
(SG+S4 )h0_2h1 _Sh2

(S4 +s5 )ho—shz
2s5ho+3h,
(sg+s5)hot+h,

(H

i

for i,j =7-9. To get such an effective mass matrix for
the neutrino sector that realizes the strongest USM
suppression, we impose the restrictions

S4=—85=—58¢, 25¢ho=h;+s’h,, (43)

leading to F,3=Fg;= —sh, and He=s'h,. Then the
chiral charges for all fermions are determined as in Table
I, and the remaining submatrices for the neutral-fermion
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Note that this is a unique assignment for the chiral
charges y, y,, and y; which can reduce the common
features of the horizontal hierarchies to that of the
VEV’s, ie., v2>>v2>>v2 In order to get effective mass
matrices of the extended Fritzsch type at the first seesaw
approximation, it is necessary to restrict the components
of the /& matrix as

H;=0, (ij)=(15),(24),(36),(42),(51),(63) ,

H ;70 otherwise , 36)

which fixes the chiral charges x; as

—_ —3 —_—— _ 3 —_
X\ ==y,=3h, xX,=—y; shi—shy,

(37
X3=—y3=—3h, .

With the chiral charges obtained so far, the structure of
the submatrices M{, M}, and ME is determined as

0 Y{{wL,R 0
Y{fw, & 0 0 (38)
0 0 Y{fw; g
for (f,F)=(u,U),(d,D),(v,N),(e,E), and
0 Yiv, O
ME=1Y5v, Yhv, Yiu, (39)

F F
0 Yy, Yi,

M[,R =

for F=U,D,N,E.
To make the submatrices MEF' and MZF regular, it is
necessary to impose the restrictions

zj'.=_yi+si+3h0 (j17#727]3) (40)

on the chiral charges z; (i =1-3). Here the sign factors

s; 43 distinguish whether o, or 0§ enters in the Yukawa
interactions. Without loss of generality, we are able to
rename the exotic neutral-fermion fields as

Fj —F] . 41)

After this relabeling, the component matrix (¥;;) takes
the form

(S4 +S6)ho_2h 1 _Sh2
(SS+Sé)h0+h1 42)

256’10_]11

TABLE II. Chiral charges of the fermion multiplets.

1 2 3
x; 3h —3h,—sh, —1h,
Yi %h1+5h2 “%}H %h1
z; —2h,—(s +%s"h, 2h,+1s'h, Ls'h,
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sector are derived as

YiFv, 0 0
M =pmEF= | 0 v, 0O (44)
0 0 Yy,
and
0 Y, o0
ME=1v5v, o0 o |. (45)
0 0 Y4,

In Appendix A different assignments of chiral charges are
given which lead to an effective mass matrix of extended
Fritzsch type also for the neutrino sector.

All the components of the # submatrix for
(i,j)=(1-3,7-9) are required not to vanish in order to
forbid the direct coupling of the electroweak Higgs dou-
blets y, g with /; and Nj fields. Namely, x; +2;70 so as
to make Y,«}TN =0 in Eq. (26). Otherwise, the seesaw mass
matrix M" acquires the top-right and down-left subma-
trices, canceling out the effect of multiple seesaw suppres-
sions. Here it is relevant to show concretely an example
of the possible assignment of chiral charges satisfying
these conditions. Probably the most simple example is to
put (hy,hy,hy)=(1,2,3), hy=23, s=s'=1, and
s4=—s55= —5¢= —1. For this choice of chiral charges,
Vg in Eq. (22) can include a cubic term

00,035 tofoso,.
V. EFFECTIVE MASS MATRICES

On the assumption that v? >>w?, w3 (i =0,1,2,3), the
seesaw mass matrices in Eqgs. (29) and (30) are block diag-
J

MY MM
PLZ(MZ 0) Mf,v’N M‘Iy,
=(MF[MY—MY (MY Iy
L[ M M T MR
PR= \M¥N MY 0

(MY =MV (MY MYN) My ]
(52)

(MY —MYMYN) MY )My
for the neutral-fermion sector [12].

