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We explore the possibility that the new particles lI) and lI)' are color gluons and propose
characteristic tests of such a possibility.

The discovery' that there exist massive parti-
cles (at 3105 and 3695 MeV) with extremely nar-
row widths suggests that new quantum numbers
provide selection rules for the decays of these
objects to normal hadrons. Examples of such
new quantum numbers are charm' and color. ' '
We proposed a unified theory" of the weak, elec-
tromagnetic, and strong interactions, in which
the presence of both charm and color were found
essential. From the point of view of this scheme,
the discovered particles might indeed be charm-
anticharm-quark composites y, 's with J =1 or,
alternatively, colored gauge bosons. The p, hy-
pothesis has been explored by several authors.
We explore in this note to what extent these parti-
cles could be related to the two neutral members
of the color octet of gauge particles (V, and V, or
their linear combinations U and V), which were
suggested by us in the context of our unification
scheme. It was proposed in Ref. 5 thai if quarks
are integer-charged, the U and V should be pro-
duced singly as resonant particles in e e' annihi-
lation and y+P reactions with expected masses'
around 3 to 5 BeV, and if they are the lightest
color-nonsinglet states, they would decay into
hadrons+photon and into hadrons only via eolor-
symmetry breaking with secondary decays to lep-
ton pairs; they would thus possess narrow widths.

We examine here the expected decay modes of
U and V in some detail and remark that the fact
that a significant fraction of their decays should
involve hadrons in association with a single pho-

A = (e/fg) [fW + (2/~3)gU ], V' = -', (v 3 V, —V,),
(1)U= (Sf'+2g') '"[~SfU'- gW],

where U -=—,'(~SV, +V,), W—= W~'+Wn' —(~)'"(g/
f)$0, 2e2 =g f2/(f 2+g ), and the masses~ are M„
=0, mg=~&o= 3-5 BeV. For ease of writing, we
have set g~ =gs =g, where g» g» and f denote
renormalized effective coupling constants at lose
energies (of the order of BeV or less) for the
gauge particles W~, W~, and V, respectively,

ton and that their decays possess characteristic
selection rules should provide some clear tests
for the color hypothesis for the new particles.
We also remark that the "rapid" decay' of the up-
per one into the lower one might be a difficulty,
if either or both are charm composites, but this
fact can be explained naturally in the color scheme.
The extreme narrowness of the new particles is
related to damping due to heavy-mass color-octet
states and the fact that their decay amplitudes
are ~e.

To make our arguments, we recall that in the
scheme of Ref. 5 there are five neutral gauge
fields Wz„R 7 V3$ V8$ and $ coupled to the diago-
nal generators of the local symmetry group
G = SU(2)1,SU(2)„SU(4')~, n. The physical par-
ticles are linear combinations of them. We list
below only the three "light" particles (for the
simplest case of spontaneous symmetry break-
ing), the two remaining ones (Zo and $) being too
heavy to be relevant here:
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Jp 2[ Q («rg gj) +i73 i]i+»
4 =a, b, c

(«T. «) -3«].+»
i =a, b, c

Ot 4 ~ Xsk ~ X

J„' =J:,'[ g V"(J3&,'-&, ')e"1„.
&.~.x

q "(A., ' + A., '/0 3)tf']
(3)

Here l denotes the lepton quartet (v„e, y. , v„),
and s, (=1) act on the valency indices o. =(4',

'X) + (X,)t), while A, , 8' act on the color indices i = a,
b, c. Note that the photon "contains" the color
gluon U' and is oxtkof. onal to V'.

As stressed in Ref. 5, in a general case' the
eigenstates of the mass matrix are expected to
be orthogonal linear combinations of U and V:

U=cos)U+sin)V'; V= —sin)U+cos)V'. (4)

Since U is directly coupled to (e e') through its
Wz z~ and So components [see Eqs. (1) and (3)],
but not V', we expect both U and Y to be pro-
duced in e e' collisions through tlieir U compo-
nent only, and therefore in the ratio cos'$:sin'$.
Similarly they would both decay to (e e'), (p p'),
and (hadrons+photon) only through the U compo-
nent; thus these partial widths of U and V'should
also be in the same ratio. On the other hand
their decays to hadrons seitkout a photon will in
general involve both U and V' (see later).

