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The d I =
s enhancement in nonleptonic decays ls achieved in an SU(2)8 U(l) 8U(l)' model bv the role

of an additional neutral gauge boson, X„. The new vector boson couples to the hadronic neutral current that
has predominantly isoscalar b S = 0 term plus a small ES@0term but it does not interact with leptons. The
associated 5,S = 2 processes can be made small under due conditions on parameters. Several manifestations nf
X„as a gauge boson or gluon bound state are speculated.

I. INTRODUCTION

The vector theories of fundamental interactions,
in which the interactions are mediated by vector
particles such as photon A„heavy vector bosons
W'„and Z, and gluons G„, have attracted a great
deal of attention recently. These vector models
have a common feature in that the gauge symmetry
is assumed to be an exact symmetry for strong
interactions, but is assumed to be a spontaneously
broken symmetry for weak and electromagnetic
(em) interactions. The gauge-symmetry group of
the original Weinberg-Salam (WS) model' of weak
and electromagnetic interactions is SU(2) 8 U(1).
This WS model combined with the Glashow-Ili-
opoulos-Maiani (GIM) construction of currents'
can account for most of the observed phenomenol-
ogy of the semileytonic weak interactions. How-
ever, it fails' to give a persuasive account for the
enhancement of &I= —,

' nonleytonic decays com-
pared to the accompanying &1= ~ transitions.

In order to explain the observed &I= —,
' dominance

of nonleytonic decays, the SU(2) 8 U(1) WS model
with GIM currents can be extended in the context
of vectce' models to the following:

(a) SU(2) 8 U(1) theories with additional (so far
unknown) currents that can enhance the M =-,' non-
leptonic interactions compared to the &J~ ~ part,
or

(b) SU(2) 8 U(l) 8 theories where the dots de-
note the yet unknown weak- and electromagnetic-
interaction gauge grouy which is responsible for
the observed &I= & enhancement in hadronic de-
cays.

In fact, a model belonging to the first category has
recently been suggested by De Hujula, Georgi, and
Glashow (DGG). ' They observed that the "V+A"
charm-changing charged current cy„(l —y, )d can
induce a large 4I= 2 effective interaction for
strange-particle decays. But it turns out that such
a charm-changing current not only induces too
large a M = 2 effect, ' but also it is not favored

from the observed rate and decay parameters of
E- 3g decay. Furthermore, this charm- changing
current should accompany yet further charged cur-
rents in order to give an anomaly-free theory, and,
therefore, many more undiscovered quarks and
leptons are needed. 4

In a previous paper, we proposed a model be-
longing to the second category. ' Specifically, we
built a weak and electromagnetic interaction model
based on the gauge group SU(2) 8U(1) 8U(1)'.' We
were led to this symmetry group by the foll.owing
considerations: The WS model picks up a partic-
ular weak and em subgroup SU(2) 8 U(1) which is
then spontaneously broken from the Ml gauge group
SU(2) 8U(1) 8SU(3)~t~8 . Owing to the ab-
sence of a successful explanation of 4l =

& enhance-
ment in the SU(2) 8 U(l) scheme with a minimal
number of fermions, we simply enlarge the weak
and em gauge group to SU(2) 8U(1) 8U(1)', where
U(1)' may be a subgrouy of SU(3)~„,8 ~ or the
phenomenological manifestation of the second- or.
higher order ef-fects of color grouy SU(3)~t~. Al-
so the symmetry of quark flavors (i.e., m„
=rrts v-'m, «m, ) suggests a gauge-symmetry group
SU(2) 8 U(1) 8 U(1)'.