Thanks to the generic form of MZ and the simple
structure of MY V=M and MY, the effective mass

matrices in Eqs. (48) and (50) are cast into the common
formula as

0 4 0
Mlz=|4A* D B (53)
0 B* C

for all fermion sectors (f =u,d,v,e). The coefficients of
the mass matrices for all fermion sectors are calculated to
be
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onalized approximately by the bi-unitary transformations
as [16,17]

- Ml 0
UM U;~ o MFl’ (46)
with
1—1 il —
2PL,RPL,R PL,R
U r= 47)
LR P}‘,R 1= %pE,RPL,R

Here M/ is an effective 3 X 3 mass matrix for each sector
of ordinary quarks and leptons, and M is a 3X3 (6X6)
mass matrix for heavy charged-fermion sectors (for a
heavy neutral-fermion sector). We get the effective mass
matrices

Mlg=—M{(ME) M} (48)

and the component p; and pp matrices of the bi-unitary
transformations

pL=M{(ME)"", ph=(MF)"'M{ (49)

sectors [(f,F)
Similarly, we find the effective

for the charged-fermion
=(u,U),(d,D),(e,E)].
mass matrix

M NN'—1
MY MY

N'N N’
MYN MY

=—M}IMY—M¥' (MY )" MY N7 IMy  (50)

My

ve=—(M} 0) 0

and the component matrices

MYMYN—MY (M) MY (51)

_ (Y{{)Z Wy Wgr

Yh 9,
. Y{fY{ng wpwrDy,
COYRYR agey, .
Cz__(Y{{)2 Wy W 54
Yhoo by,
- Y1 Fo Y512 0,17 | wowg
R e 2 A BT A
where
D1, =01, =0y, D=0y, D3=0y (55)

for the charged-fermion sectors, and
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NN’
(YY) vj
NyN
Y53Y353 U2

NN'yNN' 2
Y Yy vg _

U2:U2 TN <Nt v3_v3
YRYS v

— o~ J—
=V VpT Uy

’

(56)

for the neutrino sector.
VI. FERMION MASSES AND FLAVOR MIXINGS

Evidently the USM lowers the masses of charged fer-
mions from the electroweak scale w; by the factors
wg /v;. As for the neutral-fermion sector, the neutrino
masses receive further strong USM suppressions with the
factors (v, /v)?, (v, /v0)% and (v, /v4)°.

For the sake of definite arguments, the signs of the di-
agonal Yukawa coupling constants are fixed to be

v$, >0, Y& <o, Y§4YY <0, (57)
so as to make C>0,CD —|B|>>0. Let us express the
effective mass matrices for all sectors in the form [18]

0 |Ale™ 0
M= |l4le™™ D |Ble”|, (58)
0 |Ble™® C

mymy(C +m)

mym;(C —m,)

which is transformed, by adjustment of phases, into the
symmetric real matrix as

0 |4 o
Mi=PMLP'= |4 D |Bl|, (59)
0 |Bl C
where
1 0 0
P= [0 e 0 . (60)
0 0 ei(a+b)

Eigenvalues of Mjeff designated generically by —m, m,,
and m; satisfy the relations

—m;+my,+m;=C+D,
mym,—m,my+m,m,=|A|>+|B|*—-CD , 61)
mym,m;=|A4|2C .
The symmetric matrix MZ; is diagonalized as
OML;OT=diag(—m,,m,,m;) , (62)
by the orthogonal matrix [9,12]

mlmz(m3_'C)

172
C(my+m)m;+my) ]
ml(C+m1)

172 1/2
C(m2+m1)(m3—m2) ’ [C(m3'—m2)(m3+m1) ]

m,(C —m,)

m3(m;—C)

172

172 172
o= |—
(my,+m)my+m,) (my+m)my—m,;) (my—m,)m;+m,
m,(C—my)m;—C) |2 my(C4+m ) m;—C) |2 [ my(CH+m (C—my) |7
C(my+m)mz+m) C(my,+m)m;—m;) C(my;—m,)my+my)

In the first seesaw approximation, the mass eigenstate of ordinary fermions f }f‘ﬁ) in the generation space is given by

fi%z) =O0P(fL,r—PLrFLR)
for the charged-fermion sectors and
Frr
Fr g

3

fl(%z) =0P |fL,r —PLR

for the neutral-fermion sector.

(64)

(65)

A. Charged fermions

Observed masses [19,20] of the three generations of quarks and charged leptons are subject to the horizontal hierar-

chy in each sector

mi>>m3i>m?,

(66)

and our current knowledge on the weak mixing matrix [20] suggests also the order relation

[V 2>> |V, [2>> |V, |* .

