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Abstract. Recently the BES collaboration has announced the observation of a resonant state in the π+π−η′

spectrum in J/ψ→ γπ+π−η′ decay. Fitting the data with a 0−+ state, the mass is determined to be
1833.7 MeV with 7.7σ statistic significance. This state is consistent with the one extracted from previously
reported pp̄ threshold enhancement data in J/ψ→ γpp̄. We study the properties of this state using QCD
anomaly and QCD sum rules, assuming X(1835) to be a pseudoscalar, and we show that it is consistent

with the data. We find that this state has a sizeable matrix element 〈0|G ˜G|Gp〉, leading to branching ratios
of (2.61–7.37)×10−3 and (2.21–10.61)×10−2 for J/ψ→ γGp and for Gp→ π

+π−η′, respectively. Com-
bining the calculated branching ratio of J/ψ→ γGp and data on threshold enhancement in J/ψ→ γpp̄,
we determine the coupling for the Gp–p–p̄ interaction. We finally study the branching ratios of the other
J/ψ→ γ+three mesons decay modes. We find that J/ψ→ γGp→ γ(π

+π−η,KKπ0) can provide useful
tests for the mechanism proposed.

PACS. 11.55.Hx; 12.39.Fe; 12.39.Mk; 13.25.Gv

Recently the BES collaboration has announced the ob-
servation of a resonant state in the π+π−η′ spectrum [1]
in J/ψ→ γπ+π−η′. A fit for a 0−+ resonant state with
a Breit–Wigner function yields a mass M = 1833.7±
6.5(stat.)±2.7(syst.)MeV, a width Γ = 67.7±20.3(stat.)±
7.7(syst.)MeV and a production branching ratio
BR(J/ψ → γX)BR(X → π+π−η′) = (2.2 ±
0.4(stat.)± 0.4(syst.))×10−4 with a 7.7σ statistic signif-
icance. The mass of this state is consistent with that
extracted from the enhanced threshold pp̄ events in [2]
J/ψ→ γpp̄. The properties of this state cannot be ex-
plained by known particles. Various models have been
proposed to explain the possible resonance [3–14]. Further
experimental confirmation of this state is needed.
There are some hypothetic candidate particles which

may fit in the picture. Some of the possibilities include
a pp̄ bound state [3–13], and a pseudoscalar glueball
state [3, 14]. The existence of glueballs is a natural pre-
diction of QCD. The prediction for the glueball masses is,
however, a non-trivial task. QCD sum rules [15–18] and
lattice QCD [19, 20] calculations obtain the result that the
lowest pseudoscalar glueball mass is in the range of 1800
to 2600MeV with lattice calculations giving a mass in the
upper range. One cannot rule out the possibility that the
resonant state X(1835) is a glueball based on our present
understanding of the glueball masses alone. At this stage
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there are no compelling reasons to believe that the reson-
ance is a pp̄ bound state either [4–13]. Of these speculative
particle states, although they are attractive, the existences
are far from having been established. More theoretical and
experimental efforts are needed to go further. At a more
modest level, even to know whether the data from BES
can be consistently explained by a specific resonance and
to further test the mechanism, more information on the
properties of the resonance is needed, such as how it is pro-
duced in radiative J/ψ decays and how it decays into other
particles.
In this work we study the properties of the X(1835)

resonance using QCD anomaly and QCD sum rules, as-
suming that this state is a pseudoscalar Gp which cou-
ples strongly with two gluons which may or may not be
a glueball or a pp̄ bound state depending on whether this
state has large mixing. We find that the matrix element
〈0|G ˜G|Gp〉 is larger than 〈0|G ˜G|η(η′)〉, indicating a large
glue content inGp, which is usually referred to as a glueball
in the literature. This leads to the large branching ratios of
(2.61–7.37)×10−3 for J/ψ→ γGp and (2.21–10.61)×10−2

forGp→ π+π−η′. The coupling for theGp–p–p̄ interaction
can also be determined. We finally discuss how other Gp
decay modes can be used to test the mechanism.
There has been published a considerable amount of lit-