In this SU(2) 8U(l) 8U(1)' gauge model, a triplet
gauge field A (ts = 1,2, 3) and two singlet fields
B„and C„are introduced and couyled to the iso-
spin, hypercharge, and charm groups I, I", and

C, respectively. The charge assignments of the
fermion and scalar fields are as usual dictated
by the Gell-Mann-¹ishijima formula

for given multiplets. Since only Q and I, can be
given in a multiplet, we have the freedom to
choose F or C for a fixed combination of 7+ C
=2(Q-Is). This arbitrariness introduces one more
parameter for every multiplet and makes us go be-
yond the simple nature of the SU(2) 8 U(l) models.
However, this freedom can be constrained in the
leptonic sector by imposing that the additional
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gauge boson X, (which will be explicitly given in
Sec. II} does not interact with leptons. We intro-
duce the minimum number of fermions as given
in theWS model, i.e. , electron, muon and their
neutrinos, and four quark flavors u, d, s, and c
(with three colors). To break the gauge symmetry
spontaneously except in the em group, the scalar
fields are introduced. We choose the simylest
nontrivial reyresentation for scalars, a doublet

Q and a singlet Q'. The other choices, for example
two doublets, will work as well. This simplest
choice poses all the yroblems and solutions in our
4E= —,

' enhancement scheme, but with the fewest
number of parameters to be introduced.

The &I= & enhancement is attributed to the role
of the neutral boson X which does not interact with
leytons but couPles to the strangeness-changing
hadronic neutral current u ith a small coefficient
and the strangeness- conserving isosinglet current
with a large coefficient

8"= A J„(aS = 0, I= 0) + eZ (&S 0 0),

through quarks, and it is shown that the new par-
ticle X comes into ylay in the hadronic sector.
In Secs. IV and V we solve the problem of the &I
= —, enhancement through X exchange subject to the
condition of the small E~-E~ mass difference, and
in Sec. VI several implications on X are dis-
cussed. Especially, we call attention to the possi-
bility that X may be a manifestation of gluon
bound states whose mass is estimated to be 1-3
GeV. In the Apyendix the calculation of the one-
yion contribution to the E~-E~ mass difference is
briefly sketched.

II. SU(2) U(1) (3 U(1)' MODEL IN LEPTONIC SECTOR

The gauge fields are a triplet A (n=1, 2, 8) and
singlets B„and C are coupled to I, F, and C cur-
rents, respectively. To break the gauge symmetry
spontaneously, we introduce a doublet P,

(4)

The &I= —,
' enhancement is viewed as due to a sig-

nificant amylitude for the tree-diagram yrocess,
s —d+ (isosinglet), which changes the isospin by

A similar mechanism through a loop diagram,
s -d, has been adopted by DGG.'

Since we introduce a strangeness-changing neu-
tral current J„(&S40) at the lowest order, we
have to check the &8= 2 processes which should
be suppressed sufficiently. The smallness of c
together with some suggestions which will be dis-
cussed in Secs. V and VIyrovide a way out of the
&8= 2 difficulty. Our assertion is that the 41= &

enhancement and the &S = 2 suppression are pos-
sible for appropriate values of M„(mass of X )
and GA, (coupling constant of X„).

It is noted that all the other aspects of the pres-
ent model except the X, contributions are exactly
the same as in the WS theory involving g and Wein-
berg angle 8~ only.

In Sec. D the gauge model based on the group
SU(2) 8 U(l) 8 U(1)' is built by incorporating the
leptons and then by breaking the symmetry spon-
taneously. In Sec. ID the hadrons are included

with Y= Ys and C = 1 —Ys and a singlet P'
I 01

with F= -C = 1. They have nonvanishing vacuum
expectation values

As usual, only the known leytons are grouped in
left-handed SU(2) doublets and right-handed sin-
glets:

with T= F~ and C =-1—F~ and

es = —,'(1 —y, )e,
with F= YR and C = -2 —FR and likewise for the
muon and its neutrino.