(67)

The present scheme can reduce the main features of these properties essentially to the VEV’s hierarchy v3 >>v3 >>v3.
In fact, from Eq. (54), the coefficients of the effective mass matrix for charged-fermion sectors are proved to satisfy

|CI?>>CD —|B|*>>| 4|3, |B|? .

(68)

With these relations we are able to solve Eq. (61) approximately, getting the expressions



2912 IKUO S. SOGAMI AND TADATOMI SHINOHARA 47

l4l*C |B|? |B|?
my~—————, my=~D— , my=C+-—— (=CQC), (69)
1 CcD — IBIZ 2 C 3 C
which obey the order relation in Eq. (66). At a similar approximation the orthogonal matrix in Eq. (63) is reduced to
172
_m m mimy [ c |17
2m2 m2 Cms mj
172 172
m m
or~| - l——‘ -l < ‘1-—C— , (70
m2 2m2 2 m3 mi
mo(_c )] _f[_c]” N
m, m, my 2 m;y

where the leading terms and the first-order corrections (the leading terms) with respect to the factors m,/m,, m,/m,,
m,/m,, and 1 —C/mj are retained in the diagonal components (the off-diagonal components).

B. Quark flavor mixing

The quark mixing matrix for weak current V'is given by

V=0,P,.0F, (71)
where
1 0 O
p,=P,Pi=10 ¢ o |, (72)
0 0 "
with
d=a"—a® ¢,=¢,+b*—b". (73)

The components of this mixing matrix have approximately the following magnitudes:

m m mom. |2 172
[Vl =Vl | =2+ —2—2|—=% | cosd ,
us cd m, m, m m; 1
172 172 172
m C Cd C Cd
Vl= |— 2—————2|1-—— | |1-—— — ,
Vs m, ] [ m,  m, [ m, m, cos(¢,—¢,)
172 172 (74)
|Vl =V, = {2— =4 ——L 2 I—Cu 1——C—d cos(¢,—¢;) ,
¢ § t My m, my
172 172 172
mg Cu d Cu Cd
V|~ 2————=2 |1— 1—— — .
[Vl . ] m,  m, m, m, cos(¢y—¢,)
[
Eliminating the C parameters, we get the relations [21] mixing matrix, let us regard C as an adjustable parameter
v 172 which takes a value close to the third-generation quark
ub | | M , mass m; from below as implied by the last relation in Eq.
Veo m. (69). For instance, when D,=m, D;=m,, and
v m. 1172 (75) ¢, =¢,=285", the magnitude of the elements of the weak
th ~ d , mixing matrix are calculated to be [22]
cb s 0.97532 0.22079 2.3958%x1073
which are consistent with the observed values of the 0.22067 0.974 64 3.7187X1072(, (76)

quark masses [19,20] and the components of the weak | 75595 10~3 3.6449x10™2  0.99931
mixing matrix [20] within remaining uncertainties.

Unless further assumptions are imposed on the Yu-  which are consistent with the available experimental data
kawa coupling constants, it is impossible to fix the value [20]. Analysis on the weak CP phase, which appears in
of the coefficient C. To estimate the elements of the weak this theory as a free parameter, will be made elsewhere.
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C. Specific features of neutrinos

The effective mass matrix for the neutrino sector has
quite different characteristics than those for the charged-
fermion sectors. The relation |B,|,|D,|<<|4,l,|C,I
among the coefficients of the mass matrix holds since B,
and D, are suppressed by the huge factors (v, /v,)* and
(v,/v0)% while 4, and C, are suppressed by the factor
(v, /vy)?. Therefore it is a good approximation to express
the effective mass matrix for the neutrino sector by

0 4, O
MY~ |4* 0 O
0 o0 cC,
0 14,le 0
—ia
= ||d,e 0 0. (77
0 0 c,

Consequently the neutrinos appear in a distinctive spec-
trum consisting of doubly degenerate states with smaller
mass mg and a singlet state with larger mass m; such
that

mvlzmvlzlAv|EmS’ mv32CvEmL ’ (78)

and the orthogonal transformation matrix has the simple
form

1/v2 —1/v2 0
o,~1/v2 1/vV2 o], (79)
0 0 1

which has no dependence on parameters in the mass ma-
trix.
The weak mixing matrix for leptons is obtained by

U=0,P,07=uV,u?u?), (80)
where
1 0 0
?,,=P,Pl=0 &% o |, (81)
0 0 "
with
$;=a‘—a”, d,=¢;+b°. (82)

It is convenient to introduce the column vectors u' to
analyze the Mikheyev-Smirnov-Wolfenstein (MSW)
mechanism among three neutrinos with the mass spec-
trum in Eq. (78). In particular, an important role is

played by the “eth” component of the third column vec-
(3)

tor u'”’, whose magnitude is given by
- _ 172
l(u®) | =|u¥|= m,(C,—m,)m_ —C,)
e e Ce(m#+me)(mr+me)
=|sin8| . (83)

Note that unfixed phases a¥, @, and b° do not enter into
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this expression since the eth component of the vector u'®’
consists of a single term owing to the simple structure of
the orthogonal matrix @, in Eq. (79).

