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Given a resonance of known mass, width, and J, we can determine its gluonic branching
fraction bz~~~ from data on its production in radiative vector quarkonium decay V m pR. For
most resonances b&~~g is found to be 10'Fo, consistent with being qq states, but we find that both
pseudoscalars observed in the 1440 MeV region have bR ss — —1 and b(foe m gg) 2. As
data improve, b~~~~ should be a useful discriminator between qq and gluonic states and may permit
quantitative determination of the extent to which a particular resonance is a mixture of glueball and
qq. We also examine the regime of validity of PQCD for predicting the rate of V m prts, the "extra"
pseudoscalar bound state which would exist if there were light gluinos. From the CUSB limit on
peaks in T ~ pX, the mass range 3 GeV ( m(rIs) 7 GeV can be excluded. An experiment must
be significantly more sensitive to exclude an gy lighter than this.

PACS number(s): 14.40.Gx, 13.25.Gv, 13.40.Hq, 14.80.Ly

I. INTRODUCTION

Radiative quarkonium decay has been experimentally
studied both exclusively and inclusively. It is a partic-
ularly auspicious reaction for producing glueball reso-
nances, as is evident from Fig. 1. In exclusive channels
such as J/g -+ pKK7r, many resonances in the KKvr
invariant mass have been observed. In the inclusive pro-
cess T ~ px, the absence of peaks in the photon energy
spectrum provides an upper bound on the production of
resonancesi [1,2]:

F(T ~ pR) (
F(T ~ all)

Qualitatively, a resonance that is prominent in V ~ pR
but not prominent in hadronic scattering can be a good
candidate for a glueball. More quantitatively, "sticki-
ness" [3], that is proportional to I'(V ~ pR) divided by
the two-photon partial width I'(R -+ pp), should be sig-
nificantly larger for glueballs than for qq mesons. In the
following we propose another quantitative measure of the
gluonic content of a resonance: its branching ratio to
gluons bR~~~. We describe how to extract it from exper-
imental information on the width of the resonance and

the branching ratio for its production in radiative quarko-
nium decay b(V ~ pR) = F(T ~ pR)/F(T m all). We
work in a naive parton approximation, but expect that
the method can be shown to be more general. We wi1.l

see that it seems to be a promising discriminator between
glueballs and qq states, with glueball candidates having
b&~gg 2 1 and qq states having bR ~~~ o.', 0.]

If the resonance R is a massive QQ state such as the
rkl the branching ratio b(V m pR) can be reliably cal-
culated in perturbative QCD (PQCD) with a nonrela-
tivistic potential for both V and R [4]. However in the
interesting cases of B being a glueball or a bound state of
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The actual limit is slightly dependent on the mass of the

resonance, but varies less than a factor of 2 as the mass varies
between 1.5 GeV and 8 GeV. The exact value of the limit
does not matter much when the resonance mass is large, as
will be seen below, so we take the value in the range which is
most relevant to analyzing data, 2 GeV. FIG. 1. The dominant contribution to V —+ pR.
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light gluinos, no reliable means exists for making an ab-
solute prediction for b(V -+ pR). Therefore up to now we
have been unable to make quantitative use of the exclu-
sive data and the upper limit (1) to address the question
of whether a given resonance is a glueball qq or possibly
gg state. This paper proposes a means to rectify this
situation.

Let us begin by reviewing the case that the R is a
bound state of massive quarks and V is the T. Since
the mass of the b quark is large, PQCD is believed to
be a reliable means of computing the decay T —+ egg.
If the produced resonance R also contains heavy quarks,
then PQCD can be reliably used to compute the branch-
ing ratio b(T ~ pR) in terms of [R(0)[~, the resonance
wave function at short distance, o,„andm~. In prac-
tice, one takes a nonrelativistic model for the QQ po-
tential and 6xes its parameters to give a correct predic-
tion for I'(rk m e+e ), which also depends on [R(0)[2.
Having fixed the parameters of the potential, [R(0)[2 for
the other QQ resonances is determined, assuming that
they are described by the same nonrelativistic potential
model. Following this procedure, the branching &ac-
tions b(V ~ pR) have been predicted for the known QQ
mesons [4, 10] and are found to be small enough that
they would not have been seen in the CUSB experiment.
Kuhn [11] showed how to obtain b(V m pR), when R is
a light quark meson, in terms of its decay constant, e.g. ,
f for R a pion.