Expected decay modes of U and V.—In the in-
teger-charge quark model, which is the case of
relevance here, SU(3') color as a global symme-
try' is broken by electromagnetism, In general,
it is also broken by the quartic terms in the sca-
lar potential, We denote such a nonelectromag-
netic color-symmetry breaking term by H, ' and
assume' that H, '-generated amplitudes are of or-
der (1—10)o. (see later) and that II, ' has a domi-
nant piece transforming as (1,8)z ~ r. , under
SU(3) 3SU(3'). Thus, for our considerations, col-
or as a global symmetry is at least as good as
SU(3) symmetry and may even hold to the same
extent as isospin symmetry. With this picture,
if the octet of gluons V(8) are the lowest-lying
color-octet states, then their strong decays to
normal hadrons, assumed to be singlets under

with g~ s/4''= 2o.'and f '/4v = 1-10. The cou-
pling of the physical gauge particles to the fer-
mions is given by

I ~
= eAq[(Jq —Jq ) + (2W3)Jqc ]+fVqoJ q"'

+fUI [J,' —(1/~~)(a'/f')(J„' —J„' )] (2)

where

SU(3'), are forbidden. They may decay only elec-
tromagnetically, or via H, ', or via their small
components' (for example W~ „' and S' in U and

V). These lead to three varieties of decay modes:
(1) U and V -kadrons+ one photon. —Since the

electromagnetic current contains color (J'„"),
these decays are, in general, expected to have
amplitudes of order e, given by e(hadrons I J '

g0 P
x IU)s& =e(hadrons I J&v IU)s„[see Eqs. (2) and
(3)]. Noting, however, that J„~ is a singlet un-
der isospin as well as SU(3) symmetry, we see
that the hadrons must be in an I= 0 state and (ap-
proximately) in an SU(3)-singlet state. This for-
bids U-m'+y as well as' U- (odd number of
pions+pkoton) and suppresses U t)+y decay
Some of the allowed decay modes are U g'+y,
2v+y, (4n +y)(KE7+y), and 2q+y. The rt'+y mode
shown above should be replaced by the E +y
mode, if E' is the 0 SU(3) singlet instead of q'.
Below we estimate the partial widths of two typi-
cal decay modes g'+y and 2n'+y.

Denoting the amplitude of U- q'(p)+ y(k) by

(gU„, /M, «) cos(e z,e „ea &p k ~, where M, «de-
notes an effective mass, we find that I'(U- q'+ y)
= (gU„.&'/e') cos'$[(1 BeV)/M, ff ]'(6.8 MeV), where,
for the sake of illustration only, we have substi-
tuted MU= 3105 MeV. While, we expect g«.~

to
be of order e, M, &f is expected to be of order
(3 BeV)'/(1 BeV) =10 BeV, assuming that all color-
octet Aaronic states are heavier than about 3
BeV. This is suggested by a dispersion-theoretic
approach" based on the picture U- g'+ Im) fol-
lowed by Im) —y in which any intermediate state
Im) occurring in the saturation of the T-product
(q 'I (TJ(U'x) J(x)) IO) must correspond to a color
octet state with m'~ (3 BeV)'; this circumstance
damps the corresponding amplitudes in compari-
son to those of the familiar transitions of color-
singlet states such as p- n+ y. Taking this into
account, one can expect these particles (U and
similarly V) to be extremely narrow; for exam-
ple, with M, fr=10 BeV, we have I"(U-g'+y)
= (50-100 keV) cos $ if g«z-e. Estimating simi-
larly, we find" that I"(U- mmy) =(2 keV) cos'].

