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Abstract. Two—gluon coupling of gluonic mesons is estimated in a spectator model to be considerably
larger than that of QQ. As an example of a gluonic meson that may be produced in .J/v radiative decay,
we analyse 1(1760). We deduce from experimental data that its branching ratio to two gluons is bounded,
0.4 £ 0.3 S BR(n(1760) — gg) < 0.9 0.3, consistent with a gluonic meson, but not compelling it. We
propose further tests, and estimate the two—photon coupling of 1(1760) to be 1.4 + 0.7 keV.

We cannot be content whilst the strong dynamics of glu-
onic degrees of freedom remain an area of substantial igno-
rance. The existence of glueballs and hybrids (mesons with
explicit gluonic excitation) remains unconfirmed. J/v ra-
diative decay has yielded glueball candidates fo(1500),
fs(1710), f,(2220) [1] and would a priori serve as an
ideal isoscalar gluonic meson production mechanism. It
is tempting to restrict analysis of the branching ratio of a
resonance R into two gluons to the expected extremes of
the allowed range, i.e. to glueballs where BR(R — gg) ~
0.5 — 1 or to quarkonia where BR(R — gg) ~ O(a%) =
0.1-0.2 [2]. Tt is, however, imperative to consider the pos-
sibility of hybrid admixture. This is especially true in the
pseudoscalar sector where both states in 7(1440) possess
BR(n(1440) — gg) = 0.5 — 1 [2,3], not compatible with
pure QQ. We are thus motivated to determine the two—
gluon coupling of hybrids. This is done in a model calcu-
lation which constitutes the first attempt in the literature
to estimate two—gluon coupling of hybrids quantitatively.

Theoretical estimates for the two—gluon coupling of
both hybrids and QQ are made, which indicate that hy-
brid coupling is substantially larger than that of QQ, con-
sistent with expectations. This underlines the importance
of taking account of the possibility of hybrid production
in J/4 radiative decay. In addition to n(1440), the state
n(1760) has also been reported in J/1 radiative decay.
Since hybrids are expected at ~ 1.8 — 1.9 GeV [4], we
study the example of n(1760) in more detail to accertain
whether it exhibits hybrid character. Firstly, we investi-
gate its radiative production in J/¢ decay, and show how
this can be used to obtain a lower bound on the two—
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gluon coupling of 1(1760). The bound is consistent with
a gluonic admixture in the state, but does not require
it. We then show that a sensible and constrictive upper
bound on the two-gluon coupling of 1n(1760) can be ob-
tained from 7" radiative decay, corroborating the validity
of the methods used. The expectation that there should be
an isoscalar analogue of the hybrid candidate 7(1800) also
indicates that there may be gluonic admixture in 7(1760).
Moreover, we then expect hybrid as opposed to glueball
admixture. Given that we are still not able to definitively
pinpoint whether 7(1760) has substantial hybrid admix-
ture we propose further tests. We show how the two—
photon coupling of n(1760) can be used in conjunction
with its two—gluon coupling to establish whether 1(1760)
is dominantly gluonic or QQ. The two-photon coupling
is estimated using vector meson dominance, showing that
detection is a realistic prospect.

We start with the theoretical estimation of the width
I'(R — gg), where R is a hybrid. The production of a hy-
brid is calculated assuming that one of the gluons radiated
in J/v — yR acts as a spectator.

The physical picture for I'(R — gg) is as follows. For
a hybrid meson which possesses an excited gluonic degree
of freedom, the quark and antiquark reside in a colour—
octet state instead of a colour singlet state as for regular
mesons. For convenience, we evaluate I'(R — gg) in the
valence—gluon picture [5]. In this description, the colour
state of the hybrid can be written as |Q2)\$J Q;A* > where
we suppress other quantum numbers such as spin.

