PHYSICAL REVIEW D

VOLUME 31, NUMBER 9

1 MAY 1985

Dynamical symmetry breaking and composite model for leptons, quarks, and Higgs mesons

Tsunehiro Kobayashi
Institute of Physics, University of Tsukuba, Ibaraki 305, Japan
(Received 23 April 1984)

Dynamical symmetry breaking producing light-fermion generations, masses of fermions and bo-
sons, and parity violation is proposed in a composite model. The model is described by three types
of constituents, which are written in terms of two types of fermion constituents, a leptonic one ¢’
and a quarklike one 9 and a bosonic constituent S°  Gauge interactions
SUQB)z®SU(3),8SU(2),®SU(2)s®U(1)z_; are introduced. Leptons (), quarks (q), and Higgs
scalars (A) for parity violation are, respectively, represented by the hypercolor [SU(3)y] singlet
bound states of the types /S, 195", and ##/S® and there also exist series, corresponding to I, g,
and A, with the same quantum numbers but S° boson number. Dynamical symmetry breaking is in-
duced by S%boson condensation in the vacuum, and light-fermion generations and Higgs scalars
with a negative squared mass for parity violation can be produced. Constraints for reproducing the
Weinberg-Salam model at low energies, neutrino masses with a Majorana mass term, relations
among charged light fermions, and mixing between left-handed weak bosons and right-handed ones
are presented in this scheme. The top-quark mass m,~50+15 GeV is predicted, which is derived
from the formula m,(m,—m)+my(m.—m,)+m (m;—m,)=0, given in the limit of
m,=m, =my=0. The mixing between W, and W is shown to be very small, i.e., tan ep < 1073,

where ey is the mixing angle of W, and Wkg.

I. INTRODUCTION

Many models have been proposed for the idea of com-
posite leptons and quarks.!> They are very interesting but
are not very powerful in predicting new observables. It is
also a bit disappointing for us that their dynamics are not
very clear for interpreting phenomenology, e.g., the mech-
anism for generating small fermion masses and also for
generating somewhat larger values of weak-boson masses,
and so on. In this paper we would like to present a
dynamical scheme to describe phenomenology in the
present experimentally allowed energy region.

The basic model introduced here has been proposed in
Ref. 3, the idea of which is that there may exist some dif-
ferent sublevels between the energy of the order of 1 GeV,
characterizing dynamics of leptons and quarks, and
Planck’s mass (~10'° GeV). We therefore consider that
proton decays, characterized by about (or larger than) 10"
GeV, -should be phenomena induced in a much deeper
sublevel, probably the deepest one before Planck’s mass,
that is to say, in the next sublevel lepton number and
quark number will be individually conserved. Important
phenomena which should be interpreted in the next sub-
level under leptons and quarks will be the generation
problem for leptons and quarks and masses of those fer-
mions and weak bosons (W and Z), and presumably the
Weinberg-Salam theory for electroweak interaction also.
In an earlier work,’ it has been pointed out that those phe-
nomena will be able to be interpreted as the series of
bound states with the same quantum numbers as those of
leptons and quarks and the existence of scalar mesons for
spontaneous parity violation. The most important point
of the model was the existence of a scalar boson S° in the
next level dominated by SU(3)y hypercolor interaction,
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which was interpreted as a bound state of V fermions con-
fined by SU(2") m, interaction. In the model the genera-

tion for the fermions was interpreted by the difference of
the S° number. Interpretations for the small fermion
masses in comparison with the characteristic energy scale
of the SU(3)y interaction, Ay, and also for the realization
of the Weinberg-Salam theory at low energies were left as
open questions. The model, however, has an interesting
structure for the SU(3)4-singlet scalar bosons, that is, the
candidate for generating the fermion masses, ¢ mesons,
and that for generating the parity violation, A mesons,*
have quite different substructures. The bound states
representing the ¢ mesons have no S°boson component,
while the A mesons are expressed by series of bound states
with different S° numbers. (We shall review these points
in the next section.) If the S° bosons become the trigger
of a spontaneous symmetry violation for generating the
low-energy phenomena, the A-meson series will be affect-
ed very much by the symmetry violation, whereas the ¢
mesons will not. Therefore we expect that there is some
hierarchy between the orders of Ay and the fermion
masses. Of course, the fermions represented by the series
of the different-S°-number states will have effects similar
to A. In other words, the fermions will have masses of or-
der similar to that of the unobserved right-handed weak-
boson mass, estimated® to be larger than ~1 TeV (~Ag).
We, however, proposed a possible mechanism for generat-
ing small masses from a large mass scale.® In this paper
we would like to propose a dynamical scheme, where the
S%boson condensation originates a dynamical symmetry
breaking, which becomes the trigger of the Higgs mecha-
nism for parity violation, but there still exist massless fer-
mions. The fermion masses will be induced from a
second-order effect. In the following discussions we shall
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ignore the structure of the S° boson and start from the
SU(3)y hypercolor interaction accompanied by the S° bo-
son, which will be allowed when the characteristic energy
scale of SU(2")y, is much larger than that of SUQB)y.

The S° bosons, therefore, will be treated as elementary
particles in the following discussions.

In Sec. II we shall simply review the outline of the
model presented in Ref. 3. The main idea of the dynami-
cal symmetry breaking by S° condensation will be dis-
cussed in Sec. III. In Sec. IV the origin of massless fer-
mions and their generation will be interpreted. Derivation
of Higgs scalar mesons and application to parity violation
are, respectively, done in Secs. V. and VI, where we shall
comment on a hierarchy among vacuum expectation
values and also among coupling constants in meson ver-
tices. In Secs. VII and VIII, respectively, masses of neu-
trinos and those of charged fermions will be discussed.
Mixing between the left-handed weak boson ( W, ) and the
right-handed one ( Wy ) will be considered in Sec. IX. We
shall remark on the generation number and also on the
hierarchy among parameters from the standpoint of the
model presented in Ref. 3, that is, the idea of constructing
the S° boson from V fermions, in the final section (Sec.
X), where problems left as open questions in this paper
are also remarked. We shall present details of evaluations
in Appendices A—C.

