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We study the 2y decays of the light pseudoscalar mesons in a model that allows the isoscalar
states to have a significant gluonium component, and show that the rates are in good agreement
with experiment. The amount of radial mixing in 7,7’ states determines these decays completely.
This makes it difficult to test for the presence of gluonium. The radiative decays of 1'(3685) might
be a better way to test for the gluonium admixture. We give estimates for the branching ratios.

I. INTRODUCTION

The region between 1 and 2 GeV has become of great
interest for the isoscalar pseudoscalar mesons. Unlike the
isoscalar vector mesons (w and ¢), which are ideally mixed
into a |ui+dd) and |s¥) quark structure, the pseudo-
scalars appear to contain nearly equal amounts of strange
and nonstrange quarks in their wave functions,! i.e.,

N=—cosap|s5)—sinap |ui+dd)/V?2, (1)
n'=—sinap |s5) +cosap |uii +dd ) /V2, ()

‘where experiment, for example, used to favor? the value
ap~—45° from the ratio I'(n—yy) /(7 —yy). '

The claim that we understand this mixing mechanism
must be reexamined if radially excited states exist and
have additional mixing with these mesons. Unfortunate-
ly, the existence of the radial excitations of the pseudosca-
lars seems to be unclear at present. In 1979 an experiment
detected the 7(1275) in a 7 p reaction.® Its main decay
mode appears to be 8w although only n7 is seen. If the
1(1275) is part of the 2 'S, nonet, along with the 7(1300)
and K (1400), then from mass considerations one might
expect it to be made from nonstrange quarks. For con-
sistency we might expect the radial partner of the 7'(958)
to be made from strange quarks and have a mass of about
1500 MeV.* The discovery® of the +(1440) has complicat-
ed the problem. The radiative decay of J /4 to the ¢ has a
branching ratio (0.42+0.12)%, i.e., comparable to or
greater than that to 1’ [(0.36+0.5)%] while the 7(1275)
has not as yet been seen in J /¢ radiative decays. The
branching ratio of t—py is of the order® of 3%, which
would be surprising for a predominantly s3 state, although
this argument can be vitiated by the presence of mixing
with other g7 states.

A number of explanations have been put forward in
which the ¢ might be a glueball,” a hybrid ¢gg,® a giant
nuclear resonance containing various degrees of radial ex-
cited states,’ the nonstrange radial partner of the 7(549),
assuming the 7(1275) does not exist'® or a mixture of
gluonium and quarkonium.!! These are discussed more
fully in Ref. 11.

II. COMPARISON WITH THE SIMPLE
QUARK MODEL

In the present paper we want to expand on our interpre-
tation of the 1(1440) as a mixture of quarkonium and
gluonium states.!! For readers unfamiliar with this model
we review briefly the salient points.'>!*> The model is
based on an analysis of the light mesons considered as
bound states of u, d, and s quarks. Only S waves were
considered and the ground state, together with the first
two radially excited states formed the set of basis states.
The model has a harmonic-oscillator potential with the
mixing coming from a hyperfine (Fermi-Breit) interac-
tion. The spectra of the known low-lying mesons together
with their radiative decays were used to obtain a deter-
mination of the parameters. The masses and the decays
of the radially excited mesons were then predicted since
the composition of the physical states in terms of the (un-
perturbed) harmonic-oscillator states was available. The
results of the complete fit were in good agreement with
experiment and formed an improvement over the naive
quark-model fits. In our model the 7, 77, and 7' are all
mixtures of ground and radial excited states. The situa-
tion is more complicated for 7 and 7’, which contain one
ground and two radial excitations for both the octet and
singlet parts, in addition to a gluonium component. We
give some of the results for the composition of the physi-
cal states as mixtures of the ground state, the first and
second radial excitations, and gluonium.!> For example,
the ground-state 7 and the first radial partner are

|71)=0.836 | Ng)—0.446 | N, ) +0.319|N,) , (3)
| 730 =0.533 | Ny)+0.800 | N, ) —0.277 |N,) . (4

