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Radiative transitions involving neutral mesons with J =0 [g,vi, t(1440}] and 2+

[f,f', 8(1640)] are used to provide information on the light-quark content of these mesons,
and to test predictions of models in which these states are quarkonium-gluonium mixtures.
Some suggested observations include (1) P~g'y, predicted to have a branching ratio of
7X10 in the standard quarkonium picture of ri', (2) f' +yy, p-redicted to have a partial
width & 200 eV if f'=ss but very sensitive to possible destructive interference from small

nonstrange-quark admixtures, and (3) ~(1440)~yy and 8(1640)~yy, which will be easily
detectable unless these states are almost totally free of quarkonium admixtures.

I. INTRODUCTION

The gauge theory of the strong interactions, quan-
tum chromodynamics (QCD), involves quanta
(gluons) which are expected to form bound states
with one another. ' In general these gluonic bound
states can be expected to mix with neutral (isoscalar)
mesons formed of quark-antiquark pairs, unless for-
bidden by C and P conservation. In particular, both
recent candidates for gluonic bound states,

t(1440): J =0 + (Ref. 2),
8(1640): J =2++ (Ref. 3), (2)

can have quark-antiquark admixtures which can
alter the expected pattern of their decays.

It is our aim here to carry out some simple tests,
based on radiative decays, of quark admixtures in
neutral mesons. We discuss both 0 (ri, g', t) and 2+

(f,f', 8} states. These tests allow one to confront
models 's for mixing of quarkonium and gluonium
states with experiment, and thus to learn both about
the physics underlying the mixing process and about
the spectroscopy of the unmixed states. Partial re-
sults of such tests have been discussed previously. '

We find the following results.
(1) The ri is well understood as an SU(3)-flavor

octet with a small quarkonium singlet admixture,
and not much room for a significant gluonium ad-
mixture.

(2) Information on the ri' is incomplete without a
significant constraint on its ss content. We propose
a measurement of the rare process P~ i'y vto resolve
the issue. ' A conventional quarkonium picture of
sl' predicts B(p~ri'y) =7)& 10

(3) The rate for f'~yy, predicted to be 200—250
eV if f =ss, is very sensitive to small admixtures of
nonstrange quarks in f'. The expected sign of this
admixture' ' is such that it will cause destructive
interference. However, a drastic suppression of
I (f'~yy} is excluded by experiment. 's This limits
the nonstrange-quark content off'.

(4) The decays c~yy and 8~yy are quite likely
to proceed with detectable rates in the several-
hundred-eV —keV range, and provide useful con-
straints on the quarkonium content of these mesons
(see, e.g., Ref. 6).

We introduce some elementary notation in Sec. II.
The pseudoscalar mesons (ri, si', t} are discussed in
Sec. III, while the tensor mesons ff,f', 8(1640)] are
treated in Sec. IV. We review one model for mix-
ing' ' in Sec. V, and discuss prospective tests. Sec-
tion VI contains a summary.

II. NOTATION

We shall work in a basis consisting of the states

iN)= iuu+dd),l

2

iS&—= iss&,

and

i
6)=

i
gluonium) .

(3)

(4)

A physical state
i
4) is assumed to be a linear com-

bination of these:

IN&+y IS&+

with
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x 2+y2+z2= 1

and thus

x +y &1.

1(S
Pco~ny).

so we find

2 2
mp —m~ m~

2 2m~ —m~ mp

A significant gluonic admixture in a state is possible
only if z =1—x —y &0. We shall neglect every-
where small cc admixtures in the states being dis-
cussed' '"; they would be important only outside the
context of questions addressed here. We shall also
ignore mixing with radial excitations, though this
may be important for a more precise discussion of
t(1440) and 8(1640).

III. PSEUDOSCALAR MESONS

i xz i
=0.73+0.10 . (12)

(b) P~gy. We take into account SU(3) breaking
to the extent that the strange quark has a smaller
magnetic moment than the d quark by a factor
m„/m, . Then we expect

2' 2 2 '3
4 m„m& —m„m„

I (co~rr y) 9 m, m„—m my

(13)

The standard unitary-symmetry assignments for
an g and g' imply

(y/x)„= —v 2, (y/x)„=1/~2

for an octet g and singlet rl', or approximately

(9)

(10)(y/x)s ———1, (y/x)z ——1

for an octet-singlet mixing angle of -10'.' What
do radiative decays say about the values of x and y
for these mesons? The data we shall use are summa-
rized in Table I.

We calibrate M1 transition rates between 0 and
1 mesons composed of light quarks with the help
of co~a y and

palmy.