The interaction for R(QQg) — gg can be depicted as
an annihilation of QQ into a gluon with the valence gluon
acting as a spectator. This picture is similar to semilep-
tonic and non—leptonic decays of mesons, which are dis-
cussed in [6]. In meson decays, a quark (antiquark) under-
goes a weak transition, while another antiquark (quark)
maintains its identity unchanged as a spectator, although
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Fig. 1. Non—perturbative interactions of O(1) in the spectator
model

it was in the parent meson and later transits to the daugh-
ter meson. Although its kinematic states in the parent
and daughter mesons are very different, it is believed that
a non—perturbative QCD effect of order unity can make
them match. In our case, the valence gluon is a spectator
while the Q@ turn into an off-shell gluon. The quark di-
agram is shown in Figure 1. Both the gluon coming from
the QQ and the spectator gluon are off-shell. The two
off—shell gluons can exchange many soft gluons via non—
perturbative QCD interactions and finally turn into two
free gluons emerging as the final colour—singlet state. This
non—perturbative effect provides a factor whose precise
evaluation is beyond our present ability, but as argued
elsewhere [6], must be of order unity. We take the factor
O(1) to be 1 in our numerical calculations.

Now we need to evaluate the subprocess pertaining to
the annihilation of (QQ)* — g¢%. It is well known that
eTe™ annihilation into a final state F' can be realized via
an off—shell photon v* as

4
oete” = F) = 5o T(y" = F) (1)
S

where /s is the s—channel invariant mass. For example,
for efe™ — ptpu~, one has

4o
+ - +,,7) — 2
oleTe” = pTuT) = — (2)
where
N _ S
(Y —pp )=%a (3)

is the decay width of an off-shell virtual photon into a
up~ pair. The expression neglects the muon mass.

Since the QQ resides in a bound state and constitutes a
colour octet, a form factor is needed to reflect the binding
effect. In a non-relativistic scenario [7], one can describe
this as

< 0[7|QQ >
1 1
o /dgpldgpzw(pl — 5P P2 — ipc)5(p1 + P2 — Pe)
= (2m)3(r; = 0,19 = 0) (4)

which is just the wave function at the origin. Here p; is
the 3-momentum of the quark, and p. the centre of mass
momentum of the QQ system.
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In a close analogy, considering colour and other quan-
tum numbers with a proper normalization, we obtain

167 (s + 2m?)ag

0=+ QQg — g9) = (s —Am2)2 Lylvu(0)* (5)

where m is the constituent quark mass of about 0.33 GeV
and

Yn(0) = =75 ()

with R is the radius associated with the simple harmonic
oscillator (S.H.O.) wave function.

If Iy is the decay width of the off-shell gluon, we have
similarly to v* — pTu~ that

A(M, — 4m*) Pag
2
3MZ

r,= (Mgg +2m*),  (7)

where the extra factor of 4 is due to quark colour and
Mg is the mass of the QQ system.

If we assume that /s = Mgg (so that /s = Mgg =
1— 1.5 GeV), we have

167 (s + 2m?)as
s2(s — 4m?2)1/2R3 ¢

I+ QQg — gg) = (8)

Note that BR(0™" QQg — gg) ~ I'(0~+ QQg — g9)/T,
~ O(ag) as expected for a hybrid. For ag = 0.3 —0.4 and
R? =10 —12 GeV~2 [5] we find I'(0~F QQg — gg) ~
180 + 110 MeV.

It should be noted that all the expressions given above
are based on relativistic field theory, except for the wave
function at the origin which stands for the necessary form
factor. This is almost universally assumed [2].

For conventional second radially excited S-wave (3S)
meson production in the non-relativistic limit [2,3,7]

[0+ 35 QQ = gg) = 525 ms(0)2 =595 L (g)
99) = 3z 3 T Oz R

where Mg is the mass of the resonance. For the purpose
of calculation we use the naive S.H.O. expression

15

W35(0) = s (10)

We obtain for the same parameters as before that I'(0~T
35 QQ — gg) ~ 6+ 2 MeV. In addition, if we assume
that the gg coupling of 3S is similar to 25, we can obtain
from BR(n(1295) — gg) ~ 0.25 [2] that I'(0~+ 35S QQ —
gg) ~ 10 MeV, independently supporting our estimate.
We deduce that the two-gluon coupling of a hybrid
is considerably larger than that of 3S QQ@Q, strongly dis-
criminating between the two cases. From (11) and (13) it
follows that the branching ratio of a hybrid in radiative
J/1 or T decay is substantial relative to that of 3S QQ.
Having established the prominent production of hy-
brids in J/+ or T radiative decay, we proceed to analyse
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the possibility that 7(1760) has substantial hybrid admix-
ture.

