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The possibility is investigated that some physical mesons contain appreciable components both of gg
(quark-antiquark) states and of gluon bound states. Experimental data suggest this type of mixing both for
pseudoscalar mesons and scalar mesons. Since the interactions of gluon bound states with ¢g states are not
known accurately theoretically, no definitive test of this type of mixing can be given at present. However, a
consistency test for gluon-bound-state mixing is given and shown to be satisfied by a recent analysis of the
pseudoscalar-meson interactions. An extension of this analysis suggests that the 1(549) has an appreciable
gluon-bound-state component while the 7'(958) does not. The scalar-meson data are anomalous unless
there is appreciable mixing of the lightest gg states with some other kind of state. The masses of the light
scalar and pseudoscalar gluon bound states that are suggested by the data are in the regions expected. Some
differences between the qg and gggq models of the scalar mesons are discussed. Better data concerning
scalar mesons are needed, but some significant conclusions may be drawn from the limited data available at

present.

I. INTRODUCTION

In the usual quark theory of hadrons, the quarks
are held together by vector gluons, the gluons cor-
responding to the octet of the color-SU(3) group.
The requirement that all observed hadrons are
color singlets prevents the existence of an isolated
gluon or quark; however, color-singlet gluon bound
states should exist. The identification of physical
gluon bound states is a key problem of hadron
physics today, since such states would be the most
direct confirmation possible of the existence of
gluons. The gluon bound states are flavor singlets,
and must be identified through their interactions
with ordinary hadrons (quark composites) and
photons.

The possibility that certain observed resonances
are gluon bound states has been discussed in the
literature; for example, Robson has suggested that
the scalar meson S*(980) is such a state.® Un-
fortunately, it is difficult to distinguish between a
gluon bound state and a flavor-singlet hadron made
of quarks.

Recently, I have suggested that in some cases,
the mixing béetween gluon bound states and quark
composites may be large, so that some mesons
may have quark-state and gluon-state components
of comparable amplitudes.?® It was shown in Ref.

2 that experimental data involving the 7(549 MeV)
and 7/(958) suggest that these two pseudoscalar
mesons contain appreciable parts that interact
weakly with mesons. These inert components
may be gluon bound states. The purpose of this
paper is to study the possibility that this type of
strong gluon-state —~quark-state mixing occurs for
various meson multiplets, including other multi-
plets beside the pseudoscalar-meson multiplet.

One of the main conclusions is that the scalar me-
sons $*(980) and €(1300) may have appreciable
gluon-state components.. The most striking evi-
dence concerning the scalar mesons is discussed
in Sec. IIB.

In the analysis of this paper the “signature” of
a gluon bound state is a weak interaction with a
meson-meson state. In the absence of a precise
theory one cannot differentiate conclusively be-
tween gluon bound states and other hadron states
that are inert in the same way. However, a con-
sistency condition for the hypothesis that an inert
state is a gluon bound state is introduced and
discussed in Sec. III. This condition is applied to
the pseudoscalar- and scalar-meson multiplets
in Secs. IV A and IVB.

One of the fundamental predictions of quantum
chromodynamics is that gluon bound states interact
more strongly with light ¢7 states that with heavy
qq states. Consequently, we neglect states con-
taining charmed or other heavy quarks.

II. THE GLUON-STATE MIXING PROBLEM
A. The various meson multiplets

In this section we discuss the general problem of
quark -state —gluon-state mixing, as it applies to
meson multiplets of various spins and parities. In
any gq, SU(3) meson nonet there are two isoscalar
states, with the quark structures,

b= i +dd) /N2, (1a)
Y, =558, (1)

where #, d, and s denote the up, down, and strange
quarks. For certain spin-parity combinations,
the diagram of Fig. 1(a), connecting a two-gluon
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(b)

FIG. 1. (a) Coupling of a two-gluon state to a quark-
antiquark state; (b) A “virtual annihilation” graph.

state to a ¢7 state, need not be weak. In fact, it
is commonly believed that the doubling of this
diagram [Fig. 1(b)] is responsible for the ob-

served strong mixing of the ¢, and P, states in the -

pseudoscalar meson 1 and 1’. In almost all of
this paper I make the assumption that the Okubo-
Zweig-lizuka (OZI) rule holds for the couplings of
¥, and Y, states to other hadron states.® [At the
end of Sec. IIB a brief discussion is given of the
possibility of fitting the S$*(980), ¢(1300), 5(980),
and «(1400) into a scalar nonet if the OZI rule is
discarded.] '