If there were a gluino with mass my large enough for
the nonrelativistic potential description to be valid, we
would have an extra 0 + resonance with m~ 2m'.
In this case, PQCD can be used to calculate b(V
pris)[7—9]. The result is larger than that for the xl, by
a factor 21.5 due to the gluino being a color octet
rather than triplet as we will detail below. For m„,& 3
GeV, the PQCD calculation with nonrelativistic poten-
tial is probably a good enough approximation that the
data can be used to exclude a gluino.

Of course the wave functions of glueballs and of mesons
made of light quarks (or gluinos) cannot be treated with
a nonrelativistic potential model. No one would try to
calculate the width of a glueball of mass 1.5 —2, or
even 3, GeV on the basis of knowing the g, width. Nev-
ertheless, we shall see that [Eq .(16) below] b(T ~ pR)
for R a glueball, or a light qq or gluino resonance, can
be estimated in terms of the observed width of the reso-
nance I'~ and its branching ratio to gluons b~~~~. Thus
for a given resonance whose width has been measured,

While beam dump and collider experiments have ruled
out light gluinos which decay in the apparatus, longer lived
gluinos are not ruled out, except within certain ranges of mass
and lifetime [5, 6]. Long-lived gluinos would form hadrons,
with the ground state gg being 0 +. Demonstrating that the
hadron spectrum cannot accomodate an additional Savor sin-
glet pseudoscalar would thus exclude long-lived gluinos[7 —9].

For other than pseudoscalar resonances, the derivative of
the short-distance wave function enters.

Of course it can mix with nearby glueball or qq resonances,
but we keep this discussion simple and we neglect mixing. It
can be introduced with no conceptual difBculty.

by comparing this prediction with the CUSB limit we
6nd an upper limit on b~~~~ for that resonance. For
resonances observed in J/Q ~ pKKm, we can extract
the product bR ssb(R -+ KKn). When b(R ~ KKvr) is
known, b~~~~ can be determined. Otherwise the require-
xnent b(R ~ KKvr) + 1 provides a lower limit on bR~ss.
In some cases these upper and lower bounds are quite
close to one another, as we shall see below. If bz~gg 1,
it is a viable glueball candidate, while for a qq resonance
we would expect bxt~ss rr2 1/10. Mixing between
qq and glueball resonances will give intermediate values
of 6&~gg Although the data are still inadequate to draw
6rm conclusions, we will see possible examples of all three
cases.

Using the formalism developed below, the CUSB data
can be turned into an upper limit on the gluonic width
of any resonance produced in T ~ pR. This is the best
way to quote a limit on a possible gy, since if it is not an
already-observed resonance, its width is unknown. The
question then becomes whether the allowed width is con-
sistent with theoretical expectations for its width, for a
given mass.

II. UNITARITY CALCULATION
OF THE ABSORPTIVE CONTRIBUTION

Since we want a method of computing b(V -+ pR)
that is not limited to R being a massive QQ state, let
us see how far we can go with unitarity and analytic-
ity. We begin by computing the "unitarity lower bound"
on I'(V -+ pR) coxning from the two gluon intermedi-
ate state, as illustrated in Fig. 1. This is an idea that
cannot be precisely de6ned, since the gluon is not an
asymptotic state. Our procedure can be made more rig-
orous by introducing a scale on which one sees two gluons
in the intermediate state and does not resolve them fur-
ther. This scale will be related to the ir cutoff and uv
renormalization which must be introduced when working
beyond tree approximation. However we begin with the
most naive approach. We take the gluons to be massless.
As a consistency check that this naive approach is rea-
sonable, we verify below that giving the gluons masses

AggD makes no signi6cant difference to the conclu-
sions. We will return later to the question of multigluon
contributions and the resolution-size dependence.

In this approximation, the absorptive part of
~x can be fixed in terxns of the width I'(R ~ gg),

the inclusive radiative decay rate I'(V -+ egg), and the
rate I'(R ~ X) as follows. Since we can safely ignore
interactions between the photon and the final resonance
R, unitarity tells us

Mv~~x(P, k, (p;))
= ) Mv „(P,k) M„x(s,(p;)), (2)

n

where n labels the intermediate state and P, k, and (p, )
are the four-momenta of V, p, and the final state hadrons
in X. s is the (invariant mass) of the state X. Although
J of the resonance is fixed, in general more than one
L, 8 state of two gluons can contribute for a given J

Now we want to rewrite (2) as an integral over s by
inserting
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1= ds6tl p —) p, dpb(s —p)

(2rr) 8i l p — p,
ds d'p
2rr (2rr)s2E„

where p is the four-momentum of the state X and Ez =
gp2+ s. Assuming that just a single two-gluon state
dominates, or if more than one is important that their
contributions add incoherently, we obtain

RI V-+pX (2rr) 8 (P —k —p) iM v «„(P,k) i

d3 ~

ds dr
I

I2~I'&' u -Qu; i l~.' x(~, (u'))I'I

where

dI'~ „1
Mv

d3k d3
(2rr) 8 (P —k —p)~Mp ~„(Plk)~'.