Experimentally, 7(1760) has a mass of 1760 + 11 MeV
and a width of 60 = 16 MeV, as well as BR(J/¢¥ —
yn(1760)) BR(n(1760) — p°p%) = (0.13 + 0.09) x 1073
[8], all derived from DM2 data [9]. Even though these
results are used throughout, they are in need of confir-
mation. Mark IIT data [9] on n(1760) — pp have been
re—analysed [1] incorporating the neglected (nm)g (77)s
mode in the original analysis. The re—analysis eliminated
the JP¢ = 0~ resonance, indicating that improved data
analysis of DM2 data is also needed, although it was ad-
mitted that the parametrization used in the re—analysis
“may be patching up 0~ contributions well above 1500
MeV” [1]. Tt is, however, significant that n(1760) was ini-
tially observed in the relatively clean ww channel [10].

In [2,3] a formalism was presented which successfully
connects the two-gluon width I'(R — gg) of a pseudo-
scalar resonance to the radiative J/1 branching ratio BR
(J/¥ — vR). Here

Mpr TI'(R— gg)z|Hps(x)|?
1.8 GeV 50 MeV 37
(11)

1

10°BR(J/ — YR) =

M2
where x =1 — -5
M3,

»
evaluated in [3] (17). From (11) we obtain

and the function Hpg(z) is explicitly

BR(n(1760) — gg) BR(n(1760) — p°p°)
_ 6.644.6 MV

= =0.11+£0.08
60 £ 16 MeV

(12)
To deduce the two—gluon coupling of (1760), its p°p° cou-
pling needs to be estimated. We assume naive branching
ratios for n(1760) — pp, ww which are consistent with
the experimental value of BR(J/vy — ~vpp)/BR(J/¢Y —
yww) = (4.5 £ 0.8)/(1.59 £ 0.33) ~ 3, i.e. we take

BR(n(1760) — p°p°) < 1. From (12) we hence deduce

that BR(n(1760) — gg) = 0.4 + 0.3. Following [2] the
favoured conclusion is that n(1760) has gluonic admix-
ture and is not pure QQ, even though the latter pos-
sibility is allowed given the size of experimental errors.
If the n(1760) is QQ, it is expected on mass grounds
to be the 3S 7. Such a state at 1.8 GeV decays domi-
nantly to pp with a branching ratio of approximately 40%
(see Table B4 of [11]), yielding a 47 signal. It should be
noted that if the state is pure 3S QQ, (12) implies that

BR(n(1760) — gg) < 0.840.6, which weakens the hypoth-
esis (here we used a branching ratio to p°p° of & 40%).
So we expect mixing with either the predicted glueball at
2.22+0.32 GeV [12] or the hybrid at ~ 1.8 — 1.9 GeV [4].
Although it is possible that there is significant glueball
mixing given the substantial errors in the mass estimate
[12], the nearness of n(1760) to predicted hybrid masses,
and the necessity of an isoscalar analogue to the hybrid
candidate 7(1800) (see below), henceforth motivate us to
concentrate on hybrid admixture in 7(1760).

It is also possible to obtain an upper bound [3] on
BR(n(1760) — gg) if we assume the CUSB limit [8,13] of
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BR(Y — vX) £ 8 x 107° for inclusive resonance produc-
tion. The relevant relation, similar to (11), is [2]

BR(T — vR) (13)
4o as, Mg z|Hps(z)|?
=2 1-262) 2L R et S
Sas ( ™ ) M3 (F = 99) 8r(m2 —9)
where x = 1 — %—’} Taking ag(my) = 0.18, we estimate
r

that BR(n(1760) — gg) < 0.9 & 0.3, although we note
that Hpg(x) may be unreliable for the value of = used [2].
The upper bound is sensible and constrictive, underlining
the validity of the methods used, and indicating that the
window for detection of 7(1760) in 1" radiative decay at a
B—factory could be small.