With these gauge fields A„B,, C„scalars P,
tt ', and leptons L, and e„, we can write straight-
forwardly a gauge-invariant renormalizable La-
grangian,

—,'(e A„s„A,+gA„x A„}' —,'(s,B„e+„)' —,'(e,C„-e„C,)'

—L,y [S —ig —,'7' A —,'ig'Y~B + —,'ig" (—1+Yz)C, jL,—eely„[S —,'ig'Y+„+ —,'ig" (2+ Yz)C„]e—~

—G,(e„g'L, +L,ge„) + (e —p. )

—,~gr A, —,~g YsB,y —,e"(1 Y,)C.y —I'e'- 2ig'B.e'+ 2&"C.e I
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The Lagrangian (9) has an exact gauge symmetry
for p. ~2& 0 and g~'& 0. However, for IU. ~'&0 and
p. ~,2&0 the gauge symmetry is spontaneously bro-
ken as the vacuum expectation values of P and Q'
are nonvanishing as defined in Eq. (6). Then the
Higgs mechanism' is operative to generate the vec-
tor-boson masses. The four real scalars combine
with corresponding vector fields to make them
massive and two remaining real scalars (Higgs
scalars) with masses -2p, ~' and -2p, ~,

' decouple
completely from any of the gauge fields. (Note
that we had six real scalars or three complex
scalars. ) The photon field A, remains massless
while the other four vector fields 5"'„Z„,and X,
acquire masses. Specifically, the W defined by

and hvo contraints are obtained:

g
tl

tan&~ =—cosg (18)

F~ = —F~ = sin2$ .
The mass of Z is given by

M~=-,'ge cos8~+—sin8~cosg

g'icos/ =-g (1+ F~)sing.

From (1,2), (13), and (14), we have three more con-
straints:

tang =g"/g',

W'„=—(&' +id, ')

has a mass

~p= 2gV,

and Z, and X„have a mass relation'

(10) =M
f
secezf,

and the mass of X„ is given by
1Mx= 2GV',

where G is defined to be a positive number,

6-=~g'cosf+g~sinf =(g"+g"')'~'. (19)

V2
=—[gA ' —g'FeB g (1 —Fe)C„]2

12
(g'8„—g"C,)' (12)

where A„, Z„, and X are related to the original
&,', &„, and C„by an orthogonal transformation

To have the correct electromagnetic interactions
of electrons, we get

-e =g sin0~=g'cos8~ sing =g"cos8~ cosg,

1 1
e2 g2 gl2 glf 2

(20)

As usual, the Fermi theory of weak interaction
{p decay) is recovered in the low-momenta region
provided that

(13) g Gz
8M~' ~2

(21)

It should be noted that the choice F=-C —1 for P'
is general for the present purpose. " The addition-
al X„should not interfere with the successful phe-
nomenology of leptonic decays of E mesons in the
WS-GIM scheme. Hence see require that X does
not interact with leptons (the X will be coupled to
the strangeness-changing neutral current in Sec.
III).

This requirement simplifies the arguments and
leads to a nice result that the leytonic and semi-
leptonic interactions do not depart from those of
the WS-GIM scheme. Then from the leptonic La-
grangian in (9), the orthogonal matrix M can be
simply parametrized by

With these relations, the lepton-gauge-boson cou-
pling is exactly the same as in the WS model,

1eyton«gau ge ~ 2 e P

——,'ig sece+, [v,~y„v,~+ (2 sin'8~- ,')ey„e—
+( 2)er„r,-e1+(e-t )

(22)

Especially, we note that the Z„coupling to the
neutrino current is the same form as in the WS
theory. As required, X„ is absent from the lep-
ton-gauge-boson interaction Lagrangian, which
ensures that no new neutrino-induced neutral-cur-
rent effect is added to the SU(2) U(1) model.

sHl~ g —cos~~

M =l cos0~sinf sin0~inf

eos8 ~os& sin&~os&

—cosg

sing

III. HADRONIC SECTOR

In this section we include hadrons for the SU(2)
II U(l) SU(1)' gauge model. To construct a had-
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ronic Lagrangian, let us first group the GIM
quarks into two doublets

with

J' =iqy —' &'+ X' —(
—)' 'X"+ A.