If gluon bound states of the appropriate spin and
parity exist in the same mass region as the gq
states, then the interaction of Fig. 1(a) may lead
to mixing of these gluon states with ¢, and ;. If
this occurs, then the multiplet contains more than
two isoscalar states. However, the presence of
extra isoscalar states in a given mass region is
not convincing evidence for a gluon bound state,
since the extra states may belong to other quark-
state multiplets whose other members are of very
different mass. On the other hand, the apparent
absence today of such extra scalar states is not
strong evidence against gluon-state-quark-state
mixing, since isoscalar states are usually hard to
detect and identify.

The pseudoscalar (P) meson case is discussed
in Ref. 2. It is postulated there that the physical
particles 1(549), 1’(958), and E(1416) are ortho-
gonal combinations of the quark states ¥,, ¥,, and
one gluon bound state ¥,. I define the gluon-state
mass M,, to be the expectation value of the mass
matrix in the state y,. In this model, M,, must be
less than 1416 MeV; in Sec. IV of the present
paper we estimate M, to be around 1100 + 100 MeV.

Appreciable gluon-state—quark-state mixing may
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occur in other meson states of spins and parities
such that the two-gluon component of the gluon
bound state exists. Two obvious possibilities are
the 72 combinations 2* and 0*. In these even-
parity cases, the situation is opposite to that of the
P mesons, in that the ggq state cannot have zero
orbital angular momentum, while the two-gluon
state can have zero orbital angular momentum.
Consequently, one expects that the masses of the
lightest 2* and 0* gluon bound states to be less

than 1100 MeV, perhaps less than the correspond-
ing qq states. This estimate corresponds to one
obtained from the bag model, for which the lightest
gluon bound states of spin-parities 17, 2%, and 0*
are 1290, 960, and 960 MeV.*

We first consider the 2* meson possibility.
Analyses of the PP decays of the 2* nonet show no
evidence of inert components of the £(1270) or
f'(1515).5 Furthermore, the decays indicate that
these two mesons correspond closely to the quark
states i, and ¥, respectively. We conclude that
if a ¥ =2" gluon bound state exists, it does not
couple strongly to the lightest quark states. A
possible reason for this is that the f and f’ are
fairly massive, since the asymptotic-freedom
argument of quantum chromodynamics (QCD) im-
plies that the coupling of a gluon bound state to
qq states is smaller for heavier ¢q states.

B. The scalar-meson multiplet

In this section, I consider the scalar multiplet.
A nonet of 0° mesons has been identified with
reasonable certainty, composed of the strange
particle x(1400), the isovector meson 5(980), and
the two isoscalar mesons S*(980) and €(1300). The
experimental data concerning scalar particles are
sparse and do not exclude the existence of other
isoscalar, 0* particles in the same mass range.®

It can be seen easily that if this nonet is a com-
plete multiplet, it is unusual. In each of the vec-
tor and tensor nonets (for which there seems to
not be strong mixing of any gluon states) the K*
mass is intermediate between those of the two iso-
scalar mesons., This is as expected in a simple
quark model, since the two isoscalar states are
mixtures of the light state i, and the heavy state
Y,, while the strange meson is composed of one
light quark and one strange quark. Inthe P-meson
nonet the K is lighter than the two isoscalar
mesons, but heavier than the isovector meson.
However, in the scalar-meson nonet discussed
here, the « is heavier than all the nonstrange me-
sons. The possibility that the two 0%, ggq states
are mixed with a light gluon bound state suggests
itself immediately. : '

An alternate way of stating the scalar multiplet
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anomaly is to use the Gell-Mann-Okubo mass for-
mula.” If one assumes arbitrary octet-singlet
mixing between the two isoscalar members of a
meson nonet, the mass formula is an inequality.
This inequality cannot be satisfied if the strange
meson has the largest or smallest mass of all the
particles in the nonet.® This conclusion does not
depend on whether one uses masses or the squares
of masses.