erature on the production of a pseudoscalar in radiative
J/ψ decays, in terms of QCD sum rules [21] and pertur-
bative QCD calculations [22–26]. We follow the QCD sum
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rule approach in [21], such that we can treat radiative J/ψ
decays into η, η′ and Gp in the same framework with QCD
anomaly. In this framework, the radiative J/ψ decay am-
plitudes are determined as follows: one first evaluates the
internal charm quark loop contribution to the interaction
of two photons→ two gluons, and then saturates the cc̄
pair which couples to one of the external photons by J/ψ
and other resonant states using the standard procedure of
the QCD sum rules. The two gluons are then converted
into the related pseudoscalar states. This approach works
best when the final pseudoscalar has a mass-squared much
smaller than 4m2c ∼ m

2
J/ψ. For a pseudoscalar of mass

1833.7MeV, there may be large corrections from signifi-
cant two photon to multi-gluon couplings since the factor
m2Gp/m

2
J/ψ may not be sufficient to suppress higher order

contributions. However, one expects that the matrix elem-
ents of operators converting multi-gluon to a pseudoscalar
Gp must be smaller compared with that from the leading
two gluon operator. The situation may not be too severe to
damage the whole picture of the two gluon scenario. Also,
in our later discussions we will only use the ratios of two
different J/ψ→ γXi branching fractions, and a large part
of the uncertainty is expected to be cancelled. One expects
that the error range can be controlled to within a factor of
two.
In this calculation the two gluon operator with appro-

priate quantum numbers is Gµν ˜G
µν . The matrix elements

converting the two gluons into a pseudoscalarXi is usually
parameterized as fim

2
i = 〈0|(3αs/4π)Gµν ˜G

µν |Xi〉. Since
the rest of the decay amplitude for J/ψ→ γXi is indepen-
dent of the final pseudoscalar state, the ratio of radiative
branching fractions for theXi andXj states is simply given
by [21]

Rij =
BR(J/ψ→ γXi)

BR(J/ψ→ γXj)
=
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The parameters fη,η′,Gp play a crucial role in the deter-
mination of J/ψ→ γGp in the QCD sum rule approach.
The parameters fη,η′ can easily be obtained from the QCD
anomaly relations in the limit that the strange quark mass
is much larger than the up and down quark masses. One
has [27–29]
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where θ is the η–η′ mixing angle with η = η8 cos θ−η0 sin θ
and η′ = η8 sin θ+η0 cos θ. f8,0 are the decay constants of
the SU(3) octet η8 and the singlet η0.
There are many theoretical studies on the values of θ

and f8,0. In our study since only η, η
′ and J/ψ are involved,

we will use related processes to determine f8,0 and θ. These
processes include η→ γγ, η′→ γγ and Rη′η =BR(J/ψ→

γη′)/BR(J/ψ→ γη). We have
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Using the experimental values BR(η→ γγ) = (39.43±
0.26)%, BR(η′→ γγ) = (2.12±0.14)%, BR(J/ψ→ γη) =
(8.6± 0.8)× 10−4 and BR(J/ψ→ γη′) = (4.31± 0.30)×
10−3 [30], we obtain the ranges (central values) for the pa-
rameters as follows: θ = (−16.88◦)–(−18.60◦) (−17.72◦),
f8 = 0.98fπ–1.04fπ (1.01fπ) and f0 = 1.06fπ–1.21fπ
(1.08fπ) with fπ = 132MeV being the pion decay constant.
The correlations of these parameters are shown in Fig. 1.
These values are consistent with the values determined
from other considerations [27, 31] for θ and f8,0. This gives
us some confidence in using the QCD sum rule results
for J/ψ→ γη, J/ψ→ γη′, and as well as for J/ψ→ γGp.
We will use the above values for θ and f8,0 in our later
discussions.
So far the parameter fGp is not well understood. To ob-

tain some information, we use the QCD sum rules to cal-
culate it. The basic idea of the QCD sum rule analysis
in the present case is to match the dispersion relation in-
volving the hadronic spectral density 	(s) to the vacuum
topological susceptibility T (−q2) = i