In Appendix B it is explicitly shown that the matter-
induced flavor conversion among three neutrino species
with the mass spectrum in Eq. (78) is reduced to the
well-known problem for two-neutrino oscillation. Name-
ly, the MSW oscillation is proved to occur solely between
two flavor states of the v, and one linear combination of
v, and v, It is essential to observe that the angle 6
defined in Eq. (83) appears as the vacuum mixing angle
between two such states, and its value becomes small as a
natural consequence of three-flavor oscillation. In fact,
|sinf| takes a small value since C, is very close to m ., as
implied by the last relation in Eq. (69).

The GALLEX Collaboration has reported the results
of the solar-neutrino measurement with a gallium detec-
tor covering a 295-day exposure as [3]

"1Ga count rate=_83119(stat)=+8(syst)
solar neutrino units (SNU) .  (84)

Compared with the preliminary data by the SAGE group
[23], which had reported a counting rate of
201 3(stat)+32(syst) SNU, the new results are rather
close to the value 124—132 SNU predicted from the stan-
dard solar model calculations [24-26]. On the other
hand, Bahcall and Bethe [27] have found that the Home-
stake [14] and Kamiokande II [15] data are in excellent
agreement with a nonadiabatic solution of the matter-
induced MSW oscillation satisfying the condition

(m}—m2)sin?0~1Xx10"% eV? . (85)

Their analysis is applicable, as it stands, to our theory.
The set of the parameters which explain both results in
Egs. (84) and (85) is estimated as follows [3]:

mE—m2=~6X10"%¢eV?, |sinf]|~0.042 . (86)

From Eq. (83), this value of the vacuum mixing angle is
shown to correspond to the parameter C,~1.06 GeV.
These estimates are very close to the results
|sinf| =~0.043+0.004 and C,==(1.10%£0.12) GeV ob-
tained in the previous model with the color SU(4) symme-
try [28], where the parameter C, is calculable due to the
large gauge group.

VII. SUMMARY AND DISCUSSION

With motivation to describe the mass spectrum of all
the quarks, charged leptons, and neutrinos in a unified
way, we have developed a new scheme of USM’s in the
left-right-symmetric extension of the standard model. All
masses of fundamental fermions and gauge particles are
created through the ordinary Higgs mechanisms and the
hierarchical variety in the fermion mass spectrum is pro-
duced through multiple universal seesaw mixings. This
scheme is simple in the sense that no Majorana mass ap-
pears and fermion-number conservation is not violated.

For all four sectors of quarks and leptons the present
scheme provides effective mass matrices of the same Her-
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mitian form reduced from the 6 X 6 and 9 X9 seesaw mass
matrices. Coefficients of the effective mass matrices for
the charged-fermion sectors are suppressed below the
electroweak scale w; by the seesaw factors wy /v;, and
those for the neutrino sector receive further strong
suppression by the multiple seesaw factor (v, /v,)% Asa
result the fermion mass spectrum acquires a huge width
ranging from (v, /vo)*(wg /v, w; to (wg /v;)w,. Upon
such a broad spectrum all charge sectors have their own
intrasectorial mass hierarchies which are essentially as-
cribable to differences among VEV’s of the three Higgs
singlets o; (i =1,2,3). For the charged-fermion sectors
the effective mass matrices have a structure of extended
Fritzsch type with a diagonal (2,2) component. This is
particularly important for the up-quark sector, because
the top-quark mass is now known to be well above the
upper bound of the original Fritzsch ansatz [21]. Adjust-
ing the Yukawa coupling constants over a not so un-
natural range of values, we are able to explain the hierar-
chies in mass spectra of charged fermions and the weak
mixing matrix. For the neutrino sector, the multiple
USM suppression results in an effective mass matrix of
very simple form which predicts doubly degenerate states
with smaller masses and a singlet state with larger mass.
Consequently, the matter-induced neutrino oscillation
takes place among three flavors, leading naturally to a
small vacuum mixing angle. This result seems to be
favorable for explaining all the available data on the
solar-neutrino experiments.