We now discuss the scalar-meson nonet quanti-
tatively. I use the symbol F,; to denote the ampli-
tude of the coupling of the scalar meson 7 to the
PP state 7. If v decays into ¢, the decay partial
width I',; is given by the formula,

Fﬂ:Frizkri ’ (2)

where k,; is the magnitude of the three-momentum
of one of the P mesons in the rest system of the
scalar meson. The F,; are assumed to satisfy
SU(3) symmetry. An overall coupling constant G2
may be determined from either the k — 7K or

6 — KK decays, i.e.,

For =1 G, (3)
FGK,—(ZZ%GZ. 4)

If the OZI rule is assumed, the F for the & is
given by® '

Fﬁtnzr‘ %Gzaauzy (5)

where a,, is the amplitude of the quark state i,
" in the wave function for the 7, (549 MeV) meson.
I assume that there are »n scalar gluon bound
states that are mixed appreciably with the S* and
€. (It is unlikely that # is greater than 2.) There
are then n +2 physical, isoscalar, scalar mesons
in the multiplet. The wave function y; for the
meson j may be written in the form

X = A T A0+ D Ao s ©)
i=1

where ),; is the ith gluon bound state, and the A
are coefficients of an orthogonal matrix of rank
n+2, (When discussing the mixing of pseudo-
scalar gluon bound states, we will use a,, rather
than A,, for the elements of the matrix.)

The phase relation between i, and ¥, is chosen
so that the SU(3) singlet ¢7 state is

Vsine= (%)llzzpu +(%)1/2¢‘s . (")

If the OZI rule and SU(3) are assumed, the cou-
pling constants F;; _for the decay of the scalar me-
son j into 77 and KK states are given by®

Fj": (%)I/ZGA“‘ ’ (8)
Fyxr=(212GA,, +V2A,,). (9)

Since the A matrix is orthogonal, the sums over

scalar mesons of the coupling strengths F? satisfy
the relations

S Fi =) Fuyr2=2G. (10)
7 J

I will use the k — 7K decay and Eq. (3) to esti-
mate G®, If the k mass and partial width are taken
as 1430+ 30 MeV and 225+ 75 MeV, the result is®

G®=0.403+0.13 . (11)

This number may be checked with the data on the
6 —mm and 6 — KK decays. The experimental value
51+4 MeV for the & — 7 partial width,'° together
with the above G? and Eqgs. (2) and (5), lead to the
value

4,2=0.33+0.11, (12)

where a,,” is the probability of the quark state i,
in the wave function of the 7,(549). This is con-
sistent with the range 0.33-0.55 given for this
parameter in Ref. 2. The 56— KK coupling is dif-
ficult to measure, because the KK threshold is in
the middle of the 6 resonance. However, the re-
cent analysis of Ref. 10 is consistent with our G2.
This can be seen from the following argument. It
is pointed out in Ref. 10 that the KK/m coupling
ratio of the 6 is consistent with SU(3) and the as-
signment of a pure-octet quark state for the 7,.
The a,’? for such an assignment is %, a value con-
sistent with Eq. (12).

Since Eq. (11) is consistent with both the 6 — mm
and 8 — KK decays, we use this value of G? to de-
termine the quark-state probabilities of the S*,
We denote the S* and € by S, and Sy, respectively.
If we take the S* width to be 40+ 10 MeV, and as-
sume a 100% branching ratio for the 77 decay
state, the value of A,,° from Eqs. (2) and (8) is
small, i.e.,’

AL’=0.120,05, (13)

We define A, to be positive.

It is more difficult to obtain A ,,, since the S*
straddles the KK threshold. One analysis has
given a value of 4 for the ratio R= (Fgxxz/Ks%..)%,"
while Cason ef al. have estimated that R= £,
Morgan has argued that interference of the S wave
with the D wave corresponding to the f resonance
in the 77— KK amplitude favors a positive sign for
Fsxgg/Fs*,.*> If this sign is taken to be positive
and Egs. (8) and (9) are used, then R=4 leads to
A,,=0.60 while R =% leads to 4,,=0.10. We
shall assume only that

0.10 <A, <0.60. (14)
Combination of Eqs. (13) and (14) indicates that
Al +A,z” is significantly less than one. This is

evidence for a gluon-bound-state component in the
S*. However, this conclusion is not compelling
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at present, because of the difficulty in the mea-
surement of the S¥*KK coupling constant. On the
other hand, even if the evidence concerning A2
is ignored, the value A,,%2~0.12 is enough to show
that the S* is anomalous if the scalar mesons form
only a nonet. In every other established nonet

(the vector, tensor, and pseudoscalar nonets) the
probability of the light-quark component ¥, in the
lighter isoscalar meson is large, larger than the
corresponding probability for the heavier isoscalar
meson.,