II. COMPOSITE MODEL FOR QUARKS
LEPTONS, AND HIGGS MESONS

As the model discussed here has already been interpret-
ed in detail in the earlier paper,® we only introduce the
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basic idea of the model needed in our discussion. The
model is constructed from three kinds of fundamental
constituent particles which are categorized into two types
of massless fermion constituents (¢’ and ¢9) and a
massless-scalar-boson constituent (S°). The gauge in-
teractions SUQ3)z®SU(3),®SU(2), ®SU(2)p®U(1) are
introduced, where SU(3)y and SU(3)., respectively,
represent the hypercolor interaction and the ordinary
color interaction and the subscripts L and R stand for
left-handed and right-handed, respectively. The symme-
try properties of constituents are listed in Table I. The
model is L-R symmetric.

The hypercolor interaction was, of course, introduced in
order to construct leptons ([), quarks (gq), and Higgs
mesons (A and ¢) for parity violation,»*” and so on,
which are respectively, represented by the hypercolor-
singlet bound states of ¢S of rag0f, t't's°, and so forth.
For the details of the hypercolor-singlet bound states,’ see
Table II. It is important that in this model all the
hypercolor-singlet bound states are labeled by the S$° num-
ber (NSO), which is a conserved number. We therefore
have many states with the same quantum numbers except
for the S° number, that is, the lepton series lg,/4, ...,
and the quark series ¢¢,q;, ..., respectively, have the
same quantum numbers as those of leptons and quarks ex-
cept for Ny, (see Table II). Though the S° number is

directly assigned as the generation number of leptons and
quarks in Ref. 3, we shall present a different scheme for
originating the generation in the forthcoming sections.
Anyway, the key point of this scheme is that leptons,
quarks, and A bosons have the series labeled by N

TABLE I. Symmetry of constituents.

Constituents SUQB)y SUQB)¢ SUQ), SUQ)g Np_1 JP Charge
10
th= :,L),L 3 3 2 1 —1 e _Oe
10)
=5 . 3 3 1 2 oS
e
7i= ;ZO)’IL 3 3 1 2 R
P
Th= ttl((O))JR 3 3 2 1 1 T g]
1a(2/3) Ze
tf= T 1/3)' 3 3 2 1 % %+ —%e
£a2/3) Ze
t§= prie 1/3)] 3 3 1 2 ';‘ %+ —%e
Fa(=1/3) +e
1= tq(Z/])] 3 3 1 2 -3 T —Ze
Fa(=17% +e
k= F4(2/3) ] 3 3 2 1 ‘“% %— __%e
3 3 1 1 0 ot 0
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TABLE II. Hypercolor-singlet bound states with S° number 0—4, where the smallest representation
for SU(3), in each configuration is listed and (S°S°); stands for a configuration of S°S° with (3,3) rep-

resentation of (SU(3)y,SUQ3),).

Particles and

N configurations

N

SU@B).

SUQ). SUQ)r Np_;

0)0=SOSOT

Y=t
¢=1f7}
%99
Toriry =71 »)S°
Fom =71 r)S°
AS=thwith®S°
Ly =1L rS°S°
g1z =t{RS°S°
A r)=T TUS9S0);
w;=S°5°s°
T_,=74S5°8°)5(S°5°);
G_1=T%S%S°)5(S°5%);
Atl=(t1tl)3(so50)§(soso)§

0

w

—

[ S R N

— ]

1
2
2

1
2
2

[eNeNe]

1(2)
1(2)
3(1)
2(1)
2(1)
3(1)

2(D)
2(1)
1(3)
1(2)
1(2)
1(3)

—

|
— N W

el Nwl-—l

N vl

We also point out here that in Table II there is a series
corresponding to scalar mesons represented by @, which
are the singlet states of SU(3),, SU()., and SUQR)g.
These mesons will play an essential role for generating
dynamical breaking of the S° number.®

We would like to comment that in Ref. 3 the S° boson
is interpreted as the bound state of 2¥ number of fermions
(V) confined by SUQ2"), gauge interaction. In the dis-
cussion of the forthcoming sections we forget this situa-
tion because the structure of S° is not very important. In
the final section, however, we shall comment on this point
in relation to results derived in our discussions.

III. DYNAMICAL BREAKING OF S° NUMBER

We now discuss a problem in an ideal world, where
only the S° boson exists and also only the SU(3)g4 hyper-
color interaction is switched on.® It is well known that
the existence of a massless boson may become a trigger of
dynamical symmetry breaking, that is, S° bosons can con-
dense in the vacuum. The vacuum, however, cannot ex-
pand infinitely, because the SU(3)y interaction confines
S° bosons within the confinement region characterized by
a length parameter Ay ~'. After the vacuum fully ex-
pands in the confinement region, everything must be writ-
ten by hypercolor-singlet states. This indicates that S°
bosons in the vacuum change themselves into the hyper-
color singlet states. Furthermore, an interaction potential
Ve in the region should also be described in terms of
only the hypercolor-singlet states, effectively. As was
shown in Table II of the last section, the SU(3);-singlet
S° bound states represented by w, can be discriminated
from each other by the S° number, where 7 is defined by

Ngo=3n (n=0,+1,%2,...). Since the lowest state com-

posed of an arbitrary number of S° and S is a scalar
state, we shall ignore other excited states, e.g., vector, ten-
sor, and so on. Considering that », are represented with
an infinite number of bound states, we should take ac-

count of not only the three-point vertex but also higher
vertices in V. We, however, know that low-energy
meson dynamics in the quark model which should be
described by SU(3)-color interaction is well represented
with only the three-point vertex in the dual resonance
model. From the analogy of the dual resonance model we
may expect that the three-point vertex dominates in the
low-energy dynamics of SU(3)y. For keeping stability of
vacuum, however, we have to introduce at least the four-
point vertex. Here we write the effective potential Vg in
terms of o, as follows:

Verr(w) =33 33T ki jm®@;0;010,
i j 1l m
—5 3 3 S hyjwiee+1 3 miolo;
i ojo1 i

(3.1

where the coupling constants k;;;,, and h;;; should
have a symmetry under an arbitrary exchange of sub-
scripts such as  k;;;m=kj;i1m=Kj1im=""" and
h;j1=hy;;="---. In order to conserve the S° number
kijm =Kij1mOm, —iyj+nand h;j1=nh; ;8 _,; should
be satisfied. Determination of the minimum of V4 is too
complicated for the arbitrary values of the couplings. As
was discussed in Ref. 6, we are interested in the case
where all @, have the same vacuum expectation value in
order to reproduce massless fermions. (The details will be
discussed in the next section.) The realization of such a
situation is possible, if we regulate the coupling constants
kijim and h;;; so as to reproduce the same vacuum ex-
pectation value for all w,. We, however, present a simple
case for realizing such a situation. Let us consider the sit-
uation where the S° number has no meaning at all. In
such a world we will not mind any difference originating
from the difference of the S° number. A reasonable situ-
ation will be represented by the maximal symmetry such
as
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ki,j,l,m =k, for all (i,j,l,m) ’

hiyu=h, forall (i) , G2
m;’=m?, foralli.