This model has six kinds of VEV’s which are assumed
to satisfy the hierarchy in Eq. (14). Against the lowest-
energy scale of left-handed electroweak interaction
wy =250 GeV, the scale of the right-handed weak
current is estimated as wy >2.0X 10> GeV [29]. There-
fore, the VEV v, must be at least larger than 10* GeV in
order that the USM works well and so that the flavor-
changing neutral current [30] is safely suppressed by the
seesaw factors wy /v;. To make the arguments definite,
let us assume here that v, is of the order of 10*~10° GeV.
Then the larger VEV’s v, and v; should be of the order of
10°-10° and 10°-107 GeV, respectively, to ascribe the
common features of horizontal hierarchies of charged-
fermion sectors to the VEV’s v; (i =1,2,3). Further, the
largest VEV’s v, must be of the order of 10'2-10!3 GeV
in order to explain the huge gap in the quark-lepton mass
spectrum.

In the present scheme, the strong CP problem is
presumed to be circumvented by the global U(1) , sym-
metry. Breakdown of this symmetry accompanies the
Nambu-Goldstone boson, viz., the axion. The phases of
the Higgs singlets o; carrying chiral charges accommo-
date the axion’s degree of freedom in proportion to the
magnitude of their VEV’s. The mass m, and decay con-
stant f, of the axion are related by the relation
m,f,~6X1073 GeV?, and f, is given by f, =|h,|v, in
good approximation, since v3>>v? (i =1,2,3). Astro-
physics and cosmology [31] claim that the axion can exist
only with tiny mass m, in a narrow window of
107°<m, <1073 eV [32,33], leading to an approximate
restriction 10'°<p,<10'3 GeV on the largest VEV v,.
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Accordingly, if our interpretation on the axion is correct,
the largest VEV v, fits in the range of values which can
reasonably explain the broad width of the quark-lepton
mass spectrum. In this model the superlightness of the
neutrinos is deeply related to the invisibleness of the ax-
ion.

Although the common features of the horizontal mass
hierarchies in Eq. (66) are reducible to the difference
among VEV’s v; (i =1,2,3), adjustment of the Yukawa
coupling constants is still unavoidable in this model. Ap-
proximate equations m,m,~|A4|*> and m;~C derived
from Eq. (69) lead readily to the following intersectorial
relations depending solely on the Yukawa coupling con-
stants:

(Y5t (Y92)* (yud)
(YE2 (YR (vY)? ’(
(Y vy vy

E  wD  pU
Y3 Y3 Y3

m,m,:mgmgm,m, ==

87)

m_ mym,=

These examples imply that the intersectorial relations are
ruled essentially by the Yukawa coupling constants. Our
model with the small underlying symmetry is not able to
explain these relations even if the effect of the renormal-
ization group is taken into account. The symmetry group
must be enlarged in order to make our model more
predictive. In fact, the previous model with
SU@4); XSU(4)r symmetry [12,28] can generate relations
among fermion masses and predict the counting rate of
the gallium experiment for the solar pp neutrinos. In this
connection it should be remembered that rich contents of
exotic fermions and Higgs scalars are presumed to exist
to implement multiple USM’s. Therefore, it is necessary
to develop a model with a large symmetry group that can
accommodate more naturally those exotic fields as well as
the ordinary fermions and Higgs fields.

Our model predicts inevitably the existence of elec-
troweak singlets of heavy charged fermions U;, D;, and
E; in the mass range of 10°~10” GeV and very massive
neutral fermions N; and N; with masses of order
10'9-10"3 GeV per generation. The so-called generation
puzzle must be looked at from a new angle because the
existence of heavy fermions seems to make the puzzle
more sharp and profound. Absorbing six degrees of free-
dom of the electroweak scalar doublets y; and Yy, gauge
particles (WF,Z; ) and (Wg,Zy ) acquire masses of order
w; and wy, leaving two Higgs particles. The scalar sing-
lets o; (i =0,1,2,3) are introduced a posteriori to imple-
ment multiple USM’s and to induce diversity in the
quark-lepton mass spectrum. Except for the axion, the
role of their seven remaining degrees of freedom is not
clarified at this stage of the model. Including a model in
which the chiral U(1) , symmetry is gauged [34], we will
investigate the latent significance of such scalar modes in
a future publication.