'
q (29)

de = d cosmic+ s sin~c ~ se =s cosmic —d sin8c ~

and four singlets

R,.=-,'(1- y, )q, (~=1,2, 3,4), (24)

where A. (n =0, 1, ... , 15) are the usual U(4) ma-
trices" and q denotes the column matrix of quarks
with the element q, . As expected we have six
hadronic parameters p, (i=1,2), n,. (i, =1,2, 3, 4)
due to our introduction of six hadronic multiylets.
In terms of W'„, A» Z„, and X the quark-gauge-
field interaction Lagrangian is

2' =g [W„(L'„+L~~)'+ H. c.] —eA„J„'

where q, =u, q, =d, q, =s, and q~=c. Note that we
introduced the Cabibbo-mixed states d and s, in
the left-handed doublets and unmixed quarks in
the right-handed singlets. "

The tiuark q, has charge Q, given by
where

—g sec 0„Z L,' — L' —sin'9 J'

-GX„JX, (30)

Q~ = Q4= a= 3, Q, = Qs= a —1. (25)

Hence F and C for different multiylets can be as-
signed by

I'~ =p), C~ =2a —I-Pq (i=1,2),

Y„=n ), C„=2Q,.—n „(i= 1,2, 3, 4) .
(26)

Now the gauge-invariant Lagrangian can be written
as

+ —,'(n, + n, —2n, )RS /&3

+-,'(n, + n, + n, —3n, )R~ /4 6

+ (p, + p,)L;/W2+ (p, —p, )(L'„+L,"H 2)

2 1 ~

&,u~~= —Q Lp'~le~ —~+'~'+~ —~'g'&A
g=l

sin2$ Rem+ (31)

—-'fg" (2a-I 0;)C„-X,

—QR&y„(8„—2ig'n, B„-2ig" C. ~ C„)R&
j=l

-~ ~83 (27)

where N ~, contains the invariant interaction of
quarks with the scalar fields and generates quark
masses by the spontaneous symmetry breakdown.
We keep our attention only on the quark-gauge-
field interaction Lagrangian. From (14), (20), and
(2V) it is easily checked that the correct em inter-
action is obtained,

(26)

L'„'= (L;'.~L')/Wa L~'= (L,"+~L'„')/Wa, (32)

and the left- and right-handed currents are de-
fined as

L~ =i(L„L,)y~ 2 2

1 —y~ X~8 =iqy„q.
(33)

Note that the charged, neutral, and em currents
coupled to W', Z» and A „respectively are the
same as those of the VN model with the GIM
scheme.

IV. THE NEVI HADRONIC CURRENT

In order to look at the additional hadronic current J more closely, let us explicitly write Eq. (31) in
terms of quark fields,

J„=J„(AS= 0,I= 0) +J„(4S= 0,I= 1)+J (M 4 0),
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where

,(OS=0 I=O)=( ' '- sisfn)(ssy„ssci7nyds)c(™*c-',sin'I)ssy„ssc( —' —csin I)'csy„cs

+ 4[p, (1+cos'8c)+p sin'8c —ssin'f] (ugly„u~+Z~y„d~}

+ ~2sin'~c+~2cos'ec- ~»n'0 ~&y„~&+ &' —~ »n'0 ~Ly„cl,

id (O-S=„O,I=I)=( ' ' ,sin'S)-(s-sy„ss —Zsy ds)c(„'1 ')sin'Sc(scy, sc —Zcy dn)„,

(35)

(36)

iJ-„(dSOO0)=-,'(p, -p, )sin8ccos8c(szy„d~+Zry„sz) . (37)

While in other works" one makes J~(4S SO 0) vanish
to meet the condition of highly suppressed neutral
A" decays, in our scheme this J„(4SSOO) term is
just what is needed for the hl= & enhancement.
Actually it turns out that the J„(ASSO 0) term should
be small so that it gives a small contribution to
the EJ. -K~ mass difference. Then the second
term in Eq. (36) becomes very small as it is pro-
portional to (p, -p,}sin'8c. Also to have a small
4l= 2 amplitude compared to the M= & amplitude
via X„exchange, J„(AS= O,I= 1) is necessarily
small and negligible compared to J„(hS= 0,I= 0),
which will be the case if

s) (ns+ n2) =P + e COS 8C

n, =p -e cos28c —sin'j',

no=p —a+sin~& .
(39)

(ii) Pure A type J (b =SOI= )0. The following
relations are required for the J„(M= O,I= 0):

in our model, though J„(4SOOO) is always a V-A
type.