Another argument favoring gluon-state mixing
for scalar mesons may be obtained by considering
only the y, components of the S* and €. If there is
no such mixing, then the G value of Eq. (11) and
the sum rule of Eq. (10) imply that the 77 partial
width of the € is given by

r,,,=(405+140) MeV . (15)

This partial width is not known accurately experi-
mentally, but the total ¢ width appears to be less
than 400 MeV,° while Pawlicki ef al.} have given
evidence that the € couples strongly to the KK chan-
nel. Thus the T',,, value of Eq. (15) is unlikely,
suggesting the admixture of another state with ¢,
and ¥,.

The OZI rule was assumed in the preceding anal-
ysis. If this rule is relaxed, then the ratio of the
couplings of the singlet and octet scalar states to
PP states becomes a free parameter. If only the
Kk —~mk, 6—~mn, and S* — 77 partial widths are con-
sidered well enough known experimentally to be
used in an analysis, then the assumption that the
8, k, S*, and € form a nonet with SU(3)-symmetric
couplings is consistent with the data; furthermore
the S* — 77 width does not determine the probability
A,2. The recent SU(3) analysis of the S* and ¢
by Cason ef al. would not be consistent if the «
were also included.'® The PP couplings of the
octet scalar states in the analysis of Ref. 12 would
imply a ¥~ 7K partial width of ~5 MeV, in contrast
to the experimental value of ~225 MeV,

Several authors have proposed that the scalar
mesons discussed here are qqqq states rather
than ¢q states.** - The four-quark model has an
important feature in common with the two-quark
model, i.e., the expected flavor multiplets do not
include SU(3) singlets isolated in energy. The ex-
pected gggq multiplets are either SU(3) nonets or
larger multiplets. (We continue to ignore mesons
containing quarks heavier than the strange quark.)
Therefore, the clearest possible evidence for
gluon-bound-state mixing is the same in the two-
quark and four -quark models—the presence of ex-
tra isoscalar, nonstrange mesons in the multi-
plets.

One obvious test of the four-quark model is the

possible future identification of many predicted
mesons of various spins and parities. However,
even if we consider only the decays of members
of the scalar nonet, there is an important differ-
ence between the two-quark and four-quark mod-
els. Some of the predictions of this paper depend
on the use of the OZI rule. When combined with

' SU(3) symmetry, this rule implies specific ratios

of the constants of interaction of the octet and
singlet in a nonet, !®* The singlet-octet interaction
ratios may be specified in a gggq model also, if
some appropriate dynamical assumption is made.
In general the ratios specified in a gggg model are
not the same as those resulting from the OZI

rule in the q7 model. We illustrate this point by
considering a scalar nonet that is formed from a
diquark in the flavor-SU(3) representation 3* and
an antidiquark in the representation 3. If the 6*
meson is in such a nonet, its quark structure is
usds. In this model it is reasonable to assume
that the 6" — 7'n, decay proceeds entirely through
the i, component of the n,, whereas in our two-
quark model the decay goes through the 3, compo-
nent. I will refer to this particular model (in
which the 6§ — m, decay proceeds through ¥,) as
the “alternate model”. In the alternate model Eq.
(5) must be replaced by Fy,.2= % G%a,?, and a,,®
=0.33+0.11 [Eq. (12)] must be replaced by

A2 =0.66+0.22, (16)

I have pointed out earlier in this section that a,’
=0, 33 is consistent with the value obtained from
Ref. 2. However, in one common picture the 7,
is a nearly pure qq state that is close to an octet
state. If this picture is correct both Eqs. (12)
and (16) are satisfied, and the 6— mm, decay does
not distinguish between the ¢gg and alternate model
of the 6. :

We conclude that in the future various PP partial
widths of the scalar mesons involving either iso-
scalar, P mesons or isoscalar, scalar mesons
may help distinguish between q¢ and ¢ggq models
of the scalar mesons.

III. CONSISTENCY RELATIONS AND EULER ANGLES

In this section we discuss two types of additional
conditions that are useful in discussing strong
mixing between inert states and quark states.