Here | N)=|uii—dd )/V2. The subscripts 0, 1, and 2
refer to ground, first, and second radial excitations on the
right-hand side, while 1 and 2 on the left-hand side denote
the physical ground state and the first radial excitation of
the neutral pion. For the isoscalar sector, the composition
of the physical states in terms of the radial components
and gluonium are
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|71)=0.856 | Ng)—0.175 | N{ ) 40.220 | N, )
—0.380]S0)+0.129|S,) —0.117|S,)
—0.117|G) , (5)
| 71)=0.327 | N ) +0.035 | N; ) +0.062 | N, )
—0.828(S,)—0.068 | S;)+0.119S,)
—0.429|G) , 6)
| 9, =0.119 | Ny ) +0.630| N; ) —0.096 | N, )
—0.260| Sy ) —0.666 | S;)+0.102|S;)
—0.204|G) , _ (7
|L>:0A.308|N0)+0.049 | N1)—0.019|N,)
+0.290|S,) —0.312|S;)+0.015|S,)
+0.849|G) , (8)
where on the right-hand side
INY=|uti+dd)/V2,
|S)=1s5),
| G)= | gluonium) ,

and we keep the same convention for ground and radial

states. In the standard model the mixing is, using
ap._"_-‘-—45°,
[71)=0.707 | Ny} —0.707 | Sy) , )
|91)=0.707 | Ny) +0.707 | S,) . (10)

Including the radial excitations our model gives
| 71)=+40.856 | No)—0.380 S, )
+radial excitations -+ gluonium , (11)
| 1)=0.327 | No)+0.828 | So)

+radial excitations -+ gluonium . (12)

The gluonium and radial excitations form between 12%
and 20% of the 57 and 7’ wave functions. However, in ra-
diative decays the effect of these “contaminations” is re-
duced by the fact that the matrix element between the
ground and radial excited states is smaller than that
among ground states alone; the effect is still strongly evi-
dent in the mixing angles.

In the deviation from standard mixing in our model we
tend to have less | s§) in n; and | uZ +dd ) in 7}, so we
should expect to disagree with the naive quark model in
those processes that measure the |ss) content of the 7,
and the | uii +dd) content of 1}, namely, ¢;—ny and
n1—p1¥, Mi—w1y. However, by including the mixing
properly,!? the complete fit to the light-meson radiative
decays is significantly better that that of the naive quark
model, particularly for ¢;—n,y; the quark model has
great difficulty with this decay mode. This difference is
common to all quark models with radial mixing and has
little to do with the choice of the confining potential (har-
monic oscillator in our case). The main difference be-

tween the harmonic oscillator and a linear potential, for
example, is that for the harmonic oscillator there is equal
spacing for radial states. As a result, a physical » radial
excitation in the isoscalar sector will always get its biggest
contribution from the same n radial eigenfunctions of the
harmonic oscillator. The linear potential can mix dif-
ferent radial eigenfunctions into the same physical state in
a different way;'* the data are not yet sufficiently accurate
to distinguish these effects.

In a previous paper we showed that it is hard to recon-
cile the notion that the ¢ is a pure radial excitation of 7 or
n' particularly when the branching for radiative decay
from charmonium is so large. Compared to J/¢y—y7’,
the decay J/¢¥—>yi goes down by a factor of 2 in phase
space alone, and if the ¢ were simply a radial excitation we
might expect the matrix element to be further reduced.
Radiative decays of J /1 are therefore a good way of find-
ing states with significant gluonium components. On the
other hand, if the ¢ were a pure gluonium state it would
not decay radiatively. If, however, the gg state has the
same quantum numbers as a ¢g state it will mix with it.
The mechanism of this mixing has not yet been developed
dynamically so we will take a simple mixing model with
only one mixing parameter, using our previous results.!?
From Egs. (5)—(8), we note that the effect of gluonium-
quarkonium mixing in the isoscalar-pseudoscalar channel
is that all the states in that sector (n and %' included) have
a significant gluonium component,'® in agreement with
previous calculations based on QCD sum rules.'

The gluonium admixtures in the ¢g states do not affect
the ground state much,’3 so that the deviation from the
usual mixing angle can be considered mainly as a radial
mixing effect. This is to be compared with an analysis
done by Rosner!® of the experimental radiative decays in
which radial mixing is ignored and mixing angle differ-
ences are assumed to result purely from gluonic admix-
tures. He obtained the following values for the mixing
angles: .

71==1(0.73£0.10) | N ) +(0.74+0.06) | S) ,
M1 =%(0.6310.12) | N) £y, [S) ,

where y, is to be fixed by the value of $—n'y (expected
to be small). This procedure allows the possibility that
16% of 7, and more than half of 7| could be gluonic.