We de6ne 'P&.I to be the probability that the two gluons
with spins Sq and 82 in a total spin state S and having
orbital angular momentum I will combine to form the
state with the J of the resonance B. Then

where mR is the mass of the resonance and I R~„.I R.
and I'R are its partial and total decay widths in obvious
notation. Equation (8) follows since

d~v~~n
ds

dI v
S;I (6)

&
"' can in principle be taken directly from the mea-

sured inclusive radiative decay spectrum or, due to the
heavy mass of the quark in V, should be reliably given by
PQCD. If the latter route is taken, one would just project
onto the relevant J for the two gluons and automati-
cally include the correct P&.i [10]. Although within error

bars the data on
&

' agree with the PQCD predic-dr

tions, we adopt here the PQCD approach since the data
on

&
' have large error bars for the 8 range of great-~~v~~w

est interest, and projection onto the correct J state of
the two gluons is most reliably done using PQCD.

Returning to (4), we require the matrix element
For 8 near m& it is given by the Breit-%'igner

expression

~R ~n —+R~R~X
(s —m2~) + imgI'R

' (7)

R~- R~X
4„(s)((s —m2R)2 + m2~ I'2R)

where I'R is the total decay width of the resonance. Now,
neglecting possible variation of the matrix elements with
8 over the width of the resonance, the expression in large
curly brackets in (4) is just

2 ma I'a x (9)

and, in the approximation that
~
M„R

~

is approxi-
mately constant over the resonance,

2 mRi'M, . R
I

=
4„~8)

The phase space factor 4„(s)is st", with

A(s)—:— s~ + m4, + m42 —2m2m22 —2s rn2r —2s m22
8

for a two particle intermediate state. For real gluons
mq ——mq ——0 and A(s) = 1, while for rnid

——m2
200 (500) MeV, A[(1.5GeV) ] = 0.96 (0.75). Thus taking
gluons to be massless or to have masses O(A@cD) makes
only a smaH difFerence in the conclusions, so we simply
set A(s) = 1 hereafter.

Putting together Eqs. (4) and (8), vre obtain the ab-
sorptive contribution to the rate

See [12] for a detailed treatment when data rather than
PQCD are used.

Except when R is a 1+, in which case the leading absorp-
tive amplitude vanishes for strictly massless gluons and the
more rigorous treatment introducing a scale would be essen-
tial to obtaining a reliable result.



50 RADIATIVE DECAY OF VECTOR QUARKONIUM: 3271

R (abs) JI' x ——16 'Ps. l bR bR x
ds dI'g mRI R

vrA(s) ds (s —mn)2 + mar~

In the narrow width limit,

mr~
hm
rmo (s —m2)2 + m2 r2 h(s —m).

where I'~ is the total width of the initial vector meson
and b~~ss is the gluonic branching fraction oPR.

Note that even when mR is of order 1 GeV our unitar-
ity calculation with a two-gluon intermediate state is a
good approximation. This is because the quarks in V are
quite massive so that three hard gluons are suppressed
by O(a, (ms)) in their contribution to I'(V + pX) com-
pared to that of two gluons. Moreover, in the partonic
spirit of this paper, by taking the resolution size of the
"effective" gluons we are discussing to be large enough,
we can arrange thats I'(R -+ gg) )) I'(R -+ ggg).
This just means that where we encountered I'RbR~gg
in our our expression for the absorptive contribution
to the width, we actually mean I'RbR~«t z~«„,, With
this understanding, that bR~gg is to be identified with
bJt~t~t si„~„;„(14)holds even for light m~.