Finally, let us note that there still remains the possibili-
ty of massless neutrinos. The GALLEX Collaboration
[3] has pointed out that their results together with the
Homestake and Kamiokande experiments require severe
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stretching of solar models but do not rule out the possi-
bility of massless neutrinos. In this connection, it is in-
teresting to observe that m ,=0 is realized at the tree lev-
el as the limit of the multiple universal seesaw mecha-
nism. In fact, as pointed out at the end of Appendix A, it
is possible to assign chiral charges so that the Higgs sin-
glets o; (i =1,2,3) do not couple with the exotic fermion
singlets N/ (i =1,2,3). Then the rank of the seesaw mass
matrix M" degrades down to 6, leading to zero neutrino
masses.

APPENDIX A: DIFFERENT ASSIGNMENTS
OF CHIRAL CHARGES

The conditions in Eq. (43) have been imposed on chiral
charges in order to realize the maximum USM suppres-
sion in the effective neutrino mass matrix. As a result, we
get the unique mass matrix in Eq. (77), leading to the de-
generate masses and the simple transformation matrix for
the neutrinos. However, it should be noted that there are
different choices of the chiral charges leading to the
effective mass matrix of extended Fritzsch type for all fer-
mion sectors at the first seesaw approximation. Namely,
in place of the restrictions in Eq. (43), it is possible to set
the conditions

S4255=s6, 2s6h0=h1+sh2 ’ (Al)
which result in H,3=Hg;=h,,Hg=H¢;=—h,, and
Hq9=sh,. For these choices of chiral charges, the sub-
matrix MY turns out to be the inverse form of the
Fritzsch matrix,

N N
0 Ypu Yoy

MY =|YNv, o© o |, (A2)
v, 0 Y¥v,
and MYV and MY take the forms
Y&, 0 0
MW =1 o0 YN, 0 ,
Y¥v, O Y,
NN' NN’ (A3)
Yii v 0 Y3 vo
MYN=1 o0 Y O ,
0 0 YN,

with all the other submatrices being unchanged.

Since the submatrices MY and MYV (MY )" IMY¥N
have the same structure, the effective mass matrices are
again cast into the common form in Egs. (53) and (54).
While the relations in Eq. (55) hold for the charged-
fermion sectors, Eq. (56) must be replaced by
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NN' NN’ 2 N'yNN' 2
Yy Yis Yo Yi3Y3" v
N N Ny N
Y3 Yi, Ui YYss v

o g
N NV b
Y33Y33 U2

NN’y NN' .2
Yii Y v

b

(A4)

>

i v
YpYy o
N'|12( vNN'2 2
_ |Y13 (Y22 ) Vo

N |y N 2yvN
YLIYLIPYY v,

~

V3 =U3

for the neutrino sector. Therefore, the neutrino sector
also turns out to take an effective mass matrix of extend-
ed Fritzsch type. Accordingly, these assignments of
chiral charges predict the mass spectra with hierarchical
order of magnitude as in Eq. (66) for all sectors of fer-
mions. In this case it is natural to assume that two-flavor
modes are mixtures of two lower mass eigenmodes

v, =v,c080+v,sinf ,

. (AS5)
v, = —v;sinf+v,cosb ,
where the vacuum mixing angle 0 is given by
172 172
. m, m, m,m,
|sin@|~ | — + -2 |— cosd, (A6)
2 my mym,

In contrast to the case of chiral charge assignments in
Eq. (43), the vacuum mixing angle depends on unfixed
neutrino masses m; and m, and an unknown phase
¢3=a’—a". Therefore, it is impossible to make a direct
comparison between theoretical predictions and experi-
mental results at the present stage. Nevertheless, these
assignments of chiral charges also should not be aban-
doned. Neutrinos are still too unknown to do so.

It is worthwhile to notice that the chiral charges can
also be assigned so as to forbid the Yukawa interactions
between the exotic N, fields and the Higgs singlets o;
(i =1,2,3), leading to the submatrix Mg =0. In such a
case, the rank of the 9 X9 seesaw mass matrix reduces to
6, and all neutrinos turn out to be massless at the tree lev-
el. Therefore, it is possible to interpret the massless neu-
trinos as a limiting case of our multiple universal seesaw
mechanisms.