In the following discussions we postulate that k, h, and
m? are positive. In this case we can easily see that Vg
has a minimum at a point where all w, have the same

vacuum expectation value
1
2(2N + 1k
where a large cutoff number N for n =NS0/3 is intro-

duced conventionally. Considering that N is large and
also that the three-point vertex may dominate in Vg at
low energies from the analogy of the dual resonance
model, we may postulate the relation

h%>>4km?/(2N +1) . (3.4)

{ht[h?—4km?/2N +1)]'?}, (3.3

W+ =

In this limit we see that

Ver(w ) << Vegglow_) . (3.5)
It is interesting that

(2N + Do ~h/k (3.6)

is the order of % /k. Replacing w; with @; +w, in Vg,
we have the following mass term:

N N
S 3 ol Hya;, (3.7)
i=—Nj=-—N

where the mass-matrix elements are given by

1 h2 2 m2 . .

—|—4+m? |-, forj=i,
(Mo)y=12 2" 2 @N+D (3.8)

1h m ..

2k N1 i

in the limit of A%>>km?/(2N +1). The eigenvalues of
the above mass matrix are

2
M= —%m2+(2N+1)—;—h7-, with no degeneracy ,

(3.9)
M, = %m2, with 2N-fold degeneracy .

Note that the eigenstate for the massive eigenvalue M| is
described by
1 N

S & .

— T (3.10)
(2N+1)1/2 PN

$o=
Hereafter we shall refer to this type of solution as solution
A.

It should be noted that in order to get the same expecta-
tion value for all w, in the limit of (3.4) we may omit the
last condition of (3.2),

m;>?=m?, foralli,
from the maximal symmetry.
In the above discussion we have ignored higher vertices

than the four-point ones in V. We may, however, ex-
pect that if the maximal symmetry is realized, the impor-
tant point of the above discussion, that is, the same vacu-
um expectation value for all w,,, will be kept.

IV. MASSLESS FERMIONS AND GENERATION

We add the fermion constituents (¢’ and ¢9) in the ideal
world. Of course, interactions, except for the SU(3)y-
hypercolor interaction, are still switched off. The chiral-
invariance property of the model will leave the fermion
bound states represented by /; and g; massless. The fer-
mion bound states have interactions with @ bosons as

[(N+D/2] [(N+D/2] - '
- gyYje; i, 4.1)
i=—[N/2)j==[N/2] .
where the coupling constants g;; satisfy the relations
gi;;=g;; for all (i,j), ¥ stands for I; (a =I) or ¢; (a =¢q)
and [ X] denotes the maximum integral number less than
X. When the dynamical breaking of the S° number dis-
cussed in the last section occurs, the fermion mass matrix
[(N 41)X (N X 1)] has the matrix elements

(Mp)j=gylw;_;) , (4.2)

where the masses corresponding to the bound-state ener-
gies are postulated to vanish because of the chiral invari-
ance of the model.

We now discuss the case where solution A, defined in
the last section, is realized. In the maximal symmetry in-
troduced in (3.2) we reasonably set the following relations
among the coupling constants,

8ij=§& for (l,]) . (4.3)

The fermion mass matrix becomes a very simple form,
that is,

Mp=glo) | 1 |. (4.4)
1 -+ 1

As noted in Ref. 6, the eigenstates of this matrix are
represented by one massive state with the eigenvalue
(N+1)g{w) and N number of massless states. Even
after the symmetry of the vacuum has been broken
dynamically, N fermions still remain massless. We there-
fore have an N-fold generation of massless fermions.
Note that the eigenvector corresponding to one massive
state is described by

1 W42
—=— LU
VN +1 ;- v

for a =1 and g, in which all possible combinations of the
SU(3)y-antitriplet vectors constructed from the product
of §°and S°" are summed up in equal weight. That is to
say, the state vector W¥§ can be symbolically written by the
direct product of the state vector representing the single
t® state and that for the S° state as

8 t%0 (SO, 4.6)

Yi= (4.5)

where
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(sum of SU(3)y-triplet states

constructed from S° and S°7) . 4.7)

Hereafter we shall use the notation S ° in the above mean-
ing.

V. HIGGS BOSONS

We now discuss the masses of the scalar-boson series
represented by A; in Table II of Sec. II. The A bosons
have the couplings with the @ bosons similar to the
fermion-w couplings described by

[N +1)/2]
i,j=—[N/2]
where the relations fi;=/f} for all (i,j) should be taken
into account.
We consider solution A and the maximal symmetries
among f;; and also among the masses of the A-boson
series, that is,

fij=f, forall (i,j),
(5.2)
mat=m,?, foralli,

as was done in (3.2) and (4.3). The mass matrix of the A-
boson series is given by
mAz—f(w) —‘f<‘0)
M= . (5.3)
—f{w) mpt—fw)

The eigenvalues of .# , are
ma?—(N +1)f{w), with no degeneracy
ma?, with N-fold degeneracy . (5.4

Of course, we consider the case with m,?>0. Then the
states with N-fold degeneracy have a real mass m,. In
order to reproduce the so-called Higgs mechanism, the
condition

—pupt=mp i — (N +1)f{w) <0 (5.5)

must be satisfied. If it is the case, we have one, only one,
Higgs scalar meson A¥, of which eigenvector is written in
terms of A; as follows,

" 1 [(1v+1)/z]A
PV fp—— -
VN +1 ;_ v '

Note that A¥ has the same structure as that of W§ for the
S%boson part (S°), that is, it may be represented by the
direct product similar to (4.6) as

Al < (1) S° . (5.7)

(5.6)

We can consider a different case with the above, that is,
the case with f{w) <0 and ms2<0. In this case every
generation has a corresponding Higgs scalar. We shall,
however, not discuss this case, because we cannot realize
any mechanism to derive the negative mass squared for

ma? in terms of a simple dynamics. Hereafter we will
discuss only the former case.