' ' An SU(3) calculation im-
plies the ratio I (co—+n. y)/I (p —+m y)=9
X(phase space) =9.6. This is in rough accord with
experiment. We shall use the nominal value
I'(ro —+n. y}=790 keV in what follows, neglecting
uncertainties in this quantity. We assume that

~yy partial widths scale as (m )3 (Ref. 29}and

use the m. —+yy width quoted in Table I to predict
I'(rl~yy) and I'(r)' —+yy) in terms of the quark
content of g and g'.

We first discuss processes involving g.
(a) p—+riy. An SU(3) calculation predicts

and find

(y„~ =0.74+0.06 .

(c) rl~yy. An SU(3) calculation yields
3

'Y'Y} 1 s (5 +~2
I (~o—+yy) 9 m o

so that

xz+ yz ——0.46+0.04 .2

5

0.8

0.6

0.4

0.2

(14)

(16)

Process Rate

789+92 keV
67+7 keV

7.92+0.42 eV
53+14 keV
68+10 keV

324+46 eV
84+30 keV

Not quoted
5.8+2.3 keV

Reference

20
21
22
23

23,24
25
26
27
28

TABLE I. Experimental rates for radiative processes
involving pseudoscalar mesons.

'0 0.2 0.60.4
X~

FIG. 1. Constraints on nonstrange- (x„) and strange-

(y„) quarkonium mixing coefficients in the g, as defined
in Eq. (6). The circular boundary denotes the constraint

x„+y„&1. Only the quadrant containing a pure octet q
[open circle, with x„=(—, i'~2, y„=—( —, )'~'] is shown.

The mixing solution of Ref. 19, x„=(—)' = —y„, is

shown as a closed circle. The mixing scheme of Ref. 12,
to be discussed in Sec. V, implies a ratio of y„/x„shown
as the dashed straight line. The vertical, horizontal, and
inclined bands are the regions allowed by Eqs. (12), (14),
and (16), respectively.
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py)
1"(co~@y)

,2 2
m~~ —mp m~

2 2m„—m„

'3
2

x~~

or

The constraints implied on x and y by the above
relations are shown in Fig. 1. There exists a con-
sistent solution compatible with the mixing pro-
posed in Ref. 19 (the closed circle on the figure).
The .allowed gluonic admixture in the
(zs ——1 —xz —yz ) is required to be small,

~ z„~ & 0.4, but not necessarily zero.
We now turn to processes involving g'.
(d) g'~py. A calculation similar to those per-

formed above yields

0.8—

0.6—

0.2

I
I
I

I

I
'

I0.4—
I

I
I

I
I

I

0.2 — I
I

I
I

I
I

I
I
I
I

0.4 0.6 0.8
~ x„~ =0.63+0.12 . (18)

(19)

(e) p-+rI'y. Here there are no data, though the
large number of P's observed in one experiment
suggests that this situation could change. We find

2 , 2 3
, 2

m~ —m„y„
&(p

eely)

mIt' —m„' y„'
2

=46X10-' "

Since B(p +rIy) =(1.—5+ 02)%%uo, we expect

2

B(/~A'y)=(7X10 ') (20)

The mixing of Ref. 19 implies ys /y&
——1. The

most distinctive signal for this decay might be

X

FIG. 2. Constraints on nonstrange- (x„) and strange-

(y„) quarkonium mixing coefficients in the g . The open
circle denotes a pure quarkonium singlet g', x„=(—)'

yz
——( —)' . Closed circle denotes mixing solution of Ref.

19, x„=( —)
' =y„. Dashed straight line: mixing

scheme of Ref. 12 (Sec. V). Vertical and inclined bands
are regions allowed by Eqs. (18) and (23), respectively.
Horizontal lines are labeled by predicted values of
B(k~rI'y).

The constraints implied by x& +y& (1 and by
Eqs. (18) and (23) are shown in Fig. 2. The absence
of a significant constraint on yv (the strange quarks
in rI') is keenly felt. With a very small value of yv
the 1o limit in Fig. 2 associated with g —+yy would

(21)

0.8—

0.6

i.e., four charged pions and three photons. Very few
other sources of this final state are expected at the P
mass.