∫

d4xeiq·x〈0|T [jps(x)
jps(0)]|0〉 with the result found by using the operator prod-
uct expansion. We follow [17, 18] by making a Borel trans-

formation on T (s) with
∫∞
0 Im(T (s)e

−s/M2 ds/s and
∫∞
0 Im(T (s))e

−s/M2 ds, and including the two ground

Fig. 1. The dependence of f0 and f8 on θ. The ranges are due
to 1σ errors of the data points
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pseudoscalar states η and η′, and Gp in the resonant spec-
tral density, to obtain the leading order matching condi-
tions [17, 18]
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where “inst.” indicates direct instanton effects [32].
˜D4,6 are related to the gluon condensations, D4 =
4〈0|GµνGµν |0〉, andD6 =8gsfabc〈0|GaµαG

b,α
ν G

c,νµ|0〉, with
˜D4 = π(3αs/4π)

2D4, ˜D6 = π(3αs/4π)
2D6. b= (3αs/4π)

2×
(2/π)(1+5αs/π). In our numerical evaluations, we will
use 〈0|αsG2|0〉 = (7.1± 0.9)× 10−2GeV4 and the rela-
tion 〈0|g3fabcGaGbGc|0〉 = 1.2 GeV2〈0|αsG2|0〉 [33, 34].
We comment that there are other 0−+ states around the
1400MeV region which may contribute to the spectrum
density if these states contain a large two gluon contents.
We will assume that the gluon contents are small in these
states and that their contributions to the spectrum density
can be neglected.
To determine fGp , we take the usual practice to find

the parameters fGp and s1 for a given Borel parameter
M and look for a region where the dependence of fGp
and s1 on M is insensitive. We will neglect the direct in-
stanton effect in our calculation and will come back to
comment on the effects later. Note that the analysis with
a fixed Gp mass here is different from previous ones [15–
18, 33, 34], where the mass of Gp is taken as one of the
parameters to be determined, and therefore the results are
in general different. The solutions for fGp depend on the
value of αs, which we take to be the value at the scale
µ=mGp with αs = 0.35±0.05.We find that solutions exist

only for a restricted parameter space for αs and ˜D4,6. In
certain ranges, for a given set of input values of αs and
˜D4,6, there are two solutions. For example with αs = 0.39,
˜D4 = 1.99×10−2GeV4 and ˜D6 = 3.79×10−3GeV6, we get
the two solutions a) s1 = 3.2 GeV

2 and fGp = 0.081GeV,
and b) s1 = 3.5 GeV

2 and fGp = 0.091GeV. When M is
larger than 7 GeV, the solutions are fairly stable.
As long as we choose an M far above mGp , the power

corrections from higher dimensional operators on the right
hand sides of (4) can be suppressed. We note that for the
solution with lower s1, the value of s1 is smaller than m

2
Gp

which cannot be considered to be a good solution, since
it implies that the continuum already starts to contribute
to the sum rules in the resonant region in contradiction
with the QCD sum rules assumptions. We therefore should
choose the solution with the larger s1. This solution al-
lows for a small gap between the resonances and the con-
tinuum. We show the results in Fig. 2, allowing αs to vary
from 0.3626 (where a solution begins to exist) to 0.4 (the
1σ allowed upper bound), and all other quantities, ˜D4,6,
fη,η′ and θ to vary within 1σ error ranges. We see that

the dependence onM is very mild. We conclude that there
are consistent solutions from QCD sum rules for a pseu-
doscalar of mass 1833.7MeV, and we obtain a conservative
range for fGp with

fGp = 0.072–0.100GeV . (5)

When we obtained the range of fGp , the direct instan-
ton effects were neglected. At largeQ, the instanton effects
are suppressed [14–16, 35], for example a spike distribution
for theinstanton density results in an exponential suppres-
sion when Q2 becomes larger than a GeV2 or so [15, 16].
With the glueball mass fixed at 1835MeV, the suppres-
sion may not be sufficient to neglect the contributions from
the direct instanton. The effects of a direct instanton may
be substantial. However the detailed calculations depend
on the instanton density and the density shape. A reliable
evaluation of the instanton effects is difficult. Nevertheless,
model calculations show that instanton effects may be im-
portant due to a modification to the normalization of the