(ij Pure V type J„(M=0,I=0). The hadronic
parameters n's and P 's should satisfy the follow-
ing relations to have the pure vector type J„(AS= 0,
I= 0).

Qx Q2 2 sin (38)

In general, J' (AS = 0,I= 0) can have arbitrary
mixtures of vector and axial-vector components

-2(n, +n,)=P+e cos'8c -ssin'j,
-n, =p -e cos28, +-,'sin'g,

-n, =p -e —vssin'& .
(40)

(iii) V-A tyPe J„(AS=0,I=0). The following relations should be satisfied:

n, =o. =-sin g, n =n =- 3 sin g.
In Eqs. (39) and (40), p and e are

(41)

For cases (i), (ii), and (iii) we could eliminate the parameters n» n„n„and nos leaving only p and e in
J (ES=O I=Os):

iJ (&S-=O I=O)= + cos'8 —— — ~(ui'I u+.2F d)+ —— cos28 — — sI' s+ ———— cI" cp z, sin'f~ p e sin'|; p e sin2$
c —

6 ) u I 2
—

2 c 6 " 2 2 6

(43)

where

I'„=y„ for pure V type,

1"~ = y„y, for pure A type,

I",= y„&(1+y, } for pure V-A type.

Since e is considered to be very small, Eq. (43) takes approximately an SU(4)-singlet structure,

-id (SS O, I=O) ——i(,'S —-'-sin=I)sds J =(————'sin I)(sI'„s+dI' d+sI'„s+cI' c).

(44)

(45}
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(iv) V+A type J,(b, S=O, I=O). If p, and p, satisfy

Pi=P = .s-m'&

we have

-id(00=01=0)=
(

' ' ——', sin'()(s„ys„cd„yds)c+( '+ , sin'0-)—s y„s„+(
—' ——.sin'() csy c„.

(46)

(47)

However, we shall restrict ourselves to the pure V type J„(&S = 0) to avoid parity nonconservation in the
nonweak interactions.

V. RELAIZATION OF 6I= 2 ENHANCEMENT
AND hS= 2 SUPPRESSION

The current-current interaction of Jx is taken as
the additional nonleptonic interaction Lagrangian.
This is possible for an appropriately large value
of M» [i.e., a reasonably large value for taking a
local limit, Mx» typical momentum transfer
squared in nonleptonic decays, (mz —m, )']. We
then get six different nonleptonic terms. Among
these, three ~8=0 terms are difficult to test due
to the- competing strong-interaction effects and
hence are neglected at least for the moment. The
remaining three terms are

Q2
(r0.I= g) =2,J„(bS =0, I=0)J„(AS000),

Q2
R»(EI ~ g) =2,j„(b,s=o, I=1)j„(bS000),

(48}
Q2

$»(b, s=2)=,j.(~s~o) j.(As~0).

As we have mentioned repeatedly, Z»(&s= 2)
should be sufficiently small [i.e., ( p, —

p,}'sin'8c cos8c «1] so as to have the small K~-Ks
mass difference. Then the R»(b I ~ —,) term is also
small [to the order of (p, —P,)' cos8c sin'8c] if the
condition (38) is met. Under these conditions the
bulk of the ~I= 2 amplitudes comes from W'„ex-
changes which also give the 4I = —,

' amplitude.
Though 2»(b I & —,') and $»(b S=2) are small,

7»(dI =-,'} should be comparable to the other non-
leptonic Lagrangian coming from W'„and Z~ ex-
changes. Thus while AG'e/M»' is of the order of
Gz, G'&'/M»' should fall within the order of G~n'
where n =;,', . Here AG is the typical strength of
the X'„coupling to the J„(rh S = 0,I= 0) isosinglet
current, e.g. , A= —', p- -', sin'g for the pure I/ type
J (AS=0, I=O).