APPENDIX B: MATTER-INDUCED OSCILLATION
AMONG THREE NEUTRINO SPECIES

In the previous paper [28] a stationary-state formalism
has been developed to describe the matter-induced oscil-
lation among three neutrino species. We summarize here
a necessary part of the formalism.

Flavor modes |v,) (a=e,u,7) and mass eigenmodes in
a vacuum |v; ) (j =1,2,3) are related by the weak mixing
matrix U in Eq. (80) as follows:

V(1)) =3 Ugilv;()) = (@), |v;(£)) . (B1
J J

Observable solar neutrinos carry highly relativistic ener-
gy. Therefore the momentum of the neutrino with ener-
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gy E in the jth eigenmode with mass m; (E >>m;) can be
approximated by k;=V E*—m?~E—m?/2E. Let us
define the component wave functions c,(x) and c;(x) of
the flavor modes and mass eigenmodes, respectively, by

iEt’ (X|Vj(t))=cj(x)e_i5’ . (B2)

(x|v(t))=c (x)e™
Then the component wave function c¢;(x) is subject to the
equation

——-—ci(x)=——=c:(x) (B3)

up to an overall constant. Transforming this equation
into the flavor modes and combining the Wolfenstein
term, which represents the effect of neutrino interaction
with solar electrons, we find the Schrodinger-like equa-
tion

1d _

T_d:CG(X)_% Pogep(x) , (B4)

where the operator 7 generating the spatial evolution of
the neutrino system is given by

73a3=—-Z-IE[Amz(um)a(u(S)*)ﬁ-‘r 48,651, (BS)
with
Am?=m}—m2, A=2V2GEN, . (B6)

In the factor A4, G is the Fermi constant and N, is the
number density of electrons. Note that the operator 7 is
real since the overall phase factor e'* of the column vec-
tor u'® cancels in Eq. (BS).

The basic equation (B4) shows that the electron num-
ber density N, induces local mixings among three neutri-
no flavors. This superficial complexity is removed if we
use the following globally rotated flavor state vectors:

[ViY=lv,),

v 1
|V"> cosf

a2 M) +uPlv,)), (B7)

4 =L — (3) | (3)
lv,.) sl la P v+l Nlv,)) .

For the new flavor amplitudes ¢, (x) defined by
(x|vi(t))=cl(x)e E", (B8)

the Schrodinger-like equation (B4) is transformed into the

decoupled forms
c.(x)

d c.(x)

;a4 1
dx

2E

’ (B9)

’

¢, (x) ¢, (x)
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with
,  |Am %in%0+ 4 AmZ%sin6 cosf
M7= Am3sinfcos®  AmZcos’0 (B10)
and
iLe(x)=0. (B11)
dx

Equation (B9) is equivalent to the well-known evolution
equation for the matter-induced oscillation of two neutri-
no species. The amplitude c¢’.(x), being unaffected by the
vacuum oscillation and the neutrino-electron interaction,
remains unchanged through the spatial evolution of the
system. Solving Eq. (B9) with the boundary conditions
¢,(0)=c,(0)=0, we find the solution ¢ (x)=0, which re-
sults in

(3)

LA
= cl(x).
cosf *

u cosg CrlX)h crlx (B12)
Thus, the oscillation problem of three neutrino flavors
with mass spectrum in Eq. (78) is effectively reduced to
that of two flavors c,(x)=c,(x) and ¢, (x) with the vacu-
um mixing angle 6 in Eq. (83).

Matter-induced neutrino oscillation between two flavor
modes has been analyzed in many papers [27,35,36]. The
probability for the detection of electron neutrinos on the
earth’s surface is given by Parke’s formula [36]

(P, )=sin’6+Pcos20 , (B13)
with the ‘“jumping” probability P between the mass
eigenstates at the resonance region. Since the vacuum
mixing angle 6 takes a very small value in the present
model, the detection probability (P, ) is essentially

given by the nonadiabatic jumping probability. If the
electron density in the sun is approximated by an ex-
ponential distribution

R |’ (B14)

N, (x)=Ngyexp

s

with scale height R, =6.6X10° cm, the jumping proba-
bility is calculated by an analytic continuation of adiabat-
ic solutions of Eq. (B9) in the compact form [37]

7R, Am %sin%0
E

P =exp (B15)

This formula has been confirmed to be very accurate in
the entire sin’20 — Am ?/E plane by computer calculation
[38].
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