(f) rI'~yy. We expect

0.4-

0.2—

3
I (g'~yy) 1 m v'

(5 ~2 )z
f'(~o~yy) 9 m~

and fInd

xz + y&
——0.85+0.20 .2

5

(22)

(23)

0
0 0.2 0.4 0.6 0.8 1.0

X

FIG. 3. Constraints on nonstrange- (x, ) and strange-

(y, ) quarkonium mixing coefficients in the c. (Radial ex-

citations are ignored here. ) Dashed straight line: mixing
scheme of Ref. 12 (Sec. V). Inclined lines are labeled by
predicted values of I'(~~yy) [calculated as in Eqs. (15)
and (22)].
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allow a value of zv exceeding one-half, i.e., more
than half the ri' could be gluonic.

The horizontal lines in Fig. 2 indicate contours la-
beled by the predicted values of B(P~ri'y), ranging
from & 10 to zero. Data on P~ri'y thus will be
oiuch help in learning the strange-quark and gluonic
content of ri'.

There are no observed radiative 0 ~1 transi-
tions involving t(1440). Nonetheless we can discuss
its yy width as if it contains admixtures of ground-
state quarkonium (ignoring radial excitations). '

The result is the set of contours shown in Fig. 3.
Widths in excess of 1 keV are possible even with

tiny quarkonium admixtures (x, +y, &7%%uo). A
more detailed treatment would, of course, include
radial excitations, for which there is some evi-

dence.

IV. TENSOR MESONS

I.0

0.5

0-0.5 0.5 I.0
X

FIG. 4. Constraints on nonstrange- {x) and strange-

(y) quarkonium mixing coefficients in f, f, 8. Cross-
hatched region: allowed by observed rate for f~yy [Eq.
(25)]. Shaded region: allowed by observed rate for
f'~yy [Eqs. (28)—30)]. Inclined lines are labeled by
predicted values of yy widths [Eq. (24)], for
I {A2—+yy) =1 keV.

Pf,f', 8 +yy) 25 — ~2x+ yI (A2-+yy) 9 5
I

The observed widths as quoted in Ref. 30 are

I (f~yy) =2.95+0.40 keV,

I (A2~yy) =0.77+0.45 keV .

(24)

(25)

(26)

An independent analysis ' of mesonic decay modes
of f concludes x & 0.9. We may turn Eqs. (24)—(26)
and the bound x p 0.9 into a prediction

0.88 & I (A2~yy) & 1.12 keV . (27)

We show in Fig. 4 contours of constant two-
photon partial width estimated according to Eq. (24)
with the nominal value I'(A2~yy)=1 keV. The
two-photon widths of f, f', and 8 are each of great
interest.

(a) f~yy. The observed two-photon width (25),
when combined with the rather low value (26), sup-
ports the conclusion that the gluonic admixture in
the f must be rather small. The band corresponding
to (25) is shown as the cross-hatched region in Fig.
4

(b) f'~yy. A new partial width for this process
has been quoted':

I (f'~yy)B( f'~KK) =0.15+0 03+o o4 keV. . '

The quarkonium components of f, f', and 8 give
rise to yy decays which we may relate to those of 22
(neglecting kinematic factors and radially excited
components in 8}:

B(f'~KK) &0.7
to set the bounds

(29)

0. 14& x+ y &0.28,vZ
5

(30)

shown as the shaded band in Fig. 4. (In accord with
the expectation that the f' is mainly ss, we show
only the solution containing the point x =0, y =1.)
An unmixed ss f' would have a decay width to yy of
about 200—250 eV on the basis of Eqs. (24} and (27).

The f'~yy amplitude is very sensitive to destruc-
tive interference from nonstrange quarks. From
Fig. 4, one sees that even the rather lax bounds (28)
drastically restrict the allowed fraction of non-
strange quarks in the f'.

(c) 8—+yy. For wide ranges of possible mixings
(one prediction will be mentioned presently, and
another will be discussed in Sec. V), the partial width
I'(8~yy) is likely to exceed I (f'~yy). This
behavior is seen quite dramatically in Ref. 6, for ex-
ample.

At present one knows only that'

I (8~yy)B(8 +KK) &0.5 keV (95%—C.L) .
(31)

If 8 is really a gluonic bound state, mixed with quar-
konium as in (say) Ref. 5, it is likely that its branch-
ing ratio to EE does not exceed several percent, as
we shall show below. Thus the bound in (31) is not
very powerful.

Another bound which has recently been reported"
1S

I (8~yy}B(8~popo) & 1.2 keV (95% C.I.. ) .

We may combine Eq. (28) with an estimate
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Even if pp were the major decay mode of 8, it ap-
pears that all one can say from (31) and (32) (for an
isoscalar 8) would be

I"(O~yy) &4 keV . (33)

I'(O~KE) =4X (phase space) =5.7,I' 8—+q2)
(35)

no matter what the nonstrange, strange, and gluonic
admixtures in the 8. [The corresponding ratios are
4X(phase space}=12 for f and 64 for f'.] The pre-
diction (35) simply tests SU(3) invariance of cou-
pling s.

