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If the G(1440) observed in P yG is a pseudoscalar glueball its relationship with other pseu-

doscalar mesons must be understood. We present a simple, unified picture of these mesons in

which there must be mixing between glue matter and quark matter. Our model, an extension
of an effective Lagrangian which solved the U(1) problem by incorporating the axial-vector ano-

maly, dictates a relationship between q' and G. Wd are readily able to explain why the quark-

matter meson q' is at least as prominent as the glueball G in the gluon-dominated reaction
yX.

At long last a viable candidate for the much-
sought-after glueball has emerged. The |il meson is

. observed to decay via photon emission into a state,
the G(1440).' Mounting speculation2 6 asserts that
this state is in fact a glueball with pseudoscalar quan-
tum numbers. For the purposes of this paper we ac-
cept this speculation and consider how such a meson
fits in with the generally accepted picture of the 0
meson spectrum.

It is interesting that the first discovered glueball
should appear in the pseudoscalar sector since this
has been one of the most mysterious parts of the
meson spectrum. Constituent models, while notably
successful for the vast majority of hadron states,
have been less successful when it comes to describing
the Goldstone nature of the pseudoscalar multiplet.
There is a related problem with single-octet mixing.
In constituent models ideal mixing is natural if not
inevitable. The rather nonideal mixing between the

q and q' is a problem.
There exists a complimentary picture of low-energy

quantum chromodynamics (QCD) given by an effec-
tive chiral Lagrangian. ' In this picture the underlying
chiral symmetry is made manifest and the current-
algebra results are reproduced in a simple way. Re-
cently, following an initial suggestion of Witten, an
effective Lagrangian has been constructed in which
the traditional difficulty of such schemes —the "U(1)
problem" (crudely: why is the g' meson so much
more massive than the e and K mesons?) —has been
overcome. 9 " In this model the anomalous conser-
vation law of the axial-vector baryon "matter"
current J5

s 3g3 28„J„=Q„K„=- F„„F„„,
16m

holds automatically. K„represents a well-known

combination of the fundamental Yang-Mills "glue"
fields. An interesting feature of this model is that
the glue-field combination 6„K„is dominated by (or
"dual to") the g' matter field. The model predicts
that while the g' behaves and mixes as an SU(3)-
singlet quark-antiquark combination it has a special
gluonic side to its character which accounts for its re-
latively large mass. From the latter point of view it
appears that the q' is in fact the low-energy 0 glue-
ball. At first glance this would appear to be in con--

tradiction with the presumption that the new
G (1440) is the low-energy 0 glueball. However we
shall show here that there is no contradiction. The
G (1440) may be simply incorporated into the effec-
tive Lagrangian. What is more interesting is that one
very naturally accounts for the somewhat peculiar
pattern of g, g', and G(1440) production in the cas-
cade decays of the p.

The existence of a pseudoscalar glueball also
presents a challenge to constituent models. To see
what the problem m'ight be we review the motivation
for predicting physical glue states in QCD. Local
color-singlet operators built from products of quark
fields, e.g., q;y~q&, produce hadrons when applied to
the vacuum. Similarly we expect local color-singlet
operators built of products of glue fields to create
glueballs when applied to the vacuum. A pseudo-
scalar glueball would arise from the operator F„„F„„.
This operator is a total divergence [see Eq. (1)] so its
role as a generator of a physical state may be suspect.

Constituent models do not know about instantons,
axial-vector baryon currents, or the U(1) problem.
They readily predict a pseudoscalar glueball. The
best of them even correctly predict the mass4 but un-
less we have some model which incorporates the
unique properties of F„„F"and is compatible with
the constituent models we must proceed with caution.
We construct such a model by recalling the original
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effective Lagrangian:

2 = ——Tr(B„MB„M) —Vp(MM ) +
2 cr(B„E~)

+—B E (lndetM —lndetM )

+Tr[a(M+M')] .

M is (we assume three light flavors) a 3 & 3 matrix
describing scalar and pseudoscalar mesons, In the
simplest approximation one may include just the
pseudoscalars by making the nonlinear replacement

M =- exp'—
2 F

rip= J3erF„Gr

Gp= Jc&G2

(6a)

where F = m (m) is the pion decay constant and $
the pseudoscalar nonet. In (2) Vp is a chiral-
U(3) x U(3)-invariant potential, A is proportional to
the quark mass matrix, and the parameter c~

describes the new physics associated with the g'
mass. The easiest phenomenological way to treat the
glue quantity B„E„in (2) is to replace it by a 0 field
Gi. The Lagrange equation of motion for this field
causes it to become proportional to the quantity
(lndetM —lndetM ) which from (3) can be seen to
be essentially the rt' field. 9 (This is only approxi-
mately true in the linear model. ) In order to extend
(2) to include the G(1440) we notice that if a physi-
cal pseudoscalar glueball exists it should certainly also
be associated with the quantity B„E„andtherefore