(2) U and V-(e e') and (p p+).—U and V are
directly coupled to e e'and p p'with equal
strengths. Using Eqs. (1)-(4), we obtain

2 e' 'M
r(rr ' )=

(P&-
ee e™&---eee*g

2

(77 keV) cos'$.
4m

A determination of the leptonic partial widths of
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both" U and V would thus provide an gpgarnbiguous
determination of the fundamental effective strong-
coupling constant f (without the uncertainty of
form factor effects). Assuming that cos'$ =-,' to
1, the observed partial width I'(g —e'e ) =5 keV
yields f'/4w =7-14, which is a reasonable value
for f [assuming that ((3105)=U].

(3) U and V- hadrons. T—hese decays can oc-
cur (a) via the small components of U, (b) via
photon loop, "and (c) via H, ', leading to ampli-
tudes of order e'/f, O(n), and O(H, '), respective-
ly. Because H, ' is an SU(3)-singlet operator, it
cannot lead to decays of U into (w'w ), (KK), and
(even number of pions). Note also that these had-
ronic decay modes can receive contributions
from both U and V' components via H, '. We list
below some of the typical hadronic modes with
the expected orders of magnitude for their am-
plitudes based on the selection rules mentioned
above:

U-3w, ww&u, pw, K*K, Bw [O(H, '), O(a)]

—w'w, 4w, KK, q w w, g 'ww, pp [O(n )].
Simple estimates with amplitudes of order (1 to

10)o. and effective" mass =1 BeV lead to partial
widths for two- and three-body decays shown
above of order (1-100)x(few keV). For example,
I'(U- pw) =10 keV, if g v,

= /o(IBeV). [This
then suggests that if U= g or g', O(H, ') should
not be much bigger than o. ] The &uww mode has a
small phase space, but is expected to be enhanced
due to two-body channels (&uS', Bw, and virtual
pw); this leads to partial width I"(U-~ww) -2 to
5 keV. Thus, adding other channels, the hadronic
modes may possess a partial width -50 to sever-
al hundred keV comparable to that of the hadrons
+ y modes.

In summary, we conclude that a distinct char-
acteristic of the color-gluon explanation in con-
trast to the y, possibility'4 is that hadrons+one-
photon modes should constitute a significant frac-
tion (20 to 50/0) of all decay modes. Among these
the two-body mode 7l '+ y (or Eo+ y) should be an
appreciable fraction. We therefore urge a search
for y-ray-associated decays and monoenergetic
y rays in the peak regions. The high degree of
forbiddeness of U-(odd number of pions+ y) com-
pared to U-(even number of pions+ y) provides a
crucial test for the color explanation. We expect"
that R=—I (U-(2n+ 1)w+ y)/I'(U-2nw+ y) =O(o. ).

In a,ddition to the color octet of gluons V(8), we
do expect to see the color octet of (qq) composites
(the analogs of w, q, p, &u, . .. in color space) trans-

forming as (1,8) under SU(3) SU(3') with mass-
es in the range of 2 to 5 BeV and J "=0, 1, etc.
The 1 multiplet C(8) of this kind will have quan-
tum numbers identical to those of the V(8). While
transitions of the type V~ —V, + m+m and C3 —C,
+ m+ m are forbidden by color-symmetry, those
of the type C, ,—V, ,+7t+ w are allowed strong
processes.

In this context, the observation that ('(3695)
decays into g(3105)+ w'+ w with estimated par-
tial width a 100 keV is significant. Writing the
effective coupling as hg&'g&y, 'y„we obtain h'/
47t ~ 8, which suggests" that it is a strong decay.
We now note the following: (1) If ( and g' are
charm composites q, and y, ', we may expect
h'/4w to be small" on the basis of the familiar
Zweig rule. (2) With the color-hypothesis, on
the other hand, the strong decay is allowed, but
then one must identify one of them (g and g')
with an elementary gluon (U or V) and the other
with a composite (C, or C„or C~ or C„) with
overlapping quantum numbers. Being produced
by a strong decay, the two pions should be in the
I= 0 state; g'- g+ (odd number of pions) is for
bidden and g'- P+rt is suppressed by SU(3).