Since the experimental strength of the &I= 2,
8 o 0 nonleptonic amplitude is more than 20 times
the 4I= 2 amplitude, we have approximately

subject to the constraint

Q2
, (z'l- J;(AS~0)J,(as~0) lE'&&

(50)

where in Eq. (49) use has been made of the fact
that the relative enhancement of an octet piece
compared to the 27-piet piece is about 5.'4 As-
suming that most of the K~-K~ mass difference
comes from the X, contribution, we replace the
inequality (50}by an equality and equate it with the
experimental value (m~ —ms)/mz —= 0.7 x 10 '4:

, (z'l J:(~-s~o)j„(As~0)lAo&= 0 vx-lo.
~K X

(50')

We look for a simultaneous solution of (49) and
(50') for M» and e(= (p, —p, )/2}. Certainly there
is an ambiguity in the evaluation of the matrix ele-

J„(~S~O)J (b'Sw )0l
I' .&We ~at

best give an order of magnitude estimate at the
moment. The contribution to this matrix element
coming from vacuum insertions is calculable, and
it is hoped that it will give a dominant contribution.
All the other contributions are much more depen-
dent on the assumption of hadronic wave functions.
We parametrize the latter by a single number 5
defined as the ratio to the vacuum contribution.
However, it is well known that CI0-even (or CP-
odd) states contribute to this matrix element posi-
tively (or negatively). " As shown in the Appendix
the one-pion contribution to 5 can be as large as
that of the vacuum contribution depending upon the
form of the hadronic matrix assumed. Then Eg.
(50'} can be simplified by making use of partial
conservation of axial-vector current (PCAC),

(4) fz c c(1 6) =O.V x 10 '4,
2d4(G'/8M» ) l 2e I +g2/8M~'

0g /8M((,
' (49} (50")
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where the factor 4 is due to the four ways of insert-
ing the vacuum in the case of single-color scheme,
and the reduction factor (—',) is due to the fact that
any physical states should be color singlets of
three colors .Using the numerical values fr=0.122
QeV and v=248 GeV, a simultaneous solution of
Eqs. (49) and (50") is found

10

GA
2

I.5

0.31& 10 ',
MX=GA(l —5) 'f2(0.08) GeV.

(51) I-
.8-
.6—

The relation between GA and (1 —5) is plotted in
Fig. 1 for several values of Mx. From this we can
easily see that Mx ~ 1 GeV implies generally that
GA & 1 for all reasonable values of (1 —5). For ex-
ample, for Mx =1 GeV, a typical value of (1 —5) is
0.1 for GA —= 4 while (1 —5) is 0.5 for GA = 9. Thus
we may say that the assumption of the mass Mx
large enough to take a local current-current inter-
action leads to a large value of GA compared to g
for a wide range of (1 —5). Noting that GA charac-
terizes the coupling constant of X, to the isosinglet
current, one obtains that X~ provides strong or
medium strong in-teractions [GA = 4 implies that
(GA)'/4~=1. 3] unless the one-pion and higher in-
termediate states cancel the contribution to the
matrix element (50) coming from the vacuum in-
sertions. If this is the case, J„(ES=O,I=O) should
be pure V or A type not to violate the observed
parity conservation in strong interactions. [How-
ever, pure A type J~(ES=O,I=O) is not favored
due to its contribution to the triangle anomaly. ]
Then the SU(2) SU(1) group gets almost decoupled
from the U(1)' group when A= 1. This is because
G»g implies that sin'/=1 for comparable values
of g and g' and the matrix M given in Eq. (14) is
reduced to

(s1118' -cos 8@, 0i
M =I cos8~ sin8~ 0'"'( o o I)

(53)

VI. THE NEW BOSON X„
In Sec. V, we gave some specific numerical ex-

amples for the mass of X„. In this section we dis-
cuss several possibilities for the new particle X,.