9„E„=G)+ G2

%e can think of this equation as stating that the
operator B„E„is to be saturated by two distinct glue-
ball fields. One of these Gi will be dual to quark
matter as before while the other G2 could correspond
to the physical glueball sate. It might be natural to
think of G2 as a radial excitation of the lower state
G~, but this is not necessary. In the full Lagrangian
we must include as before a wrong-sign "mass" term
for Gi and both "kinetic" and "mass" terms with ar-
bitrary coefficients for G2. Thus the extended
Lagrangian, which still automatically satisfies the
axial-vector anomaly equation (I) (in the A =0 lim-

it), is"

2 = ——Tr(B„MB„Mt)—Vp(M, Mt)

+ —,c r G r
——,e2 62 —, c3 (B„G2)—1 2 1 -

2 &
-

2

+ (Gr + G2) (ln detM —ln detM )

+Tr[~ (M+M') ]

In terms of the quantities in (5) the correctly normal-
ized bare qo and bare Go fields are given by

The equation of motion for Gi was used in obtaining
(6a). The matrix of squared masses which follows
from (5) and (6) in the gp, gp, Gp basis is readily
found to be

r r4E- 2~2(E-~) 0
3 3

—242 (E ) (2E+m) +
3

"
3

(7)

where the particle symbol represents the (mass) .
The quantities a, P, and y are given by

u=(3crF„2) ', 13=(3c3F 2) 'i~, y=c2/c3

Furthermore, the important equation (4) can be
rewritten as

B„E„=43F„(ngp + 13Gp) (8)

The mass matrix (7) is precisely that which can be
written down in a large variety of models. It might
appear as if we have accomplished nothing more than
the accommodation of a 0 glue field in a chiral
Lagrangian. But this ignores the nontrivial informa-
tion contained in (8) which determines the contribu-
tion of the qo and Go to B„E„completelyin terms of
the parameters appearing in the mass matrix. Since
B„E„is the most reasonable candidate for the
effective-glue-field Combination produced by two
gluons in a 0 state we expect some practical conse-
quences. To the extent that we expect the glueball
state Go to contribute to B„E„wemust also expect
mixing between qo and Go. The surprising feature is
that the smaller the qo-Go mixing the greater the
dominance of qo in the glue-field composite B„E„.

The most direct way to test the model is to study
its implications for the pseudoscalar-mixing problem.
The "physical" rrl, rrl', and G (1440) fields are ob-
tained as those combinations which diagonalize the
matrix (7). The processes which we analyze purely
in terms of mixing are X yy, m p Xn, r[r yX
where X is one of q, q', G. The first two processes
have long been used as tests of mixing models' but
the last may need some comment. In perturbative
QCD the decay rir y+hadrons occurs via r[r y+2
gluons y+hadrons. '"' The calculated ' branch-
ing ratio for the first step of this process (rir ygg)
for the two gluons in a 0 state ~ith mass less than
1.6 GeV is about 1%, in good agreement with the
measured ratios for r[r y(g+g'+G). Hence there
is little room for other contributions, such as a cc ad-
mixture in q', to the decay mechanism.

It is an attractive hypothesis to saturate the second
step (2 gluons in 0 hadrons) by our B„E„.'

Equation (8) informs us that the hadrons are the
bare gp and Gp produced in proportion a/P. To find
the relative strengths for rlr y(q, q', G) we need
only know (apart from phase-space considerations)
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the admixture of qo and Go in the physical particles.
Table I lists the relevant experimental information
and our predictions. The g' and G masses
(mG =1440) were used together with the ratio
I'(Q yq')/I'(Q yG) to determine" the unknown
parameters a, P, y which appear in our Lagrangian
and the mixing matrix. The top rom. in Table I
represents the currently accepted experimental
values, or ranges of values. ' The next three rows
are the predictions of our model for various values of

yg')/I'(P yG) used as input. The overall
consistency between the model and experiment is
very encouraging. We readily explain the large
number of g's produced in P yX and the domi-
nance in this decay mode of g'. The perturbative
QCD analysis favors formation of glue matter over
quark matter from the two emitted gluons accom-
panying the photon. Yet the data prefer' at least as
much q' production as G production. The glue-
matter duality relation clearly explains this phenome-
na. Conversely the observation of G in p yX
forces, via (8), P to be nonzero and inevitably, from
(7), leads to a non-negligible matter component in G.
This in turn provides for a substantial partial width
into yy contrary to some expectations. 3

Success is achieved in our predictions for q'
and the relative production of q and g' in high-
energy m p reactions. Less successful are our values
for the q mass and the rate for q yy. This, how-
ever, may not be a problem (see below).