Even if the experimental information from Mark III
and DM2 [9,10] is unreliable, there is a second indicator
of the gluonic admixture in 7(1760). Evidence [14] that
the w(1800) is dominantly an isovector hybrid [15] has re-
cently emerged in diffractive m production. The state has
width 212437 MeV [8], and detailed ratios of widths for its
various decay modes are known®. The 7(1800) has strong
hybrid features, including suppressed decays to S-wave
mesons [15-17], and is inconsistent with a 3S Q@) inter-
pretation [11]. Moreover, an especially interesting feature
of 7(1800) is its decay to fo(1500)7 [14], where fy(1500)
is observed in the small nn decay mode. We estimate from
experiment that BR(w(1800) — fo(1500)7) ~ 10 £ 6%
(see Footnote 1), indicating significant decay to the glue-
ball candidate fp(1500). A new analysis [18] implies that
the branching ratio can be two times larger. Amongst the
dominant decay modes of 7w(1800) is fo(980)m, as well as
below threshold K§(1430)K, yielding a significant K K
coupling [14]. We naturally expect an isoscalar analogue of
m(1800). For the isoscalar analogue, the dominant decays
are expected to be to ag(1450)7 and ao(980)7, yielding a
large nmm and a substantial K K width. It is tantalizing
that the J/1 — va¢(980)7 data in [19] appear to have res-
onance behaviour in the 0=+ wave in the region 1.8 — 1.9
GeV with width 0.1 GeV, most notably in Fig. 7a, and
that the branching ratio to ag(980)7 appears to be similar
to that of 1(1440). Moreover, Fig. 1la of [20] appears to
be consistent with an excess of KgK* 7T events at ~ 1.9
GeV. It is hence surprising that [19,20] make no reference
to structures in the 1.8 — 1.9 GeV region. The observations
are consistent with expectations for an isoscalar analogue
of the m(1800). The VES collaboration has put a limit on
the K*K signal for 7(1800) (see Footnote 1). It is imper-
ative that the behaviour of K*K in J/¢ radiative decay

! The widths of 7(1800) are assumed to be in the ratio [14,
23] 1 (f0(980) ;+-—7"), 0.6 £0.2 (f0(1300) 1+ ,-7"), 0.3+0.1
(KTK~77), 0.4 + 0.1 (ag (980),,-7), 0.12 £ 0.05 (nn ),
0.04 £ 0.02 £o(1500),,7~, < 0.18 (p°7 ), < 0.06 (K*K) and
04+ 0.2 (p”w). If a mode is in subscript the branching ra-
tio to the mode has not been included. Correcting for these
branching ratios [8] we estimate the width ratios 1.9 £+ 0.1
(f0(980)7), 0.9 £ 0.3 (fo(1300)7), 1.0 + 0.3 (K3 (1430)K),
0.9+ 0.2 (ao(980)n), 0.12+0.05 (ny ), 0.6 £ 0.3 (fo(1500)x),
< 0.36 (pm), < 0.06 (K*K) and 0.4 + 0.2 (pw)
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in the 1.8 GeV region [19] (Fig. 7a) be studied in more
detail to accertain whether there is also weak coupling to
K*K.

The KK7 data [19,20] can be explained as arising
from the presence of the isoscalar analogue of 7(1800) as a
component of 7(1760). If this is indeed the case, and if the
observations of 7(1760) in pp and ww [9,10] are reliable,
we would also expect a Q@ component in 7(1760). This
is because the isoscalar analogue of 7(1800) only couples
weakly to pp and ww, due to the small coupling of 7(1800)
to pw (see Footnote 1).

We are still not able to definitively pinpoint whether
n(1760) has substantial hybrid admixture. Improvement
in experimental errors would have significant consequences
here. We now propose further tests.