We stress that the ¢ mesons composed of ¢ and 7°
have no series corresponding to [;, ¢; and A;. The ¢
mesons, therefore, cannot be Higgs mesons in the scheme
discussed here, because the ¢ mesons have no direct cou-
plings with @ bosons and their masses are not affected by
the change of the vacuum in terms of the S%boson con-
densation. This situation is different from the model
presented by Mohapatra and Senjanovié.*

VI. HIGGS MECHANISM FOR PARITY VIOLATION

In this section we shall discuss a Higgs mechanism in-
duced by the Higgs meson Af. In the family of AY we
find A; and Ap mesons introduced for spontaneous parity
violation by Mohapatra and Senjanovi¢.* Components of
the mesons are listed in Table III and A; and Ag, respec-
tively, belong to (3,1,2) and (1,3,2) representations of the
(SU(2)., SUR)g, Np_r) group. We also need ¢ mesons
represented by (2,2,0) of the group in order to reproduce
the same mechanism presented by Mohapatra and Sen-
janovi¢. The components of ¢ mesons are also given in
Table III. We see that two different types of ¢ mesons,’
¢'=t'f! and ¢7=1% 1, exist in our model. It should be
remembered that ¢ mesons have real and positive mass,
that is, ¢ mesons are not Higgs mesons in our present con-
sideration.

The couplings among Ay, Az, and ¢ are illustrated in
terms of line-connected planar diagrams® in Fig. 1. Since
Ar, Ag, and ¢ mesons can have the vacuum expectation
values for their neutral components;

0 0
(Ap)=|0 |, (Ag)=|0 |,
Vi Vr
(6.1)
. a; 0
(¢l>= 0 bt (i=1 orq),

the Higgs potential ¥ induced from the couplings given
by the diagrams in Fig. 1 is written as

V= ao Vi 4+ V2P 4+a (VL + V)
+B(VL>+ Vr¥a* +2B,V1 Vra?
+yla?+b +ag +b,*) —pp2 (Vi 2+ Vg ?)
+my*a’+b’+a,>+b,%) (6.2)

TABLE III. Components of composite Higgs scalars.

Higgs scalars Components
ALl R R S°
AL v= |BLk 11tz S°
A tuwm tw' S°
. ¢4lz(0> ¢a(+) tz(O)Ti(O) tz(())fzi(*)
¢ = ¢a(—) ¢421(0) tz(—)-t'zm) tz(—)?-i(-—)
(a=Iorgq) (a=1)
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. A‘
(1) tl tl < (3a) §'t‘ tl
A ‘ 3 ana A ol ¢q*
A
I__ w5
[l (|
tht ttt
§ & o e o°
(2) =z (3b) ol
A A’ § PYYYY ') AL
Ay A’:) il (Ap)

tllg’

FIG. 1.

represent the interactions ao[(ATAL +ARAR)T%

where ps%>0 is defined in (5.5) and m¢2 stands for the
¢-meson mass which is, of course, positive. In (6.2) ay,
ai, B1, B2, and v, respectively, represent the coupling con-
stants corresponding to diagrams (1), (2), (3a), (3b), and (4)
in Fig. 1. We should consider that at least ¥ and the
bigger one between ay and «; are positive. A very in-
teresting point of (6.2) is that b;, a,, and b, have no cou-
plings with V., Vr and , because the neutral com-
ponents of Az, Ag, and ¢} (=1"OF"®) contain only the
t!©_fermion constituent. Therefore, the minimum of Vg
is at the point

by=a,=b,=0 (6.3)

because of m¢2>0. This indicates that the mixing be-
tween the left-handed weak boson (W, ) and the right-
handed one ( W) vanishes since the mixing angle*” ey is
given by

taney < a;b;+azb, =0 . (6.4)

The details of the mass matrices for W;, Wg, Z;, and
Zy are presented in Appendix A.

We can find out four extrema of Vj, three of which
give symmetric solutions for V;? and Vg2, i.e,
V. 2=Vg? and one gives an unsymmetrical solution, i.e.,
V,%£Vg2% For the details, see Appendix B. From the
phenomenological requirements, such as my, >>my, and

reproducing the Weinberg-Salam theory in low energies,
the relations

VR2>>a12>> VL2 (6.5)

must be realized at the real minimum* of V. These rela-
tions teach us that the real minimum must be at the point
giving the unsymmetrical solution which satisfies the

ol

Line-connected diagrams for couplings among Higgs bosons, where diagrams (1), (2), (3a), (3b), and (4), respectively,
a[(ATALATAL)
Bal(AR$'ALS) + (AL 'ARGD], and y[($™$'6"™ 6+ ($7* $%7* $7)].

+(ARARARAR)],  Bil(ATAL$'H™)+(ARARS'S™)],

equations
V4Vl - 2y, 6.6
L +Vr 2(a0+a1)(’uA Bia;”) (6.6a)
B
Vi Vg =——a, (6.6b)
2ay
where
2 —a
ar= 2 2
2(ao+a1)(2a17/+ﬁ2')—a1[3’1
><[2(ao+a1)m¢2+BluA2] . (6.6¢)

Actually the real minimum is realized at the point with
the unsymmetrical solution, if the following conditions
are satisfied (see Appendix B),

(6.7)

IBI[’ |ﬁ2|’y

ag> |ap |,

The meaning of this condition is not clear at present. We
can, however, note that diagram (1) for the a, coupling is
different from the other diagrams, that is, in diagram (1)
the exchange of the S° component is essential. In other
words, if A does not have a S° component, diagram (1)
does not exist. We shall again discuss this problem from
the standpoint of the model proposed in earlier work® in
Sec. X.

In order to realize the phenomenological constraints
Vr2>>a;%>> V; %, the following constraint is required,

my? 4 By
'u,Az 2((1()“‘&1)

1> >0. (6.8)
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This equation can be read as ms 143 go’a;?
2 =TT 2 2
m mg V, 4h°V,
4’2 =~ Byl «<1 (6.9 . oK
ua® - 2aptay) B> N g2 | a? 78
from (6.7). We shall point out that the relation N 2q,  4ho? | Vg%’ )

m¢2//LA2 << 1 takes a very important place to describe
masses of charged fermions in Sec. VIII. One possible in-
terpretation of this relation will also be discussed in Sec.
X.