One difficulty we have to face is the hadronic pro-
duction of G. No evidence for vr p Gn exists.
Suppression of G production relative to q' production
is predicted but it is not clear whether our model pro-
vides sufficient suppression. A key datum to decide
this would be the branching ratio for G pm', since
the most stringent experimental limit on G produc-
tion is sensitive only to this decay mode. At most
the branching ratio is

2
and could conceivably be as

small as —,——,0. The smaller value would allow our
I 1

model to coexist with present experiments. If we ac-

cept the Crystal Ball data [I'(p yq') & l.9
& I'(Q yG) and I'(P yq') = 5.71'(p yg) 1 our
model is not merely in qualitative agreement, but in
good quantitative agreement with experiment. For
this case a=0.77, P=0.33, y=2.0, all in GeV2. The
resulting mixing is

g =0.94qo+ 0.33go —0.06Go,
q' = —0,33go+ 0.90qo —0.28 Gp,

G = —0.0310+0.28o+0. 96Go .

The present model appears even more attractive if
we compare it with one which might have been a
reasonable first guess. Such a model would require
the domination of the two-gluon 0 channel in

egg by a single glueball which would be the
"bare" G(1440). ri and g' production would arise
by mixing. A mass matrix identical to (7) would ap-
pear but with some~hat different interpretation. o,

would still be necessary to solve the U(1) problem
but ~ould be considered a purely phenomenological
term or a generalized annihilation term. P and y
would still represent qo-Go mixing and the bare Go
mass, respectively. In the language of Eq. (8) Go
dominance of the two-gluon state would read
B„E„~Go. The very last row in our table presents
the results. The predictions for P ~yq, m p q'n,
and m p Gn seem rather bad, and become even
worse if we allow a bigger share of p yX for ri'

These failures can be traced to the need for very
large g'-G mixing in order to provide the necessary
prominence of g' in P decay. Glue-matter duality na-
turally avoids this pitfall.

We have presented our model in the most simple
form possible in order to emphasize how a basic
feature of QCD physics, the anomalous conservation
law (1), is capable of properly accounting for impor-
tant experimental features. Embellishments are pos-
sible by considering further SU(3)-symmetry break-
ing, "0higher-order I/N, corrections, "and addition-
al mixing with radial excitations and charm states. "

TABLE I. Consequences of our mixing model. The first row summarizes the experimental results. The next three rows are
predictions of our model with the first column used as input. The final row is for an alternative model described in fhe text.

r{&-yy) r(~'-yy)
r(~'- yy) r(~' —yy)

1.(G -yy)
r(&'-yy)

1(y q'y) n p v)n

«e-~y)
my Gn

m p q'n
m (GeV2)

1.9-0.6
1.9
1

0.67
0.67

40+10
78
75
72
67

660 + 280
590
550
510
435

0.4
0.75
1,2
2.2

5.7-1.8
5.4
5

4.7
22

1.9+0.25
2.2
2.3
2.4
2.7

«1
0.15
0.28
0.45
0.82

0.3
0.250
0.253
0.257
0.263
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We have no doubt that such embellishments ~ould
improve the accuracy of our experimental predic-
tions, but at the price of obscuring the crucia1 role of
the anomaly.

These corrections might easily improve our predic-
tions for the q. We briefly mention one of these.
Since B„L„is proportional to the square of the strong
coupling constant, Eq. (8) suggests that the numeri-
cal values of a, p, and y might "run" hand-in-hand
with the coupling constant. Their effective values
would be different for q mixing than for q' and G.
Such effects have been considered in previous topo-
logical and QCD studies of the g, vl' system. " The

variation of o,, would also enhance the low-energy
part of P yX and favor ri production. With a 40%
change in a, between 0.3 and 2 GeV, subsequent
changes in n, P, y would cause only small changes in
our predictions for G and q', but ~ould substantially
improve the predictions for g.

The simplest possible model which reflects the im-

portant role of the axial-vector anomaly has been
shown to provide an excellent qualitative description
of the expanded pseudoscalar spectrum and its ob-
served mixing pattern. The solution of the U(1)
problem via the anomaly naurally leads to the preem-
inence of q' rather than G in P radiative decay.
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