We compare two—gluon to two—photon coupling. For
isoscalar mesons, written in flavour singlet and octet com-
ponents as cos 0|8) +sin 0|1), the ratio between the vy and
gg coupling is [2,21]

cos?(6 — 1)

cos2 @

I'R—vy) 1, « 1

_loa g
I'(R — g9) T4 ag) 1—1—78‘2:5

(14)

where 7 = tan™! ﬁ ~ 19.5°. Since this relation is only

valid for QQ, and since we already have a lower bound for
I'(n(1760) — gg), we can use it to obtain a lower bound
on I'(n(1760) QQ — ~7). Thus if experiment finds a vy
coupling below this value, the state is not pure QQ, since
QQ are expected to be strongly coupled to vv [22]. Using
the value ag ~ 0.48 + 0.05 obtained by fitting the above
relation to the data on f5(1270) and f2(1525) [2], together
with the value I'(R — gg) < 4x (6.6+4.6) MeV (see (12)),
we find

I(n(1760) QQ — v7)
cos?(0 — 3.)

keV
cos2 0 ¢

2 (0.68 4 0.50) (15)

For a state containing no strange quarks (6 = 35.3°) we
obtain I'(n(1760) QQ — ) 2 (0.9 £ 0.7) keV. For the
partner ss state (§ = —54.7°) production is suppressed:
I'(n(1760) QQ — ) 2 (0.1540.11) keV. QQ two—photon
widths of O(keV) would generate a prominent signal in
~vv — 4. Specifically, if the branching ratio to pp is 40%
as mentioned before, we have I'(yy — n(1760) — 4m) 2
0.4+0.3 keV. Conversely, the confirmation of BR(J/vy —
yn(1760)) < 4 x (0.13 x 1073) together with the absence

of a signal in v at < 0.9 keV could support the 1(1760)
as dominantly gluonic rather than QQ.

We now explicitly evaluate vy widths. From informa-
tion on the pw coupling of 7(1800) we can make an esti-
mate of vy coupling of 7(1800) and 7n(1760) using VMD,
independent on whether the state is a hybrid or QQ. We
use the following VMD relation pertaining to states con-
taining only u and d quarks, which incorporates the effects
of phase—space

I'(m(1800) — pw)
8(1— 4(%)2)L+%

yes;

7

Mg
Mp

I(R— )= (=) (=)
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4R2 for = (uu —dd
AR for L(un+dd) 19
(1+RE)? for —5(uti + dd)

where we make the approximation that the mass of p and
w are the same (with m,, their average mass), and that
the isoscalar and isovector resonances have the same mass.
Mp = 720 MeV takes account of hadronic P-wave (L = 1)
phase space [17,22], R, = 0.30 [22] denotes the photon
coupling of w relative to that of p, and the VDM coupling
is y2/4m = 0.507 [22]. We can estimate that I"(7(1800) —
pw) = BR(7(1800) — pw) I'r(w(1800)) = 15+8 MeV (see
Footnote 1). From (16) we obtain I'(7(1800) — ~v) =
0.4 £ 0.2 keV and I'(n(1760) — ) = 1.4 + 0.7 keV.
The predicted 7 coupling of n(1760) is sizable, making
its detection in the K K7 and nmm channels a realistic
prospect. If these expectations are correct, comparison
with I'((1760) QQ — ) < 0.9 & 0.7 keV derived above
leaves the issue of the gluonic content of 7(1760) unre-
solved. Improvement in experimental errors should have
significant consequences here.

It has been argued that 7(1800) can influence pp an-
nihilation data [23] and enhance CP violating modes in
Cabibbo suppressed DY decays [24] due to mixing with pp
and D which both have similar mass. Clearly the 1(1760)
will have similar effects. Especially interesting here are
the nmw and 47 channels which cannot result from mixing
with 7(1800). Also interesting is that DY — (K°K~nT)g
and (K°K*7~)s are superficially different [8], though
with large errors, possibly indicating CP violation.

The experimental data on 0~F production in radia-
tive J/1 decays need clarification and confirmation be-
fore strong conclusions can be drawn. This should be a
high priority at a 7—charm factory or BEPC. An imme-
diate challenge for experimental analysis includes confir-
mation of a resonance in the 1.8 GeV region in J/¢ —
v (KK, pp,ww). Comparison with signals in vy — 4,
K Km,nmm should also be made at facilities like Babar,
CLEO II, LEP2 and LHC.

Progress towards the resolution of the nature of (1760)
can be made by using the techniques presented.
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