Preliminary indications, when the present work
was first performed, pointed to a substantial KE2)ri
ratio in 8 decays. It has now been found that this
ratio is indeed large; about 3, but with a range of
variation consistent with Eq. (35) as well. A further
discussion may be found in Ref. 37.

The model of Ref. 5 predicted I (O~KK) of only
several MeV, and I (8~2)2) ) = 1 MeV. The total ob-
served width is much larger, I'„,(8)=220+70
MeV. This also exceeds the prediction of Ref. 5 of
(40 MeV. That prediction was based on an analo-

gy with the f +4' decay. The 8—(1640) is sufficient-
ly massive that important new channels like pp, not
accessible in f~4m, are open. These could contri-
bute to a significantly enhanced total 8 decay rate.
There is the possibility of a p p signal around
threshold in J/f~yp p, but it is too early to tell
whether it is due to 8(1640). Other decay modes of
interest include p+p (m+m ~ n ), KKmm (in
several different charge states}, and states involving

From Fig. 4 we see that any state satisfies this
bound. (Kinematic corrections have been neglected
here. ) Thus, present experimental limits on
I'(O~yy) do not tell us much about the quarkoni-
um content of this state.

A quarkonium admixture in 8(1640) could well
explain the observed small ~ m. /2)2I ratio in its de-
cays. Indeed, as noted in Refs. 12 and 13, a gluonic
bound state decoupling from mm by virtue of a small
quarkonium admixture was proposed before the
discovery of the 8(1640). ' This quarkonium ad-
mixture could be detected via O~yy. The model of
Ref. 5 predicts

=(—„ to —,) X(phase space), (34)
I (O~yy)

so I'(O~yy) should be several hundred eV in that
model.

The decay 8—+LE should be observable. When
the 2) can be represented as (uu+dd —v 2ss)/2 (the
favored mixing cited in Secs. II and III and Ref. 19),
one finds'

V. A SIMPLE MIXING MODEL

Suppose quarkonium states q;q; (i denotes flavor)
mix with other qzqj with an amplitude a, and with
gluonium states P, in a flavor-independent
way. ' ' ' ' Then, in the three-dimensional space
(3)—(5) composed of quarkonium states
(uu +dd )/W2 (mass Miv), ss (mass Ms ), and
gluonium (mass MG), the physical eigenstates

~

qi)
satisfy M

~

qi) =M
~
4), where

M„+2a aV 2 P~2
M= av 2 Ms+a P

pm 2 p MG

(36)

If we write ip as a linear combination (6) of basis
states with coefficients x, y, and z, we find a relation
independent of a or P:

y (2)
—i/2 (37)

x S

Thus the ratio of nonstrange- to strange-quark con-
tent is prescribed in terms of the unmixed quarkoni-
um masses M~, Mq and the particle mass M.

The possibility has also been raised that the
nonstrange- and strange-quarkonium systems have
different wave functions at the origin as a result of
the different masses of the corresponding quarks.
This would lead to a mass matrix of the form

MN+2a aZV 2 P~2
M = aZ~2 Ms+aZ2 PZ

pi/2 pZ MG

(38)

One still obtains a simple result for y/x in this case,

(2)
—1/2Z M —M~

X M —Mg
(39)

three pseudoscalar mesons such as gmw or KK~
[though these may be suppressed in the limit in
which 8 is mainly an SU(3) singlet by generalized
6-parity arguments; see Ref. 39]. The size of the
2)2) signal in Ref. 3 is compatible with I (8~2)2) ) -1
MeV and a total 8 width of order 100 MeV if the to-
tal branching ratio 8(J/P —+yO) is several percent.
This is quite compatible with estimates ' of the pro-
duction of 2+ gluonium states through J/g~y+
(2 gluons} if the 8 provides a major contribution to
the two-gluon spectral function. [It has been es-
timated that the decays J/P~y+(2+ meson) can
be evaluated fairly reliably this way. ~2]

To summarize this subsection, we expect process-
es like yy~O(1640)~KK, 4m, KKnn to occur with
observable strength if the 8(1640) is largely (but not
wholly) a gluonic bound state.
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This effect may be important for pseudoscalar
mesons (a value equivalent to Z =0.78 was found in
Ref. 44) but will be neglected here.