(i) Ã„as a aoeah gauge boson. From Fig. 1 we
see that (1 —5) should be very small if GA is to be
a weak coupling constant. This is equivalent to the
fact that the vacuum contribution to the E~-K~
mass difference is almost completely canceled by
the other contributions. In this case J„(bS=0,I=0)
can be any mixture of vector and axial-vector iso-
singlet currents. Though the mass of X falls in
the low-energy range (around 1 GeV or more), the
strong interactions may shield a direct observa-

.OI .02 .05 .I

I-S

FIG. 1. The solutions of Egs. (4S) and (50") are
drawn as GA vs (1-6) for the values of Mx = 1, 2, and
4 GeV. Also the case Mz =0.5 is shown as a comparison.

tion of it.
(ii) X„as a strongly interacting gluon. For a

wide range of (1-5), we have solutions with GA&1,
which imply that X~ is a strongly interacting boson.
Then we are permitted to choose only a pure vec-
tor isosinglet such as Z„(ES=O,I=O) from consid-
erations of the parity conservation in nonweak in-
teractions and the removal of the triangle anomaly.
This X„boson may be a gauge boson corresponding
to another strong-interaction gauge group U(1)',
and the strong interactions are mediated by the
singlet gluon X„along with the conventional octet
gluons G~(n =1,2, . .. , 8) which transforms like an
adjoint representation of SU(3)„„,. Namely, we
are led to a %'einberg-type model for strong inter-
actions with gauge group SU(3)„„,SU(1)'.

However, this possibility faces a serious diffi-
culty which has to do with theoretical reasons, as
has recently been pointed out by Fritzsch, Gell-
Mann, and Leutwyler. '6 Though it has not been
ruled out by experiment so far, it is argued that
the light-cone algebra breaks down for the axial-
vector current in the color-singlet-gluon picture
due to the unavoidable anomalous divergence term.

(iii) 2C& as a gluon bound state phenom-enological
descriPt~ion If (1 —6) f.alls in the range of 0.1-1
and Z„(AS=0,I=O) is a pure vector or axial-vec-
tor, the gluon-bound-state (gluonic matter not con-
ta.ining any quark contents) picture" is another
possibility for X . In this case our description is
only phenomenological in the sense that in princi-
ple the X interaction is derivable from the basic
strong-interaction dynamics.

Let us assume that strong interactions are medi-
ated by the octet gluons corresponding to SU(3)„„,.
Normally any single-gluon state is not supposed to
be a physical state since ull the physical states are
color singlets. " However, there can be color-
singlet states which are resonances or bound states
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of two or more gluons. Consider the simplest
color-singlet bound states that are made of two and
three gluons. Since the direct products of two and
three adjoint representations of color SU(3) group

8L38= 1$8$8$10910*$2V,
8 8 8 = 1 6 1 6 eight86 four10

8 four10*6 six2V 8 two35

6two35*8 64,

(54)

(55)

there are three color-singlet gluon bound states
with all the possible spin and other quantum-num-
ber classifications up to three-gluon states. Note
that these states do not change the isospin. Among
various gluon bound states, spin-1 states can be
identified as X,.

Though both the two- and three-gluon states can
contribute to the 4I= —,

' enhancement, it is reason-
able to assume that the two-gluon-state contribu-
tion will dominate the others as the masses of
three-gluon states are expected to be much larger
than those of two-gluon states. If we identify X„
as the spin-1 two-gluon state, the present mecha-
nism alone will clearly underestimate the 4I= &

amplitude, leaving the possibility that the mass
range of the gluon bound state X„may be as large
as three times the value considered in this paper.
(We should include the contributions of spin-0 and
spin-2 states. )

%e understand in this gluon-bound-state picture
why & is so small and yet GA is so big. Large GA
entails simply that the gluon bound state interacts
strongly. Qn the other hand, e is so small because
of the phenomenological effect that X„changes the
s quark to a d quark. Somehow the weak interac-
tion of W~ exchange changes the s quark to a d
quark, to which X is coupled as g'dI'„sX„. Hence
we expect a small number a to be of the G~~'
order. [Note that a= 0.3 && 10 'A/(1 —6).] For a
better understanding of this point, several Feyn-
man diagrams are drawn in Fig. 2.