The first type is useful for studying the likelihood
that the inert states are gluon bound states. The
second type occurs when there is only one mixedl,
inert state. These conditions are applied to the
P mesons in Sec. IVA and to the scalar mesons
in Sec. IVB,

The physical states are the eigenfunctions of the
mass matrix (eigenfunctions of the Hamiltonian in
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the center-of-mass system). The elements M,,
of the mass matrix in the representation of y,, ¥,
and the gluon bound states may be obtained from
the equation

M= A A,m,, (17)
” _

where m, is the mass of the physical meson v.
(In the P-meson case one replaces the 4,, by a,,.)
This relation is useful if enough is known about the
A coefficients. For example, we hope to use it
to test the argument (of Sec. IIA) that the quark-
state—gluon-state mass ratios M,,/M,, and M, /M,
should be smaller for P mesons than for scalar
mesons. '
If gluon bound states are responsible for the ¥,-
¥ mixing, as in Fig. 1(b), then the mixing terms
in the complete Hamiltonian are of the form H,;
and Hg;, where ¢ is a gluon bound state. The y,-
P, mixing is of second order. One expects that
the gluon states that are most important for the
mixing are the lighter states that are included in
the mass matrix. In this case M, should be
smaller than M,, and M, for at least one gluon
state 0. Furthermore, in QCD gluon states are
expected to be coupled more strongly to light gq
states than to heavier qq states. If this is com-
bined with the preceding condition, the result is,

[Myg| < |Myo| <Myl , (18)

for some gluon state 0. This is a consistency test
for the hypothesis that gluon-state mixing is the
main cause of breaking of the OZI rule. If the
mixing is small, the condition that |M,,| is smal-
ler than |M,,| and |M,,| leads to the condition
proposed in Ref. 2 [Eq. (5) of Ref. 2]. However,
the above formulation is to be preferred, because
the mixing may not be small and because Eq. (18)
above also contains the condition |M,,| < |M,|.
Additional simplification results, if, for a given
- spin and parity, there is only one gluon bound
state that is mixed with the quark states , and y,.
In this case the nine coefficients A;; (or a;;) depend
on only three Euler angles, 6,, 6,, and 6,. The
transformation matrix may be written,

u s 0
af C, -5,C, 5,5,
B18,C; =S,S,+C,C,C; =-C,8,-C,S,C, |,  (19)
Y [S:S;  S,C3+C,C,S;  CoCy —C,S,S,

where C; and S; denote cosf; and siné;.
The only meaningful relative phase relating two
rows or two columns is that relating ¥, and ¥;

this phase is defined by Eq. (7). The other signs
may be chosen such that

(C,,C,,Cy, and S,)>0. (20)

IV. APPLICATION TO SPIN-ZERO MULTIPLETS

A. The pseudoscalar multiplet

In this section, I apply the results of Sec. II to
the P-meson multiplet. The 7, and 7, are identi-
fied with the 7(549) and 7’(958), respectively; the
possible identity of the 1, will be discussed later.
I use the Euler angles and phase conventions of
Eqgs. (19) and (20). In Ref. 2 various experimen-
tal data involving the 1 and 1’ were used to esti-
mate a.,, @, %y, and & ; the results are sum-
marized in Table II of Ref. 2. The results of this
table require that the sign of the ratio a,,/a, is
negative. Our phase conventions then imply that
S, and g, are positive. The principal results of
this table may then be written,

0.57<a,, <0.74, a,,~-0.45,
0.5 <ag/a,,<0.7.

as

(21)

The approximate value a,, ~0.45 results from the
width of the ¢ — 1,y decay and consideration of the
dip at about ¢= -0.4 (GeV/c)? in the K™p — n n
cross sections, 27 ‘

Any choice of the three input parameters in the
ranges of Eq. (21) determines two possible solu-
tions for the Euler angles, corresponding to the
two possible signs of S,. However, a positive
choice of S, leads to a negative a,,/ap, ratio, in
contradiction to the results of Ref. 2. Thus, we
take S, to be negative. The range of solutions for
the range of parameters of Eq. (21) is shown in
column 1 of Table I, while column 2 corresponds
to the mean values of a,,” and a,,” in this range.
Column 3 corresponds to a larger [au [ , i.e.,

TABLE I. Parameters resulting from specific choices
of ay,, agy, and ay;. The M;; values are in units of
MeV/c?,