A. Pseudoscslar mesons

Pi,~yy)B(i~p p ) & 1.0 keV . (44)

Since the ~ lies below 2m&, this is not very restric-
tive. The ~ is not seen to decay to popo in

J//~A p, for example.

We adopt a model of masses based on the naive
nonrelativistic quark picture. Here, only the consti-
tuent quark masses m; and hyperfine splittings con-
tribute to pseudoscalar- and vector-meson masses.
Thus

M(q;q&)=m;+mj+ (0; 0~),
mf mj

where (0; oz)=( —3, 1) for (pseudoscalar, vector)
mesons. This model provides quite a satisfactory
description of 0 and 1 meson masses with
m„=310MeV, m, =483 MeV. It implies

B. Tensor mesons

An unmixed nonstrange J =2++ quarkonium
state is the A2, so we may take

Mg ——mg, ——1318+5 MeV . (45)

Mg ——2m+++ —mq, ——1542+21 MeV . (46)

An estimate of the corresponding ss mass depends
on that of the E",which we estimate to lie any-
where between 1420 and 1440 MeV. We then find

~N =iii 0 = 135 MeV (e—:1), (41) With

mp (——mx, —mx)'/—(mp m) =—770 MeV . mf ——1273+5 MeV (47)

We then find, from Eq. (37),

(y/x)„= —1.3, (y/x)„=3. 1 .

(42)

(43)

mf ——1520+ 10 MeV,

my ——1640+50 MeV,

(48)

(49)

These are to be compared with the values (9), (10)
for more conventional assignments. The results (43)
are shown as the dashed lines on Figs. 1 and 2.

The predictions of the model for the rl are not
drastically different from the usual estimates. The
dashed line in Fig. 1 runs fairly near the region al-
lowed by radiative transition data, corresponding to
very little glue in the g.

The mixing scheme of Ref. 12 predicts that most
of the quarks in the rl' (far more than usually sup-
posed) are strange. Can this be true? Radiative
transition data (as noted in Fig. 2) do not appear to
permit a preponderance of strange quarks in g'.
However, as we have stressed earlier, and has been
mentioned by others, ' /~i)'y would provide an
important constraint. The modifications suggested
in Ref. 44 and quoted in Eqs. (38) and (39) lead to
some improvement, since they reduce the predicted

magnitude of y/x. Even so, the very large value of
(y/x)z implied by the mixing scheme of Ref. 12 lies
outside the constraints of the data. It could only be
correct if the total i)' width had been overestimated
experimentally.

For the i,(1440), the mixing model of Ref. 12 im-
plies that the nonstrange- and strange-quarkonium
contributions should add constructively to the am-
plitude. One can see this effect in Fig. 3. Only
upper bounds exist for the i,~yy partial width:
eg 35

we then find

=0.12+0.04,

= —0.15+0.24, (50)

=0.4+0.3 .x

g

There is a small but non-negligible strange-quark
admixture in the f, and the possibility of a slightly
larger nonstrange-quark admixture in the f'. The
errors in Eq. (50) refiect extreme limits in Eqs.
(45)—(49). The ranges (50) may be expressed as radi-
al sectors in Fig. 4. We see qualitative agreement
with constraints derived earlier for f and f', and
predict (as promised in Sec. IV) that the nonstrange-
and strange-quarkonium components of 8 add con-
structively in O~yy.

A more detailed comparison of the model of Ref.
12 with the tensor-meson data is carried out in Ref.
37. There, under the added assumption that the ma-
trix (36) is energy independent, we find that there is
no consistent solution whereby one can accommo-
date all the observed masses and branching ratios.
No such assumption, however, was made in arriving
at the relations (50).
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VI. SUMMARY

We have discussed ways to measure the content of
nonstrange and strange quarks in various isoscalar
mesons with the help of electromagnetic transitions.
We have concentrated on the channels with
J~ =0 + and 2++, for which knowledge of this
quark content is especially useful when evaluating
candidates for gluonic bound states.

We have found a number of results, cited in the
Introduction. With the help of measurements of
processes such as {() rl'y, and two-photon widths of
t(1440), f', and 8(1640), one can begin to sort out

the mixing between quarkonium and gluonic bound
states that would characterize the 0 + (g, rl', t) and
2++ (f, f', 8) systems if these can be treated as
three-state problems.

Further constraints on the 2+ system are provided
by such rare processes as f'~rrrr, e~msr, and
J/g~yf'. These constraints have been investigated
in Refs. 5—14, 37, and 49. The question of whether
the 8 is mainly a gluonic bound state, in our
opinion, still remains open, and will probably be
solved only when a theory of its mixing with quar-
konium emerges.
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