VII. MASSES OF NEUTRINOS

In the present scheme for parity violation, neutrinos
have Majorana mass terms.*!? Following the discussion
of Mohapatra and Senjanovié,* our present model realizes
the following values of the parameters in their model,’

hl =g0, h2=h3 =h4=0, h5 Eho N
k=a;, K'=b=0

V=V, Vk=Vr,

where the coupling constants h; are defined by the most
general Yukawa couplings,* described by

ZLy=hiIr¢Ig +h;lgd 'Ix +h3Grd'qr +haTrd '9x
+ihs(IFCrAL L +1ECrARIR)+H.c. (7.2)
In (8.2), =r,¢*r, and C is the Dirac charge-conjugation

matrix. The mass matrix of the fermions (v,N) defined
by v=v; and N=C@®. )7 is written by

hoVL 1804
M= , (7.3)
Y %g oar —hoVg
where .# , is defined in
L mass=VLNT#,C(%)+H.c. (7.4)
The eigenvectors of the mass matrix are given by
V=wvcos§+N sing ,
~ (7.5)
N = —vsin§+ N cosé
with
8od;
tan2f=————— . (7.6)
d ho(VL +Vr)

In the approximation of |hoVgx|>> |hoVy| and
| goay |, the eigenvalues are obtained as

go
—'hOVL+}t h VR ’

(7.7
m~~—hoVR .

Then we have

where for deriving the last equation we used (6.6b). Using
the reasonable relation a;2/Vg%*~m WLZ/ my, 2, we obtain

2

m 2 My
~ —&4- g0 L. (7.9)

4h02 mWR

A

m

2

Numerically this equation gives a rather large value of
my, for an experimentally reasonable value of m;/my

(Ref. 4), if the coefficient (—pB,/24 +80>/4ho*)~1. In
the final section we shall argue that we have some reason
to consider that the coefficient will be much smaller
than 1.

If we take account of the generation of neutrinos ig-
nored in the above discussion, the S°-number dependence
of go and A, should be introduced, that is, in general gq
and h, should be written as g§’ and 2", of which defini-
tion will be given in the next section.

VIII. MASSES OF CHARGED FERMIONS

Charged fermions have no Majorana mass term and
only acquire masses spontaneously through the couplings
with ¢ mesons as shown in diagram a of Fig. 2 (Ref. 9).
The vacuum expectation values of ¢ mesons for generat-
ing the masses of charged fermions, that is, b;, a,, and
by, vanish in the present scheme, as noted in Sec. VI. We
now consider the corrections in terms of line-disconnected
diagrams. A correction is induced by the couplmg of
charged fermions with ¢} (= ¢'©7"©®) meson in terms of
the line-disconnected diagram shown as diagram (b) of
Fig. 2. We have also to consider the correction for by, a,,
and b, in terms of the line-disconnected diagram 1 shown
in Fig. 3, which gives the dominant contribution because
of the large value of Vg (| Vx| > |a;| > |V, |). Since
the correction by diagram 2 is small and that by diagram
3 can be included in the o, term of ¥V, we may neglect
them in the following discussion. Taking account only of

e g $ e
— §'C:t¢»¢ ;
(a) (b) (c)

FIG. 2. Diagrams generating charged-fermion (¢{) masses,
where diagram (a) stands for line-connected diagram, diagram
(b) for line-disconnected one, and diagram (c) for SU(3), correc-
tion dominated by one-color-gluon (g.) exchange. The notation
® implies (L<«>R) transition vertex in terms of the diagram (a).
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¢ ¢ N [(N+1)72]
| l d l S 86 P+ P ira(¢) o]
—I _J __J i=—[N/2] |a=(lq)
¢ [ A
) 0" *
Il-r—._A I I— ”f—..A +2g T3 (1—84)
b
A ¢ A ab=(,q)
(1 (2) ' (3) _ —
X [P "+ ira(¢* ) oyf] |
FIG. 3. Line-disconnected diagrams for couplings among
Higgs bosons, where diagrams 1, 2, and 3, respectlvely, (8.4
the interactions S5( ¢l*¢!+ PTHN(AFAL +ARAR), where gl is the coupling constant for the correctlon term

represent
y($™ P +¢7* 1), and aS(AL AL +A% AR )

diagram 1, we have the following Higgs potential for b,
a,, and b,
Vi y(bi*+a,* +b,*) +my2(b* +a,> +b,%)
+BiVr* b2 +a,2+b,2) , (8.1)

where i is the coupling constant for the diagram of Fig.
3 and |Bi| <<PBi] is postulated. If my>+BiVz <0, Vg
has the minimum at

bP=a,2=b =", (8.2)

where p=—BiVr*—m,> That is, ¢ mesons now be-

comes Higgs scalars and the vacuum expectation values
b;, a4, and b, can be nonzero. Note that ,u52<0 is not
very unrealistic when we take account of the relation (6.9)
and the order of Vg2 is up?. Provided that smaller correc-
tions induced by diagram 2 of Fig. 3 and mass differences
among 1=l (=Dgl(=1) $]=192/V7a(2/3), and
#3=19—1/3F2(=1/3) induced by the difference of electric
charge of fermion constituents are taken into account, we
in general obtain the different values for b, a,, and b,
respectively. For the details of this argument, see Appen-
dix C. It may, however, be noted that the differences be-
tween b, a,, and b, are essentially originated from the
electromagnetic mass differences between ¢ mesons (see
Appendix C). Hereafter we consider the case with the dif-
ferent vacuum expectation values

b,#:aq¢b,ﬁébl N (8.3)

of which order of corrections may be the same as that in-
duced from diagram (b) of Fig. 2.

It will also be required that the correction by the SU(3),.
interaction be taken into account when we discuss charged
fermions of the lowest generation, i.e., e, #, and d, having
very small masses. It may be dominated by one-color-
gluon (g, ) exchange as shown in diagram c of Fig. 2.

In general the couplings of diagrams (a) and (b) of Fig.
2 for fermions with different N o numbers are different.