III. DETERMINATION OF THE FULL
AMPLITUDE

The number of gluons in the intermediate state, as
well as the distinction between real and virtual gluons,
depends on the scale size which has been chosen. This
is analogous to how the identification of an event at the
CERN e+e collider LEP as a two-, three-, or four-jet
event depends on the resolution size chosen for the jets.
With a low-resolution definition of a gluon, most of the
amplitude for V ~ pX will be contained in the two-
gluon state, while as the resolution is increased, states
with more gluons will become more important. Further-
more, a state that appears under high resolution to con-
tain three real gluons would appear to have one real and
one virtual gluon as the resolution is lowered and two of

As a result, the absorptive contribution to the branching
ratio for V ~ pR in the narrow resonance limit is

(abs) ( I dr
bv ~ ——16m mRra7 s;I, I r d, l

bR
s s=rns j

(14)

8 a2
r, , = —;[R,(0)l',

3 mR

Ar„,=96 ', [R~(0)[',
mR

Ar„,=9.6; ]R~(0)[',
mR

].28 R.(o)l'
5 m4R

(15a)

(15b)

(15c)

(15d)

R(0) is the radial wave function of the bound state at
r = 0 and R'(0) is its derivative at r = 0.

Now let us take the PQCD prediction for I'(V ~ pR)
of Refs. [10,4] and use these expressions (15) for the width
of R to rewrite the PQCD formulas for I'(V ~ pR) in
terms of the width r~ rather than R(0) or R'(0). This
yields our central result which, for a 0+, is

b(V -+ pR) = b(V -+ egg)
87r (7r2 —9)m2V

2

(i6)

where x = [1 —
( ")2] and

the gluons are merged. While real and absorptive con-
tributions are separately resolution-size dependent, the
predicted total rate of interest will not be. It is clearly
important to compute real and imaginary parts consis-
tently, however.

We might try to estimate the real part of the amplitude
whose absorptive part we determined in the preceding
section by using dispersion relations, avoiding the use of
PQCD except to determine subtraction constants when
needed. The feasibility of this idea can be assessed in the
regime of applicability of PQCD by trying to recover the
real part of the full PQCD amplitude for T ~ pri, from
its absorptive part [see Eq. (17)] in the physical region
mR & m~. Doing so, one sees that the cut corresponding
to R ~ pV is essential to obtaining the correct result, so
that we cannot use dispersion relations over experimen-
tally determined quantities to obtain the full amplitude
&om the absorptive contribution, and must find some
alternative.

Even when m~ is small, PQCD gives a good approxi-
mation for the V ~ egg vertex (see Fig. 1), due to the
heavy quark in V. The problem when mR is small and
the resolution scale of the gluons is large is that PQCD
and the nonrelativistic potential do not give a correct
description of the coupling of R to the two gluons. Per-
turbatively, the rate for R ~ gg is, for various J 's,

Nominally, it is the two-gluon branching fraction, but when
the scale of resolution of the gluons is taken large enough, as
is implicit in our partonic discussion, this is just the total
gluonic width of R.

Because of the dominance of two-body phase space when
m~ is not large, not because a&&D is small in the Rgg vertex.

G.R.F. thanks P. LandshoK for useful discussions on this
issue.

The decay rates of the S-wave quarkonia are given in
Ref. [8] and the decay rates of the P wave qnarkonia are giv-en
in Ref. [13].
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-ps x 1 —x( l12'R (x) = — L2(1 —2x) —L2(1) — ln 2x —
~

2L2(1 —x) —2L2(1) + —ln (1 —x)
~x 1 —2x 2 —x 2

41 —x
+in — ln (1 —x),x2 —x

win(1 —t)L, x = — dt
p t

For 0++, 1++, and 2++ the s factor in (16) becomes

3 3 and —,respectively, and '8 is replaced by the
function for the appropriate J given in [10]. Explicit
forms for gs' '+ can also be found in [12].

The form of the result (16) agrees with that of the uni-
tarity calculation (14) in being proportional to I'~b~
Its absorptive part correctly reproduces the absorptive
part obtained by unitarity, using PQCD to obtain V —+

egg, as we have argued is reliable on account of the large
quark mass in V. By construction it agrees with the full
PQCD nonrelativistic potential result, when that is ap-
plicable to computing I'(R ~ gg), i.e. , when R contains
massive quarks. Finally, for light mesons it agrees with
the light-cone QCD result of Kuhn [ll] when the fR and
n, dependence is removed in favor of I'(R ~ gg) com-
puted from (15a) using the relation (19) between fR and
R(0).