Parameter 1 2 3
Ay 0.57-0.74 0.66 0.66
gy /gy 0.50-0.71 0.61 0.61
Ays —0.45 : —0.45 —0.66
ags 0.85—0.89 0.89 0.71
a4 0.10-0.28 0.20 0.03
My 58-135 93 249
My, (=317)—(-387)  —384 —306
Mg, 92-200 147 12
My, 811-1091 958 958
M, 875-910 . 882 805
My, 953-1199 1083 - 1159
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to a 4= —a,. This column is shown because the
value a ,, ~ -a,, is obtained in some analyses of
the n-n' system that do not include the possibility
of inert components. ** This value of a,, does not
correspond to the analysis of Ref., 2,

The parameter a,, is a measure of the coupling
of the 7, to the octet quark-antiquark state, and is
given by

ayg=(3)""%a,, — (3)'%a,,. (22)

It is pointed out in Ref. 2 that if the 7, is identified
with the 1416 MeV E meson, the (K*K + K*K) par-
tial width of the E is a measure of a,;.> The ex-
perimental partial width of ~12 MeV leads to the
result a,5® ~0.22." This number is consistent
with the amplitudes of columns 1 and 2 of Table 1.2°

One of the most striking results of Table I is
that for all amplitudes in the range of Eq. (21)
[column 1 of the table], the calculated amplitude
ag is very large. No experimental numbers exist
that can be used to determine a,  accurately.
However, it has been shown by Marzano et al.
that at a laboratory momentum of 4.2 GeV/c, the
differential K™p —n,A cross section is significant-
ly larger than the corresponding K°p —n A cross
section in the range of momentum-transfer
squared ¢’ <0.6 (GeV/c)?, where ¢’ is |t —£(0°)]. "
It is pointed out in Ref. 2 that it is difficult to
understand this phenomenon unless |aBs| is large.

For the parameters of column 2 and for almost
all the range of column 1, the gluon-state mixing
consistency conditions of Eq. (18) are satisfied.
In all these cases |M,,| is large. The only part
of the column 1 range for which |M, |> [M |
corresponds to a,, near its upper limit and ag,/a
near its lower limit. - The very small value M,
=58 MeV corresponds to a,,=0.57 and ag,/a,,
=0.70.

The calculated range of the “gluon-state mass”
M,, (discussed in Sec. IIA) is reasonable. In
column 1 the smaller and larger values for M,
correspond, respectively, to smaller and larger
values of a,,. The ¥, mass M,, seems large.
However, in this mixing model all the expectation
values M,,, M,,, and M, must lie between the ex-
perimental masses of the 1,(549) and 7,(1416).
Thus, the large M,, results in part from the large
experimental mass of the 7n,; the 7, mass is not
understood theoretically.

It is interesting that the results of this section
correspond to a large inert compound in the n,,
but not in the 7. The numbers of Eq. (21) lead
to the result

0.25 <a,.% <0.48,

while the amplitudes of column 1 of Table I lead
to the corresponding n; result

0 <ag? <0.12,

The conclusion that a,,’ is appreciable is differ-
ent from the conclusions of some other analyses of
7 particles; a more usual conclusion is that a,?
is small while n; may have an appreciable inert
part.?»?? Therefore I will discuss here the origin
of the differences between my result and the more
conventional result of Refs. 21 and 22,

Most of the available experimental data have
to do with hadrons that contain only up and down
quarks and antiquarks. Therefore a,, and ag, are
known much better than a,, and ag,. The average
value of a,, used here and in Ref. 2 is close to the
values given in Refs. 21 and 22. The range of a,,
used here and in Ref. 2 is taken from the analysis
of Okubo and Jagannathan®; the a,, of Ref. 22 is
in this range.

On the other hand, the a,, of Eq. (21) is very
different from the values of Refs. 21 and 22. In
these references this parameter is determined
primarily from a,, and the Gell-Mann—Okubo mass
formula.” When written in terms of the squares
of the masses, this formula is

M2 =g | M?| ) = 5(4M 2 — M,?) = (567 MeV)?,
23)
where ¥, is the octet gq state
Pe= ()29, — (3)V/2y,.

Presumably M, is much smaller than either the
corresponding singlet mass or the masses of any
other states that may be mixed in the physical n’s.
Since M, is close to the physical mass of the 7,,

it is not surprising that when the mass formula is
imposed the resulting predictet ¢7 octet probability
of the 1, is close to unity. This forces the prob-
abilities for all states other than ¢, and i, to be
small.