That is, the couplings should be defined as follows,

and of course, the relation | gl | << |gy’ | should be
kept. Observed generation is derived from diagonalizing
the mass matrix for N massless fermions. We can, how-
ever, write the following mass formulas for charged fer-
mions in the ith generation in general:

miil 1 =83 bi+8a—

(i)
Mmgy(2/3)

SaL'A ’

5 )

=g a,+8 ¢ a,———acA , (8.5)

mq()—1/3 =g by +8Va;—Fa A4,

where § and g should be described by linear combina-
tions of g¥ and g'”, respectively, which will be deter-
mined in the process of the diagonalization. The last
terms of the three formulas in (8.5) stand for the small
contribution of SU(3), interaction dominated by the one-
color-gluon-exchange diagram. We may expect that the
color-gluon contribution is actually negligible except to
the masses of the lowest generation. It is convenient that
we rewrite (8.5) as

(i) —

m; = 1(—1) s

m(l')Em(()Z/3)—8 ’ ‘ (8.6)
(i) — (i)

my =mg(_1s3—0,

where §=2a.A4. We can easily see that the following re-
lation for two arbitrary generations (i and j) is satisfied:
0 _

m(ll)(m(zj)_ml(]))_(mz ml(t))m(lj)

(7) (i) (j)=o

+mPmP —m{Pm} (8.7)

Using these relations for the first, second, and third gen-
erations, we can write the top-quark mass m; as

, 1
(mg—mg)—(m,—m,)

m;=
X[ my(me —m, +m,—m,)
+m (mg—mg+m,—m.)+m,(mg—m,)

+m,(m,—mg)+m,mg—mgm.] , (8.8)
which is already derived in previous work.” It is interest-
ing to note that in the limit of §=0, which may be reason-
able except for the case for the first generation (e,u,d), we
can directly derive the following equation for m, from

8.7),
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m,= ms_l_mu [my(me—my)+m (mg—m.)], (8.9
which is completely the same as the equation derived
from (8.8) by setting m, =m, =myz=0 in (8.8). This indi-
cates that the correction by SU(3), is not important in
higher generations.

From the values (in MeV) of m,=0.5, m,=106,
m,=1784, m,=5, myz=9, my;=180, m,=1200, and
my, =4800, where typical “current-algebra” masses for
quarks!! are used, we obtain

. 52 GeV from (8.8),

(o~ (8.10)
47 GeV from (8.9) .

Since both equations are sensitive to the value of mg, our
prediction for m, should be given as the mass region

65>m, >35 GeV , (8.11)

where we used (8.9) and m; was moved between 160 and
200 MeV. The neutral vector meson composed of 77 will
appear in the mass range from 130 to 70 GeV.

In the above discussion we ignored mixings among dif-
ferent generations. We experimentally know that such
mixings are small. We may therefore expect that the
mass relations (8.8) and (8.9) will not be much disturbed
by the mixings. Especially, the relation (8.9) described by
rather large mass values of leptons and quarks will not be
affected so much. The mixings among generations will
again be discussed in Sec. X.

IX. MIXINGS BETWEEN LEFT-HANDED
AND RIGHT-HANDED WEAK BOSONS

In the discussion of Sec. VI we derived no mixing be-
tween left-handed weak bosons and right-handed weak bo-
sons as the result of by=a,=b,=0. In the last section,
however, we showed that b;, a,, and b, will be nonzero.
Now they must be mixed. As was given in Appendix A,

_ the mixing angle between charged bosons ( W, Wpg) is de-
rived as

albl-{-aqbq - albl
VR2 - VRZ ’

taney ~ 9.1)
where for deriving the last equation the relation
a;*>>b%a,” and b,* is taken into account. From the
mass formula for W and fermions the order of Vg, aj,
and b, is estimated as

VRi~my, /8> ~0(my?),
a12~2mWL2/g2~0(mWL2),, 9.2)
bi~m{"/g§’'~0(m)),

where the order of g and g is postulated to be 1. We
can get the order of mixing as

my, my

taney ~ (9.3)

m W 2
For the values of my, =80 GeV and my, > 3my, we ob-

tain very small values

0.7x10~¢, for m;=m, ,
taney < 11X 10~4, for my=m, , (9.4)

2x1073, for my=m., .

X. CONCLUDING REMARKS

In our scheme, S° bosons have an essential role for
deriving the generation and the masses of light fermions
and the Higgs mechanism for spontaneous parity viola-
tion. At the same time, the maximal symmetry among
couplings for o vertices, for ¥-w vertices, and for A-w
vertices, such as h; ;; =h, g;; =g, fi;=f for all combina-
tions of i, j, and k, also plays a very important role. This
symmetry may be naturally realized in the vacuum where
S° bosons condense infinitely and the S° number has no
meaning at all. Can we observe S° condensation? Since
all hypercolor-singlet bound states (w) composed of only
S° bosons have heavy masses (as was shown in Sec. III)
and all of them are singlets of SU(3),, SU(2), g, and
U(1)p_; gauge interactions, direct observations of @
mesons will be difficult at present experimental energies.
Detection of N-fold degeneracy of A mesons with a heavy
mass presented in Sec. V is also not realistic at present.
We had to look for the trace of the S° condensation in the
generation structure of light fermions and the Higgs
mechanism of parity violation as discussed in Secs. IV, V,
and VI. In the present scheme, however, all parameters
with dimensions should be written by (@) and N except
the mass of ¢ mesons (m,). From this standpoint, we
should make an effort to determine values that are observ-
able, such as My Mz, and €y, in the next step.

We derived the mass formulas for charged fermions
given in (8.8) and (8.9), which can be applied for all new
generations higher than the third generation. In particu-
lar, the application of the formula (8.9) to the charged-
fermion masses of the third and fourth generations will be
a very good test for our model if the fourth generation is
observed, because in such heavy generations the ambiguity
arising from the determination of heavy-quark masses
will not be so essential that the ambiguity of the s-quark
mass for the prediction of m, will be essential.