We therefore propose that (16) is a good approximate
expression for Okubo-Zweig-Iizuka- suppressed radiative
production of any resonance. Further work is needed to
assign an error to it, because it involves not only the
O(a, ) error due to dropping the hard three-gluon states,
but also the assumption that the relative size of real and
imaginary parts is correctly given by PQCD even when
the nonrelativistic potential cannot be used to evaluate
the R —gg vertex. A productive line of reasoning to put
this on a more rigorous footing and allow estimation of
the error would be to follow Kuhn's discussion for light

qq mesons [11], since the dynamics of his light qq sys-
tem should be similar to a glueball and an gs, if m(g)
is close enough to the mass of a strange quark. Note
that our discussion of the resolution-size dependence of
the description of the intermediate state (number of glu-

ons, their virtuality, etc.) suggests that corrections to
(16) come only from the hard three-gluon intermediate
state and thus are O(n, (Mv. /2)) As long as da. ta rather
than a model are used for I'R and one does not attempt
to distinguish between real and imaginary part contri-
butions to the total rate, soft gluon corrections may be
completely included. A careful treatment with scale size
introduced is required to verify this conjecture.

It is interesting that the contribution of the imaginary
part of (16) is very tiny compared to that of the real
part, but the total prediction of (16) is similar to the
unitarity prediction (14), using data for

&
' and a

crude model for Pg I[12].'T.his is consistent with the
intuition that typical hadrons are composed of somewhat
virtual quarks and gluons, so that the relative importance
of virtual gluons in the PQCD calculation is much greater

than that of virtual hadrons when a hadronic basis for
the calculation is used.

IV. SOME APPLICATIONS TO DATA

Figures 2—12 show the upper and lower limits on

bz~gg which are obtained by comparing the prediction
of Eq. (16) with the CUSB and exclusive data. We take
b(T ~ pX) = 0.03[14] and b(J/vP ~ pX) = 0.06[15].
In general, the branching fraction of the resonance into
the speci6c mode in which it is observed in the exclusive
radiative decay experiments is not known, although of
course it is no greater than 1. Except when the branch-
ing &action is known, the exclusive data therefore only
give a lower limit on b~~gg. In some instances it is seen
that the CUSB upper limit and the exclusive lower limits
are quite near, resulting in an estimate of b~~gg and the
predictions that (a) with a modest increase in sensitivity
this resonance should show up in T ~ pX and (b) the
exclusive branching fraction must be near 1.

The predictions in the 6gures have some imprecision
because the widths are poorly known in many cases.
Moreover, there is some intrinsic error in our method
that we have not estimated, but it is at least O(n, ) from
neglect of the three-hard gluon state. Nonetheless, the re-
sults are interesting and generally plausible. Even though
DM2 and Mark III disagree on the order and exact widths
of the three resonances they see in the 1440 MeV region,
both pseudoscalars seen in both experiments are likely to
be glueballs or the result of mixing a glueball with a qq
state. Details of these states are given in Table I. Fig-
ures 13—16 refer to particles whose radiative production
in J/@ decay is given in the Particle Data Group tables
(1990 edition, generally). The g(1490) and fp++(1720)
are difBcult to classify as pure qq, since their b~~sg's are

50%. The g(1760) could be either a qq or gluonic state,
given the spread in the lower and upper limits. The ex-
clusive production for fz(1285) is above the upper limit,
given a 12% branching fraction to KKm, so that there is
some internal inconsistency. Perhaps the problem is in
the CUSB upper limit: they have a poorly understood
contribution to their data &om nonresonant processes in
the region m~ + 1.5 GeV [1]. It could be wise to men-
tally attribute some additional systematic error to the
CUSB limits for the low mass region. Instead, this dis-
crepancy between upper and lower limits for the fq (1285)
may reHect the intrinsic error of our method. If the lat-
ter is the case, our method will not be very useful unless
the problem is isolated to 1++ production. The ques-
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FIG. 2. The lower limit obtained on the gluonic branching
fractions of the resonance 0 +(1416) reported by Mark III
(dot-dashed lines, with dotted lines at +1 s.d. ) and upper
limits from CUSB (long-dashed lines).

FIG. 4. The lower limit obtained on the gluonic branching
fractions of the resonance 1++(1443) reported by Mark III
(dot-dashed lines, with dotted lines at kl s.d. ) and upper
limits from CUSB (long-dashed lines).
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FIG. 3. The lower limit obtained on the gluonic branching
fractions of the resonance 0 +(1490) reported by Mark III
(dot-dashed lines, with dotted lines at +1 s.d.) and upper
limits from CUSB (long-dashed lines).