With this identification, we are led to predict
two more particles (one out of U and V and one.
out of CU and C„) related to g and g'. They ought
to exist within at most 50 to 100 MeV of g and
g'; we urge a search for them. In the event
that they do not show up in (e e ') experiments,
we would consider two possible explanations:
(i) Their production in e e' experiments is sup-
pressed by sin'( (implying that the states are al-
most pure U and V' and similarly the C's); these
two missing particles can then be produced in
associated production and singly (via H, ) in had-
ronic collisions; they would decay almost entire-
ly into hadrons (also via H, ). (ii) Alternatively,
we would be tempted to suggest that each one of
the resonances g and (' is a superposition of two
resonant particles. This would be the ease if
color symmetry is so good in "practice" that U
and V are close in mass within a few hundred
keV, and similarly the C's.

To conclude, if the color identification for
and g' turns out to be correct (in this case, one
will have to abandon the familiar fractional-
charge hypothesis for the quarks), it would be in
order to search'" for the remaining members of
the gluon octet (V~, Vz. ) and the composites (Cz,
CE.) in addition to the whole panorama of color
composites and, in particular, unstable' integer-
charge quarks decaying into leptons+ pions.
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This is by using isospin and charge-conjugation se-
lection rules.

This is similar to the approach of M. Gell-M~~~,
D. Sharp, and W. G. Wagner [Phys. Bev. Lett. 8, 261
(1962)], but we would advocate using subtracted disper-
sion relations for the diagonal transitions (leading to

charge form factors) and unsubtracted ones for nondi-
agonal transitions (U—g'+y, p x+y, etc.). This
does not alter much the applications of vector-meson
dominance to p —m+y, ~ —m. +y, etc. , since m& ~ —1
BeV [thus (1 BeV) /m -O(I)]; but for color-octet
transitions, we do not expect the dispersion denomina-
tor damping to be compensated by the numerator; thus
(1 BeV) /mv - 10

U being heavy, (8 +y), (e +y), and (many pions+y)
modes may also be relatively significant.

Note that I",(U) +I,(V) is independent of $.
The corresponding matrix element (hadrons ]T(J ™

p0 V
&& J& ) ] U) can be dominated by low-mass states and
hence should not suffer any suppression.

With p, one expects I'(y hadrons+V)/I'(p —had-
rons) =e.

~5Allowing for heavy mass damping of order-e am-
plitudes we still find R& o, .

We have examined whether the large enhancement of
a somewhat similiar decay p' —p+ x+ x (h&, /4m ~ 400)
may be relevant to enhance g' ~I) + 7t + 7]. decay to the
extent needed (if it were a forbidden decay) and find
that this is unlikely.

The familiar Zweig-rule suppression of y and y '
—hadrons by about 10 ~ in the amplitude also applies
to cp,

' y~+ m+x. With the p'-decay enhancement fac-
tor (Ref. 16), we may then expect h /4x = 10 6 x400= 4
x10 4. The situation will, of course, alter if excep-
tions to the Zweig rule for y ' —y +x+x-type decays
may be understood consistently.

The gluons V&~, VE~ (carrying I3' or Y' w 0) will be
produced primarily in an associated manner in had-
ronic collisions and in e e+ annihilation and singly in
charged-current neutrino interactions (see Befs. 4 and
5). They would decay solely via their small compo-
nents into lepton pairs and known hadrons, if there are
no lighter mass color-octet states with similar quan-
tum numbers.
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The conjecture of a possible narrow D-wave resonance of the QQ system is extended
to general baryon-antibaryon systems. On the basis of the well-known XN forces one
finds that BB systems bound by pion forces are more likely to produce narrow resonanc-
es. In particular one may expect narrow resonances below the NÃ, AX, and perhaps
even the " " thresholds. A narrow BB resonance may serve in a second step (similar to
the o. particle) to explain the narrow P and g'.

In a recent Letter' an interpretation of the
$(3100) as a 'D, compound (in the notation 's+'I,. )
of the OO system was suggested. It was argued
that an angular momentum l = 2 may keep the con-
stituents sufficiently apart to substantially re-

duce their annihilation probability and therefore
improve their stability. This mechanism only
works if there is no strong leakage into S waves.
To suppress this leakage it was assumed that the
spin-changing forces are weak. In the present