In contrast to this, our analysis (Ref. 2) does
not use the mass formula. The mass formula is
ignored because in the P-meson multiplet the
SU(3) mass splitting is comparable in size to the
average mass. Therefore, there is no good reason
to assume that any mass-splitting effect is present
only to low orders. This difficulty is illustrated
by the fact that quite different results are obtained
if the formula is applied to the masses rather than
to the squares of masses.

Unfortunately, the mass formula does not predict
the mass of any member of a nonet from those of
all the others, so the validity of the formula is
not tested easily.

If the mass formula is not used, then a,, must
be determined directly from experiment. In Ref.
2, a,, is determined from the ¢ —~ 7,y partial
width, and the result is shown to be consistent with
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the presence of a dip in the K'p — n A forward dif-
ferential cross section.’” However, this deter-
mination is not conclusive, since the simple model
used for the Py decays of vector mesons in Ref. 2
does not fit the presently accepted value of the
K°* — K% partial width; the p— 7y width also

does not fit if the photon has no SU(3)-singlet
part.?

Another phenomenon that depends on a, is the
Yy partial width of the 7n,; the appropriate expres-
sion is Eq. (20) of Ref. 2. If I'(m,— vy) is 7.86
eV, this expression may be written for any 7 in
the form

L(n, — vy)=(8.88 keV)M,c?/1 GeV)*(a,, + V2 a;,)%.
(24)

Unfortunately, the coefficient of q,, is not large,
so this equation is useful for determining a;, only
if a;, is known fairly accurately. Thus, if
I'(n, — vy)=324 eV and a,, is taken to be in the
range of Eq. (21), Eq. (24) leads only to the
equation a,, < -0.36. However, Eq. (24) would
be very useful if a,, were known more accurately.
We next consider the 1z — yy width. The ampli-
tudes of column 1 of Table I, when substituted into
Eq. (24), lead to I'(n; — yy) in the range 2.2-4.6
keV. This is in agreement with the recent mea-
surement of 5.4+2.1 keV by Binnie ef al.?® and the
measurement of 5.9+1.6+1.2 keV, by Abrams
et al % Although the measurements are not accur-
ate enough to be used in Eq. (24) to determine Qggs
it is clear that these results favor a large value of
ag,.

B. The scalar-meson multiplet

We next turn to the scalar-meson multiplet,
assuming again that there are three physical iso-
scalar states that are mixtures of the quark states
¥, and P, and one gluon bound state i),. We use the
Euler angles of Eq. (19), with the particles S*(980)
and ¢(1300) identified with the states a and 8,
respectively. The third physical particle (labeled
y) is assumed to exist, but is not identified with
any particular experimental effect. The phase con-
vention is that of Eq. (20).

Itake A,,% and the scalar-PP coupling constant
G® to be given by Egs. (13) and (11), respectively.
The amplitude A, is taken within the range of Eq.
(14). It A, is at the lower end of this range, i.e.,
A,,=0,10, then the orthogonality of A implies that
A,,®~0.87. In this case the S* is nearly a gluon
bound state. If the condition that |M,| be small
[Eq. (18)] is assumed, this implies either that the
two physical, isoscalar, scalar particles are
nearly pure ¥, and ¥, states, or that they have
comparable masses. The first of these possibil-

ities has been suggested by Robson.?’ Because of
the evidence of a strong coupling of the €(1300)
with KK states, it is unlikely that the € is a nearly
pure ¥, state.'* On the other hand, if the eis a
nearly pure ¥, state, then our value of G® and
Egs. (2), (8), and (9) may be used to predict the
following partial widths:

I'(e —~ KK) ~200 MeV ,
I'(e—~ nm)=small.

Clearly, better measurements of the € partial
widths are necessary.

Next, I consider the possibility that the analysis
of Ref. 11 is fairly accurate, in which case A,
may be taken as 0. 60, the upper limit of Eq. (14).
The wave function for the $*(890) is then,

e = 0. 349, +0. 603, — 0. 73¢,. (25)

We see that in this case the S* contains appreciable
components both of quark states and of a gluon
bound state.