FIG. 5. The lower limit obtained on the gluonic branching
fractions of the resonance 0 +(1421) reported by DM2 (dot-
dashed lines, with dotted lines at +1 s.d. ) and upper limits
from CUSB (long-dashed lines).



3274 MESUT BAHADIR FAKIR AND GLENNYS R. FARRAR 50

CQ

~ u~o~ limit
0/% lower limit

T uuoer»rnit
J/+ lower limit

O O

~ ~

@e
~E

O

~ %I

i

ng

~ ~

~ ~

~ ~ ~ ~ ~ 0 ~ 0 ~ O

* I
t o ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~

O

O
O

4O.O 8O.O

CQ

O

O
8O.O 1OO.O 12O.O 14O.O 18O.O

I'R (MeV)

O
O
O

I
O

125.0 130.0 135.0 140.0 145.0 150.0 155.0 180.0

~R (MeVj

FIG. 6. The lower limit obtained on the gluonic branching
fractions of the resonance 0 +(1459) reported by DM2 (dot-
dashed lines, with dotted lines at +1 s.d. ) and upper limits
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FIG. 8. CUSB upper limit (long-dashed lines) on

b[rl(1490) + gg], and lower limits from I'[J/g ~ pri(1490) -+
pX] = 1.0+ 0.2 x 10 (dot-dashed lines, with dotted lines
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FIG. 7. The lower limit obtained on the gluonic branching
fractions of the resonance 1++(1462) reported by DM2 (dot-
dashed lines, with dotted lines at +1 s.d. ) and upper limits
from CUSB (long-dashed lines).

FIG. 9. CUSB upper limit (long-dashed lines) on

b[rl(1760) + gg] and lower limits from I"[1jg -+ prI(1760) —+

pX] = 1.3 + 0.9 x 10 (dot-dashed lines, with dotted lines
at +1 s.d. ).
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F!G. 12. CUSB upper limit (long-dashed lines) on
b[f~+~ (1285) m gg] and lower limits from I'[J/4'
pf~++(1285) + pX] = 7.0 + 2.0 x 10 (dot-dashed lines,
with dotted lines at +1 s.d. ).
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FIG. 11. CUSB upper limit (long-dashed lines) on
b[f2++ (1270) -+ gg] and lower limits from I'

[J/Q
pfq++(1270) ~ pX] = 1.4 + 0.2 x 10 (dot-dashed lines,
with dotted lines at +1 s.d.).

FIG. 13. CUSB upper limit (long-dashed lines) on
b[f2++ (1525) m gg] and lower limits from I'[J/@
pf2~+(1525) ~ pX] = 6.3 + 1.0 x 10 (dot-dashed lines,
with dotted lines at +1 s.d.).
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TABLE I. Predicted branching ratios for J/g m pR, R + KKs', without the factor
bR = b&~sp x b(R ~ KKs), for the three resonances in the 1(1430) region found by Mark III
and DM2, respectively. Gluonic states would have bz~~g 1, so that dividing the experimental
result by the last colum would produce b(R ~ KK7r)

—+
(1426)

p +
(1490)

1++
(1443)

+
(1421)

p +
(1459)

1++
(1462)

rnR(MeV)
426+ 10.6

—9.4
1490+—17.9

1443+

1421 + 14

1459 6 5

1462 + 20

I'R(MeV)
54+39.2—31.9
91+68.7—49.0
68+30.1—20.1

63+18
75 k9

129 + 41

B ""(J/4 -+ pR, R
p 66+0.17+0.24

—0.16—0.15
03+0.21+0.26

—0.18—0.19

p 87+0 ~ 14+0.14
—0.14—0.11

-+ KK7r)
10

10

10

0.83 + 0.13 + 0.18 x 10

1.78 + 0.21 + 0.33 x 10

0.76 + 0.15 6 0.21 x 10

BPred/b

1.02 —o.6o x 10

174+ x 10—0.94

553+ x 10—1.64

1.19 6 0.34 x 10

1.43 +0.18 x 10

10.6 + 3.43 x 10

tion can be decided experimentally when the branching
ratios B(R ~ KItvr) are known and the resonances are
actually seen in T —+ pR.