We still have many questions, such as the following.
What is the guarantee for u,2<0? What is the mecha-
nism to make the real minimum of Vg at the point with
unsymmetrical solutions for V; and Vz? What is the
meaning of generation number N, which is introduced ad
hoc in the above discussion? We would like to remark on
one standpoint to look for a solution of these questions.
In Ref. 3 the S° boson is represented by the lowest scalar
bound state of the 2” number of neutral fermions ( ¥) con-
fined by the SU(2")y, gauge interaction. In this model
the S° boson has a finite size characterized by the con-
finement length AHz‘1 (AH2 >> Ay is postulated) and
should have a property of the bound state of fermions in

the range smaller than AHz"‘. Therefore, if more than
two S° bosons overlap in the range smaller than A H2—1> a

repulsive force among them appears because of Pauli’s ex-
clusion principle like a hard core in nuclear forces which



can be explained by the fermionic property of quarks in
nucleons.'?
imum number of S° bosons which can freely behave in
the volume Ay~ characterized by SU(3)y confinement
without overlapping each other is 0((AH2/AH)3)- The

mean S° number in the vacuum |0°) is evaluated as®

N
(Ngo)=3, (0°]4(0)a;(0)| 0°)y x3i ,

i=1

(10.1)

where q;(0) and aiT(O) stand for the annihilation and
creation operators of the w; boson with zero momentum,
respectively, and 3i is just the S° number of w;. The re-
striction

(Ngo) ~O((Ag,/Ag)) (10.2)

gives a constraint to the generation number N. This
standpoint is also interesting to discuss on the problems
for up? <0, Vg%>>V.2 and so forth. That is to say, only
the S° boson can carry the property of the strongest in-
teraction SU(Z")H2 in our ideal world discussed in Secs.

II-IX. It may therefore be reasonable to postulate that
physical values and coupling constants which are deter-
mined by dynamics directly related to S° bosons should
be large, for instance, (@)~ |pua?| >>my? ap> |y,
laa| > |B1]l, |B2] >y in (6.2) and hy>go in (7.9).
Under these conditions we can easily understand desirable
relations, such as u,2 <0, asymmetry between Vi and V;,
(—By/2a1+g¢2/4ho?) << 1 in (7.9) and u2 <0 in (8.2), of
which interpretation has been left as unknown in Secs.
V—IX. In this scheme two new levels are provided for in-
terpreting the hierarchy among physical values and cou-
pling constants desired by phenomenology. Provided that
there are some sublevels between the present energy scale
(~GeV) and the Planck’s mass (~ 10! GeV), the above
discussion will be realistic.

We should mention the mixing among fermion genera-
tions. Two origins for the mixing are considered. One is
perturbative corrections by residual interactions of fer-
mions with w; —(w);. We have to estimate the correc-
tions by evaluating loop diagrams. Another origin is due
to the diagonalization of (8.4) in Sec. VIII. That is, uni-
tary matrices for diagonalizing mass matrices for three
generations of /(—1), g(2/3), and ¢(—1/3) can be dif-
ferent from each other, because of b;52a,5b,5b;. If this
is the case, the SU(2) current for quarks defined by

[(N=1)/2]
q,-( —1/3)(1 +7’5)‘[/uq,‘(2/3)
i=—[N/2]

7% &t gt [V TG =G
mass= 78 ig](LViLa}ViR) _C1 2VR2+CO
gX(4V 2 +Cy —8°Cy
+ 4 (WL, Wig,B) —g%Cy  gX4VR*+C,
—“488'VL2 _4gglVR2
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We may consider that the order of the max- -

Wi
Wi
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has mixings among different generations. To do this, we
have to know all of g§’ and to leave it as an open question
here. .

In our mechanism we have two massless Goldstone bo-
sons. One is the Majoron, which is due to lepton-number
violation and was shown to be harmless, as was discussed
by Chikashige, Mohapatra, and Peccei.!> The other is the
Goldstone boson associated with S°number violation.
This boson induces the transition of a heavy fermion
denoted by ¥, in Sec. IV into light fermions and also
those of A; (i5£0) in Sec. V into A, (Higgs meson). These
heavy particles, therefore, have very short lifetimes and
become unstable, of which mechanism is quite similar to
the unstable heavy neutrino discussed by Chikashige,
Mohapatra, and Peccei.l?

We still have to do a lot, for instance, the following.

(i) More detailed analysis for the vacuum expectation
values Vy, V., and a; and the coupling constants in Vg
from present experimental and also theoretical con-
straints.

(ii) Leading a new idea from the hierarchy, clarified in
the discussion of (i), such as the introduction of SU(2")g .

interaction noted in this section.

(iii) Fixing the couplings g§’ in the charged-fermion
mass formula so as to reproduce realistic mass values.

(iv) Estimation of loop corrections by residual interac-
tions.

(v) Prediction for masses of fermions in higher genera-
tions, My, Mz, and mixing between W; and Wy and
also that between Z; and Zp by using the parameters
fixed in processes (i)—(iv).

(vi) How we can see exotics like £ 79, t%%°, etc. (see
Table II).

If this model describes nature correctly, I believe that
we can do the above analyses.

Finally I would like to mention that we can consider
many simple variations for the model of the subconsti-
tuents particles, for instance, the introduction of two (or
more) kinds of scalar subconstituents (S$,° and S,°) be-
longing to the singlet representation of SU(3),. We may,
however, say that the introduction of a scalar meson such
as S is indispensable for realizing the dynamics presented
in this paper.

APPENDIX A: MASSES OF WEAK BOSONS

The mass terms of the weak vector bosons in the effec-
tive potential®’ are described in terms of the vacuum ex-
pectation values in (6.1) as

—4gg’VL2 W3L
—4gg'Vi? Wir | »

4g:2(VL2+ VR2) B

(A1)
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where W, Wiz, and B, respectively, stand for the gauge
fields of SU2);, SU(2)g, and U(1)3_;, g and g’ are the
coupling constants for SU(2) and U(1) gauge interactions,
respectively, and

Co=a/+b +a,>+b,?,
(A2)
Ci=2a;b, +agb,) .