III. TWO-PHOTON DECAY PROCESSES

To distinguish among these possibilities we first of all
discuss the 2y decays for the neutral light mesons. We
use vector dominance to evaluate the 2y decays, calculat-
ing the one-photon coupling with the p, w, and ¢. For ex-
ample, in the standard model? the physical vector states
can be written as

¢=wgcos Oy —w;sin by , (13)
w=wgsin Oy +w, cos Oy (14)

(where the standard model has the ideal mixing angle
6y =35°). The relation between 2y couplings and radia-
tive decays through vector dominance is
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M"'}")’ :CIMTTPT +C2(Sin QVMme+COS GVMﬂ¢y) s

(15)
where
[(7—yy)=(phase space) | M, | *
and

I'(p,w,¢—my)=(phase space) | M, ,, 4:,) | >

Here c¢;=e/2y,, c,=e/2V 3y, appear in the definition
of the electromagnetic current.

The SUQB)gavor limit is y,=7y, which holds well even
when SU(3)gq,,0r is broken. Our case is in fact more com-
plicated since we should, in principle, add all contribu-
tions of the radial excitations to the radiative decays, such
as My oy My oy My 4, and also those from the higher

states. We shall include these three in order to get an
understanding of the effects of including p,, w,, and ¢,
couplings to the pion. As will be seen the effect is small
(5% or less) so we expect the radiative decays of the
second radially excited states to give a negligible contribu-
tion to m;—7yy. The other complication is that our » and
¢ states are not just simple mixtures of singlet and octet
SU(3) states but also contain radial excitations; that is,
there is no single angle 6. We calculate the contribution
to 7;—2y from our mixing scheme and insert it into the
vector-dominance assumption. As in the naive quark
model we shall keep approximate SU(3)g,or Symmetry for
Yp» Yo With y,2/4=0.51. This way the rates for the radi-
ative decays completely determine the 2y decays; care
must be taken only with the sign of the amplitudes Mpy,
(P =pseudoscalar, ¥V =vector). In a similar way we can
calculate the 1-n’ sector. Our results are as shown in
Table I. In the second column are our results for 7;—2y,
n1—2y, N1 —27, and the predictions of m,—2y, 17,—2y,
1—2y with only ground states coupling to the photon be-
ing included. The results do not change much on adding
the contributions of the radial excited states (column 3).
The experimental values are given in the last column and
include a recent measurement of 77 —2y by the TASSO
collaboration.

Our results are in reasonably good agreement with ex-
periment; the 77'(958) decay to two photons, despite the
large gluonium component, is within the experimental er-
rors. The agreement with the more recent value for the
decay — vy gives a reason for ap to deviate from the

old value without giving up the annihilation picture.! The
results reflect the accuracy of our fits!"!? to the radiative
decays; the worst cases contribute about 10 to the overall
X2. This is contrasted with the simple quark model which
fails miserably in accounting for ¢ —n,y (Table II).

The conclusions we can draw from these results are the
following.

(1) Inclusion of radial and gluonium excitations alter
the standard mixing picture of the light mesons so that
the mixing angle is no longer ~—45°. The new “effective
angle” ~—55° is in good agreement with recent experi-
ments and with other theoretical predictions.’* The naive
quark model was in good agreement with the older mea-
surement of 7—2y.

(2) The 2y decays of the 7, 1, and 77’ can be well ac-
counted for in this picture by the amount of radial mix-
ing; this obscures the extent of gluonium mixing in the
ground states. As a result, this is not a good way to ascer-
tain the gluonium admixture. More generally, the compo-
sition and decays of light mesons are not an efficient way
to determine this admixture.

IV. RADIATIVE ¢'(3865) DECAYS

We have shown in the previous discussion that neither
radiative nor 2y decays of the isoscalar mesons could test
for the presence of gluonium in that sector. In the search
for reactions to test for the presence of gluonium, the ra-
diative decay of the J /v to light isoscalars turns out to be
important. Using the Okubo-Zweig-Iizuka (OZI) rule
means this proceeds by ¢¢—gg,u#z,dd,ss.

A further simplifying assumption would put the ggin a
bound gluonium state (although this is not necessarily the
only way?!). This assumption does not introduce any new
parameters into the theory and gives, in our current
understanding, the main channel of J /i radiative decay
to light pseudoscalars. Then J/¢¥—yP, P a light pseu-
doscalar, measures the gluonium component of the pseu-
doscalar P (where P is our model is a mixed state of
gluonium and quarkonium). Since c¢— uit,dd,ss is OZI-
rule suppressed the process ¢c—gg is expected to be less
suppressed (sometimes referred to as a square-root OZI
suppression) and, in fact, should dominate. This would
explain why J/y¥— v is so large (in particular larger than
J/Y—ym7) as well as giving the relative ratios of

B(J /p—yP)/B(J /p—yn})
with P =0, (Ref. 11).

TABLE I. Two-photon decays of pseudoscalar mesons. The experimental values are from the refer-

ences quoted.