Our conclusions above regarding which resonances may
be glueballs are generally consistent with other indica-
tors. One interesting point which we do not pursue here
is the possibility that there is actually an "extra" fIavor
singlet pseudoscalar around 1.4 GeV [3, 16], compared to
expectations from filling known qq nonets and the pre-
dicted glueball spectrum. This will have to await fur-
ther experimental elucidation of this mass region. Other
applications of this method, including more figures and
tables, can be found in [12].

O
O

T unogr limit
Jt+ lo~er limit

V. LIMITS ON GLUINO MASS

CUSB has claimed [1] to exclude a gluino with mass
in the range 0.21 ( m(g) ( 3.6 GeV, without, however,
seeing any other resonances in their spectrum. It is on
account of the strong gluonic coupling of the gluino com-
pared to the quark that it was noted [7—9] that, when
PQCD and the nonrelativistic potential model are appli-
cable, the gy will be produced at a significantly larger
level than a QQ resonance and in particular at a level
which should be seen at CUSB. Let us now address the
question as to the range of validity of these calculations,
which rely on PQCD and the nonrelativistic potential
model, and find out what can be said when we cannot
use them.

From Eq. (16) and the bound (1) on b(T —i pX), know-
ing the radiative branching &action of the T to be 0.03,
we can extract an upper bound on the width of the gy as
a function of its mass. This is shown as the solid curve in
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FIG. 15. Experimental limit on bR»l z for any reso-
nance produced in T ~ pX from CUSB (solid curve). Non-
relativistic potential + PQCD prediction for width of an rIs
for Acico = 100 and 200 MeV (lower and upper dashed lines).
"Mesonic wave function model" (see text) for the width of an

gg (dot-dashed lines).

FIG. 14. CUSB upper limit (long-dashed lines) on
b[fo~+ (1720) m gg], and lower limits from I'[J/g -+
ufo++(1720) ~ pX] = 9.7 + 1.2 x 10 (dot-dashed lines,
with dotted lines at +1 s.d. ).

' References [7, 9] themselves remark that their analysis ap-
plies only for m(gp) + 3 GeV.



50 RADIATIVE DECAY OF VECTOR QUARKONIUM: 3277

3R„'(0)
xmR

(19)

The similarity in value of the various nonet pseudoscalar
decay constants means that for bound states of light con-
stituents ]R(0) ] mR (hadronic volume) . The vol-
ume of the hadron is mainly governed by the confine-
ment scale and has little to do with the mass of the light
constituent. Furthermore, with light constituents, the
individuality of the constituent is lost amidst the sea of
gluons and qq pairs, so that whether the constituents are
quarks or gluinos should not matter much, if the gluino
is light. If this is a correct interpretation, one would ex-
pect fJt f for R a pseudoscalar bound state of light
gluinos. Now taking R(0) for the res from Eq. (19) with
fR =120 MeV and using Eq. (15a), one obtains the rig
width shown in the dot-dashed curves ("mesonic wave
function model" ) in Fig. 15. The upper curve corre-

Aside from being insensitive if the gy is too light to decay
to pions, which they say occurs for a gluino mass less than
0.21 GeV.

This formula can be derived or found in Refs. [17, 18] and
also is implicit in the connection between refs. [11] and [10].

Fig. 15. Evidently, if the gy has a width less than 40
MeV, it cannot be excluded for any mass. Figure 15
also shows the nonrelativistic potential model (NRPM)
and jor PQCD prediction for the width, for A@en = 100
and 200 MeV (the lower and upper dashed curves, respec-
tively). It is obtained [7—9] by replacing the s in Eq. (15a)
by 18 and using ]R(0)] = (4 ("})~]R(rl, )(0)] .

Based on the fact that the experimental limit lies above
the theoretical prediction for m(gs) & 7 GeV, CUSB con-
cluded that they could exclude gluino masses below 3.6
GeV. However for m(res) & 3 GeV the predicted width
becomes very large and may signal a failure of this model
for the width. Physically, the way that the width of an gy
can be large is for the constituents to be so massive that
the bound state is very small, leading to a large wave
function at the origin, while due to the large color charge
compared to a quark, the intrinsic gluino-gluon coupling
strength is large compared to the quark-gluon coupling.
Since the color charge is important both in making the
system tightly bound, and thus concentrated at the ori-
gin, and in increasing the coupling to the final state glu-
ons, the efFect of a larger color charge enters twice as
we saw above, leading to the observation of Refs. [7—9]
that an qy would be very prominent in the radiativge de-
cay spectrum if the nonrelativistic potential model and
PQCD were relevant.