The asymptotically free theory' predicts that
the coupling constant decreases logarithmically as
energy increases. Hence we naively expect that
the mass of X~ is not greater than 3-4 Qe7 for
large GA, so that

APPENDIX: ONE-PION CONTRIBUTION

To evaluate the matrix element

2

X — 2 Q sin 8g cos 8gsLP Qgslf dg X

let us insert a complete set of states in every pos-

(o) (b) (c)

+ ~ ~ 0

gives the 4I=—', enhancement in nonleptonic decays.
As pointed out in Sec. 7I, there can be several ex-
planations for this X„. The gluon-bound-state pic-
ture for X~ is especially fascinating owing to the
fact that a natural explanation for the 4I=

& en-
hancement exists in the minimal weak and em
gauge theory, namely in the %S model, not intro-
ducing any more currents or particles except those
necessary for the %S-GIM scheme. The gluon
bound states also affect the strong interactions. It
is noted that the gluon-bound-state mass is around
1-3 GeV if it really acts for the 4I= —,

' enhance-
ment.

Whatever the X, turns out to be, the present
scheme for nonleptonic weak interactions may give
an insight into the &I=

& enhancement and the
48= 2 suppression, but without departing from the
WS theory for leptonic and semileptonic weak inter-
actions.

1GeV~M &3-4 GeV. (56)

This case can be tested in hadronic reactions since
color-singlet states shouM be observable.

VII. CONCLUSION

Enlarging the weak and em gauge group to
SU(2) 8U(l) Ig U(l)' and introducing the heavy boson
X„, it is possible to construct a mechanism which

(e)

I'"IG. 2. The %8 and quark-gluon theory predicts the
AI =2 enhancement through gluon bound states, whose
mechanism is approximated at our SU(2) (3U(1) (3 U(1)'
model. Several diagrams for this mechanism are shown
above where q is the u or c quark and represents the
gluon bound state X&. The dots denote the other contri-
butions.
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sible way between the current operators

&=I»&ol+f 2,2'z (w&&w(+ ".
The vacuum insertion is evaluated in the text in the
three-color scheme. In this Appendix we are in-
terested in the next term in Eq. (A2). The one-
pion term gives a relevant matrix element

where @=I'-k, with

go(0) =1.

Experimentally g, (q') at a low q' is given by

2 2
8'o(&l ) = I -~ sq'

0

(As)

(A7)

Q2 d3p

X
(A3)

which can be compared to the vacuum term in the
PCAC approximation,

2

, e'sin'8 cos'8c[ (0 A' "~X'})'
2

= ~ —,6' s111'8ccos'8cf «'l&f g' .
(A4}

with M,'= I.S+ 0.3 GeV'. If we integrate (A3) over
the entire &I'& 0 using the dipole fit of Eq. (A7), we
obtain 5„=8.4'3 3 for the ratio of the one-pion con-
tribution to the vacuum one. This is clearly unrea-
sonable. However, if we integrate Eq. (A7} over
the physically allowed g 1n E~3 decay~ namely up
to the maximum pion momenta

~k~ = [(m»- m„+m, )(mr-m„—m, )]'t',
(As)

To calculate (A3), let us define

(v'(u)
i
V'.-" A'(S ))

(P+ k)„go(q'},
1

(A5}

we obtain 5„=0.13. Thus the IC -K mass differ-
ence is very sensitive to the hadronic wave func-
tions assumed. Even if the three-color model is
considered, this result is not changed, since the
vacuum contribution also undergoes a change by the
same factor.
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