If Eq. (25) is used, the Buler angles may be
determined if the e — m7 partial width is known.
Unfortunately, this width is not known at all ac-
curately at present, so we make the weak assump-
tion

50 <T,,, < 300 MeV . (26)

It turns out that this weak assumption leads to signifi-
cant conclusions. For any assumed I',,, there
are two solutions corresponding to a positive or
negative value of S, in Eq. (19). However, the
solution with negative S; has some disadvantages.
First, it leads to a e — KK partial width less than
70 MeV for any I',,, in the range of Eq. (26); it
appears experimentally that [* ,zis larger than
this.'* (¥ the input em7 width is larger than 150
MeV, the resulting calculated eKK width is very
small, less than 25 MeV.) A second disadvantage
of a negative S, is that |M,,| cannot be small un-
less the third isoscalar meson y is much heavier
than the €. Therefore, I assume that S;>0.

We consider the two cases corresponding to the
extremes of Eq. (26). I I'_,, is 50 MeV, then the
€ wave function is

5= ~0. 334, - 0. 659, — 0. 69y, .

ETT

The €—~ KK partial width, computed from Egs. (2)
and (9), is 159 MeV. On the other hand, if T',,,
=300 MeV, the calculated € wave function and KK
partial width are

¥s=—0. 81y, - 0.21y, ~0.559,,
L xz=124 MeV .

With this solution, and I',, anywhere in the
range of Eq. (26), the condition that |M,,| be
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small would require that the third physical, iso-
scalar, scalar meson have a mass between those
of the S* and €. Throughout this I',,, range the
calculated “gluon-state mass” M, satisfies the
equation

Myo=1131 MeV - A, 2(m, —m,),

where A,,? satisfies the inequality 4, <0.17.
Therefore, if the third isoscalar state is no
heavier than the €, M, is less than 1131 MeV.
This is in agreement with the general considera-
tions of Sec. II A, although the data on P mesons
and scalar mesons are not sufficiently complete
to make clear whether or not the scalar gluon-
bound-state mass is less than that of the pseudo-
scalar gluon bound state.

V. CONCLUDING REMARKS

We have postulated that in the pseudoscalar- and
scalar-meson multiplets one of more gluon bound
states is mixed strongly with the light gg states,
and that the strongest interaction leading to this
mixing is between a gluon bound state and the ¢q
state made of nonstrange quarks. A previous
analysis of the pseudoscalar mesons is extended
and shown to be consistent with this postulate.
[This follows because the parameter |M,,| of
Egs. (17) and (18) is large.]

Although the data concerning scalar mesons are
not complete, there is evidence that the $*(980)
may have a strong admixture of a gluon bound
state. In fact, if the S*, ¢, and «k are part or all
of an SU(3) multiplet, the multiplet is anomalous
if there is not any strong mixing with a gluon
bound state or another state with similar proper-
ties. Furthermore, in this mixing model the evi-
dence is that the mass parameter of the scalar
gluon bound state is not large, and may well be
smaller than that of the pseudoscalar gluon bound
state. This is in agreement with naive expecta-
tions.

In the numerical analysis of this paper and of
Ref. 2, it was assumed that the scalar and pseudo-
scalar gluon bound states are “inert” in the sense

that they do not interact with two-boson states.

(In the scalar-meson case, the relevant two-boson
states are two P states, while in the P-meson
case, the relevant two-boson states are a state of
a P and a 2* meson, a two-photon state, a photon-
vector-meson state, and a P-meson-Reggeon
state.) Actually, there must be some interaction
of the gluon bound state with a two-boson state.

If the third isoscalar member of the scalar and P
nonets is identified, some of the equations given
here provide measures of the deviations from
inertness. For example, if the third isoscalar,
scalar meson is found and included in the sums of
Eq. (10), the interaction of the gluon bound state
with a 77 or KK state should lead to an excess of
the sums over the value (2)G®. Of course, these
deviations may not be measured in this way if

they turn out to be smaller than deviations typical
of SU(3) breaking.

In the case of the pseudoscalar mesons, it has
been suggested that the inert component of the
1'(958) is a radially excited qq state.?® In the re-
sults of Sec. IV A of the present paper the same
suggestion could apply to the 1(549), since the n’
does not have an appreciable inert component. At
present, one cannot distinguish with certainty be-
tween this possibility and the gluon-bound-state
possibility. However, it seems unlikely that
radially excited states are responsible for the un-
usual properties of the light scalar mesons, be-
cause this would require that the lightest iso-
scalar, scalar meson mixes with excited states
much more than does the lightest isovector, sca-
lar meson.

The model predicts the existence of a third
isoscalar, scalar meson in the mass region 800-
1400 MeV /c®*. Experimental information on 7w
and KK, S-wave amplitudes in this region will be
very important.
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