One neutral gauge field, corresponding to the photon,
remains exactly massless, and is described by the follow-
ing linear combination,

A =sinfy( W3L+W3R)+(COS2ew)1/2B , (A3)
where
2
sin?@y, = (A4)

g2 _+_2gl 2
masses for other mesons are derived as follows in the ap-
proximation of ¥, 2<< |Cqy |, | Cy | << Vg%

MA(W*)=58>Co(1+2V,2/Co—5C2/CoVR*+ -+ ),
MAW ) =g? Ve (14 5Co/ VP4 ),

, (A5)
C v,? cos20y C
MAZ)~}g*———|1+4—= _1 L TRRI B
cos“Oy Co 4 cos’Oy Vi
2 cos?0 cos®20y C
MX(Z')~g?Vg> o LS 2o
cos20y 4 cos*Oy Vi
In (AS5) Wand W' are, respectively, given by
W= Wf cosey + W;? siney ,
(A6)
W't = — W7 siney + W cosey ,
where
C a;b;+a,b
tanepy o~ —— = ——1 94 (A7)

VY VR?
As for Z and Z' in (AS5), we have the following combina-
tions in the limit Vz2>> | Co| >V, %

Z~ COSGW W3L ——sin6W tanGW W3R

—tanBy (cos28y ) 2B ,
(A8)
, (cos20y)'72

Wig —tanfy B ,
cosOy 3R —tantw

where the definition of 6y is given in (A4).

APPENDIX B: THE HIGGS POTENTIAL
AND SYMMETRY BREAKING

We look for the minimum of the Higgs potential given
by (6.2),

VH = ao( VL2+ VR2)2+(11( VL4+ VR4)
+B(VL2+VeDa+ 2B,V Vea +va)t

_“AZ(VL2+VR2)+M¢2(112 , (B1)
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where b;=a,=b,=0 are taken into account. The extre-
ma satisfying the conditions 3V /dV, =0Vy/dVz
=0 Vy /3a;=0 are found at the following four points:

— Z_p 2 2
(a) q;=0, ¥V R 2(2a0—|—a1)’uA s (B2a)
1
(b) V, =Vx =0, a,2=_§m¢2, (B2b)
2 2 ( )m 2
(c) Vi i=Vr*= vita + B+ Br)mg 3T
2[2Q2ap+ay)y — (514 62)7]
(Bi+Boua’+ ag+a;)my?
e Bi+B2)ua o+ay 2¢ , (B20)
2Q2ap+ay)y —(B1+5,)
1
d) Vv, 2 vV 2__ 2 2 ,
(d) Vi"+ Ve 2(«3:04-(211)(#A Par’)
ViVg= ﬁa,z , (B2d)
2(11

a2 —a1[2(ao+al)m¢2+ﬁlﬂA2]

1= .
2(a@o+a)2ary +B%) —aBy?

We ignored the solution for a;=V; =V =0. As we are

interested in the case where ¥ >0, m¢2>0 and the vacu-

um expectation values V;, Vi, and q; are real, the case

(b) is not adequate because of a;> <0. The values of Vj at
the other three extrema are evaluated as

1

(a) u
I S B3
V== aetan M o
plo— _ [vpa’—(Bi+Ba)ms’na’ +1/2200+a1)my*]
H 2Q2a0+ay)y —(Bi+B,)* ’
(B3c)
1
pao_ 1 4
4((10‘*‘“1)#A
2 2 H—aiby’
_ Aapta) a1y +By")—aiB; at, (B3d)
4a1(a0+a1)

where a;? in (B3d) takes the value given in (B2d). The pa-
rameters are so many that we will find many different
choices for the parameters for realizing the real minimum
of Vg at the point corresponding to the case (d) where an
unsymmetrical solution for ¥; and Vj is derived. An ex-
ample is found in the following choice of the parameters:

ap>>|ai|, |Bil, |B:| and vy,

(B4)
ay, By, and B, are negative .

For the above choice of the parameters, we need one more
constraint described by

mg* By

>0 BS)
,qu + 2(a0+a1) ~ (

1>

in order to reproduce the phenomenological constraints
VeZs>ar>>Vi?.

Note that the constraint (B5) can be read as the following
relation:
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my’ N [ B |
pa?  2aotap)

«<1. - (B6)

In order to realize the condition u.>> 0, which is required
in (8.1), the above relation (B6) is very important.

APPENDIX C: VACUUM EXPECTATION VALUES
by, a;, AND b,

Let us consider corrections for the Higgs potential V.
As noted in Sec. VIII, the main correction arises from the
line-disconnected diagrams shown in Fig. 3. It is given by

a§(V 2+ VR2*+ BV 2+ Ve a + b +a,°+ b, )
+v4a2+b +a,*+b,2?, (CD)

where the first, the second, and the third terms, res-
pectively, represent the contributions of diagrams 3, 1,
and 2 in Fig. 3. The first term, B5(V, %+ Vz?a;?> and
ye(a,4+b14+aq4+bq4) can be included in the o term, the
Bi term and the y term of Vy, respectively. Taking ac-
count of the phenomenological constraints
Ve?>>a*>>V.? and the reasonable estimation
a§/ay~Bi/B1~v</y, we may write the correction for
Vy by the diagrams of Fig. 3:

Va=~BiVr* (b +a,>+b,*) +va (b +a,>+b,?) .  (C2)

We should here discuss mass differences between ¢°
mesons (¢}, ¢5, 9, and ¢9). Since corrections in terms of
hypercolor gluons (g ) and also color gluons (g, ) are the
same for all of the ¢ mesons because bound states
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representing ¢° mesons have the same SU(3)y and SU(3),
structures, such corrections can be included in m gz. The
correction which cannot be represented by my~ arises
from the electromagnetic interaction. The difference be-
tween charges of constituent fermions generates the fol-
lowing mass corrections for ¢° mesons:

—m2(| 317+ 5 6117+ 1431 .
The contribution to the Higgs potential is described by
Vi = —m b+ va, + b2 (C4)

(C3)

This correction should be actually very small, but may
play a very important role, because this correction is only
one correction to determine the pattern of the asymmetry
among b;, a4, and b,. Now we can write the Higgs po-
tential to determine by, a4, and b, as

Vi~ v(b*+a,*+b,*) +va*(b* +a,>+b,”)
—pl(b*+ag +b,?)
—mAb 4+ 5a, +5b) , (C5)

where p = —BiVz*—m4>. We can easily see that at the
minimum of V} the asymmetrical relations described by

bi*>a,*> b,* (C6)
should be satisfied. this asymmetry is, of course, induced
by that of the electromagnetic mass difference of ¢°
mesons. Note that A;° and Az° have no electromagnetic
mass differences because they are constructed only from
neutral components (£"® and S°) of the constituents.
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