Vector dominance

Vector dominance for ground and first
Decay for ground states radial excitations Experiment
m—2y 79 eV 8.1 eV 7.86+£0.54 eV (Ref. 17)
m—2y 0.56 keV 0.56 keV 0.56+0.16 keV (Ref. 18)
n'—2y 4.22 keV 4.28 keV . 5.1£0.410.7 keV (Ref. 19)
1—2y 2.9 keV 2.5 keV <7 keV (Ref. 20)
m—>2y 8.6 keV 9.0 keV

7,—2y 2.4 keV

2.5 keV
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TABLE II. Radiative decays in the isoscalar section. The ex-
perimental values are taken from Ref. 17. Only ground states
are involved and the suffices have been dropped.

Predicted values Experimental values

Decay in keV in keV
p—ny 97.1 55.4+14.0 (83.2+17.2)
o—ny 10.9 3.0+2.5 (28.7+£7.0)
d—ny 30.1 50.6+8.6

n' —py 37.4 87.0+15.7

n' -y 5.6 8.1+2.0

o—n'y 0.6

We can generalize this argument to any vector ccC state
below the charm threshold, and therefore to the ¢'(3865)
allowing a prediction of the rates for ¢'—yP where
P =my, 01, 15 and 1. The radiative decays of ¢’ to light
pseudoscalars will have the same mechanism as the radia-
tive decays of J /1, so that we can predict the rates of i’
with no additional parameters. This gives another test of
the model and, in general, of any model that considers the
¢ to be predominantly gluonium.

We can expect the ¢¥'(3865) radiative decays to follow
from the J/4(3100) radiative decays using the scaling re-
lation??

B(f—yP) _ ®W'—yP) |¢(0)|> Tiald)
B(y—yP)  ®W—yP) |(0)|? Tiu(¥)

where ® denotes phase space, and #(0) (¢'(0)) is the wave
function at the origin of i (¢’). The above relation is
valid for any decay process X, in particular for yP. Com-
parison with experimental data yields

M =(0. IZiO.OZ)M s
B(¢y—yP) P(Yp—yP)

where

D(Y —>yP)=[(my>—mp*)/2my]?

’

with a similar expression for ®(i)-—>yP). We can there-
fore scale all our results to B(J/¢¥—y7n}) and using the
values given in Ref. 11 we obtain that shown in the
second column of Table ITI. The Particle Data Group!’
gives only upper values for these processes which we list
in the third column of Table III. Notice that all our re-
sults do well in comparison to experiment with the excep-
tion of the t. There are several possibilities that arise
which could explain why the ¢ does not do so well.

(a) The ¢ is not really a mostly gluonium state. If it
were a normal radial excitation containing little admixture
of gluonium, the branching ratio of ¢’ radiative decay
should be suppressed. This would of course make it diffi-
cult for us to understand why the J /i radiative decay to

TABLE III. Radiative decays of ¢'(3865) to light isoscalars.
Experimental values are from Ref. 17.

Decay Predicted value Experimental value
B —my) 0.002 102 <0.02 X102
B —qy) 0.02 X102 <0.02 x1072
B¢’ —>n,y) 0.007x 102
B —uy) 0.07 x102 <0.012x1072%

the ¢ has such a large branching ratio since the mecha-
nism should be similar.

(b) The assumption that ¢ —yP and ¢—yP scale as
the wave function at the origin is wrong and there are in
fact more complicated dynamical processes going on. The
problem with this is that it works well for a variety of
strong decays, so that it should be expected to do reason-
ably well for radiative decays.

(c) Alternatively, it may be related to some other
anomalous " decays. Neglecting phase space the ratio

_BWoX
By—X) .12+0.02

is independent of X; this is what was found?® at SLAC
(SPEAR) for ,

X =pp,ppr%, K *K ~mwtar—,

220 w0t 30t 3r % e e .

However, this was not the case of X =K*K ,pm. Neglect-
ing phase space for all of the above neglects a factor of or-
der unity so we would expect the above relation to be ap-

proximately true. But for X =K*K

’ *
B/ >K"K) <1.96x1072.
B(y—K*EK)

Since the ¢ is the only member of the 7,,7},7,,t group
that can decay®® to K *K, the lack of vt may be closely re-
lated to this.?

In conclusion, the interpretation of the ¢ is an interest-
ing problem which may still need more experimental data
particularly from J /v decays, but also from ¢’ radiative
decays. Although it seems certain that the « has consider-
able mixing of radial excitations and gluonium,!! at least
in the conventional approach using J /i radiative decays,
the complete solution for the mixing needs a better under-
standing of the problems of the K *K final states.
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