However, if the gluino is lighter than perhaps 2
—1

GeV, the bound state properties should resemble those
of gluons and strange quarks. We do not know much
about the former, but we do know that the latter form
hadrons whose decay constants are remarkably similar.
(See Fig. 16, which shows the measured pseudoscalar de-
cay constants. ) These which are related to the wave func-
tion at the origin by

CELLO data for vr, g,g'
TPC/2y data for r},y'
P.R. D45 d,ata for m, K
pQCD (Nonrel. apnrx. )
0.123(cev}

02
O

o
O
O

0.0 1.0
M„(Gev}

2.0 3.0

FIG. 16. fR for nonet pseudoscalars aud prediction from
nonrelativistic potential model.

sponds to the NRPM-PQCD expression (15a), replac-
ing s in Eq. (15a) by 18, with a, =

2s ln(& " )2 for

AggD ——100 MeV, and the lower one is obtained by re-
placing the factor iso., with 1, suitable if the interaction
strength saturates at low energy scale. Either way, one
obtains a much smaller prediction for the gy width, 10
MeV, than from the NRPM-P /CD, basically because the
NRPM formula for ]R(0) [ grossly overestimates it for rel-
ativistic constituents. Note, however, that when the con-
stituents are relativistic, the decay R ~ gg presumably
probes a larger spatial portion of the wave function than
merely the point at the origin, so that the NRPM-PQCD
formula itself [Eq. (15)] may not be applicable. Hence
using it with even a perfect estimate for R(0) does not
necessarily give a reliable estimate of the actual width
and the curves' rnesonic wave function model only serves
to give an indication of the large uncertainty in modeling
the width.

Predicting the width of an gy is a good problem for
lattice gauge theory. Until such predictions are available,
the most conservative approach is to take the gg width to
be yp 1 times the typical width of glueball candidates.
The motivation for this is that in order to communicate
with quarks, the gluino pair must first convert to gluons,
requiring at least two powers of o., more than are present
in a glueball decay rate. At the same time, since the
system is strongly interacting these factors of o,, need
not be small, leading to the above estimate.

Thus we argue that since CUSB does not see glueballs,
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its data cannot be used to exclude an gy of a similar mass.
For a resonance of 1.5 GeV, the width limit &om CUSB
is 70 MeV, roughly the width of the pseudoscalar glue-
ball candidates in the iota region (see Table I), and we

cannot exclude an qy in this region. The mass range be-
tween this and 3 GeV is ambiguous. At its upper end,
even though we cannot have complete con6dence in the
NRPM-PQCD calculation on theoretical grounds, 4 the
CUSB limit of 50 MeV is well below the NRPM-PQCD
prediction of 150 —250 MeV, so there is a comfortable
margin of error. At the lower end of the range, glueballs
exist and they certainly must be visible in the experi-
ment before drawing conclusions about the absence of an

gy. When the width of an g~ has been well determined
from lattice /CD, one can learn from Eq. (16) how sen-
sitive a search is required to observe them in V —+ pB.
Until that time, to be conservative we conclude that the
CUSB experiment can only be used to rule out the range

3 & m(rls) & 7 GeV.

VI. SUMMARY

We have proposed a method of predicting the branch-
ing ratio for production of any resonance in V —+ pB,
which only requires knowing the mass, total width, and
gluonic branching &action b~~g~ of the resonance. We
applied it to determining or obtaining limits on b~~~g for
a number of known flavor singlet resonances, identifying
the best glueball candidates as the ones for which b~~~~
can be near 1. Of the states we examined, these are the
two pseudoscalars in the 1440 MeV region, the fo++ and
possibly the rl(1760).

We also found limits on the total width of a possi-
ble gluino-gluino bound state, since for such a state one
would have b~~~~ 1. These limits are in conBict with
the nonrelativistic potential model plus PQCD predic-
tion of Refs. [7—9j, so that in its region of validity the
existence of an gy can be excluded, i.e., for the range
3 & m(rls) & 7 GeV. We argued that for lower masses
the NRPM-PQCD calculation is not applicable, and in-

stead one can only say that the width of the gy is less
than the bound shown in Fig. 15, i.e., 70 MeV for a
mass of about 1.5 GeV or 50 MeV for a mass greater
than 2 GeV.

We cannot be completely confident due to the large color

charge of gluinos: the factor -a, for qq becomes 18a, for

gluinos, so that perturbation theory is less reliable than for

an g, of the same mass.
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