Fig. 2. fGp and s1 as functions of M . The upper and lower

bounds are for 1σ ranges of ˜D4,6, fη,η′ and θ with αs = 0.4 and
αs = 0.3626, respectively
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Wilson coefficients for the relevant operators. We will not
go into the specific details, as it is too model dependent.
Some detailed discussions for direct instanton effects can
be found in [15, 16]. We emphasize that the QCD sum rule
results should be taken as an estimate within a factor of
two. In our later discussions we will use the range for fGp
obtained above as a reference. Should a more precise value
be determined with some method, one can easily rescale
the values accordingly.
With the above range for fGp , we find that the matrix

element 〈0|αsG ˜G|Gp〉 is larger than 〈0|αsG ˜G|η(η′)〉, indi-
cating that Gp contains a large gluon content. With fGp
determined, we are now able to obtain information on the
range for BR(J/ψ→ γGp), combining (1) and experimen-
tal data on J/ψ→ γη(η′). We have

BR(J/ψ→ γGp) = (2.61–7.37)×10
−3 . (6)

Using the BES data BR(J/ψ → γGp)BR(Gp →
π+π−η′) = (2.2± 0.4(stat.)± 0.4(syst.))× 10−4, we can
therefore also obtain the branching ratio of Gp to π

+π−η′

using our estimate of J/ψ→ γGp. We have

BR(Gp→ π
+π−η′) = (2.21–10.61)×10−2 . (7)

The branching ratio for this decay is large, but it does not
contradict known data.
If the enhanced threshold of pp̄ events in J/ψ→ γpp̄ is

also due to the same Gp state, we can obtain information
about the interaction of Gp with a proton and anti-proton
pair, L = CGB p̄γ5pGp. Since the mass of Gp is slightly
below the threshold of two proton masses, 2mp, one can-
not simply take BR(J/ψ→ γGp→ γpp̄) to be equal to
BR(J/ψ→ γGp)BR(Gp→ pp̄). One must consider the off-
shell effects of Gp in terms of the Breit–Wigner approach.
We have

BR(J/ψ→ γGp→ γpp̄)

= C2GB
BR(J/ψ→ γGp)

8π2

∫ m2J/ψ

4m2p

dq2

×

(

1− q2/m2J/ψ
)3
q2

(

1−m2Gp/m
2
J/ψ

)3

√

1−4m2p/q
2

(

q2−m2Gp
)2
+Γ 2Gpm

2
Gp

.

(8)

In the above, we have assumed that CGB does not depend
on q2 sensitively and has been moved out from the integra-
tion sign.
Experimental data onBR(J/ψ→ γGp→ γpp̄) = (7.0±

0.4+1.8−0.8)×10
−5 then implies

CGB = 0.42–0.85 . (9)

One sees that threshold enhancement data in J/ψ→ γpp̄
can also be consistently explained.
We now discuss how the resonance Gp may decay into

other particles. As has been pointed out earlier, this state
has a large gluon contents; it may be a glueball which
is a SU(3) singlet. Of course one needs to be more open

minded in that it may has sizeable mixing with another
state. We will take the state Gp to be a glueball state and
study the consequences from the flavor symmetry point
of view. One can easily study the branching ratios for
J/ψ→ γGp→ γBB̄, with BB̄ a pair of octet baryons. The
mixing effect can easily be implemented by introducing
some mixing parameters.
The coupling of aSU(3) singletGp and octet baryon can

be written as L= CGBGpTrB̄γ5B with SU(3) flavor sym-
metry. In Table 1 we list the ratios of r(BB̄) = BR(J/ψ→
γGp→ γBB̄)/BR(J/ψ→ γGp→ γpp̄) for possible decay
modes. We comment that theX(1835) contributions listed
in Table 1 hold as long as the resonance is an SU(3) sing-
let and does not depend on the size of CGB. If the reson-
ance transforms non-trivially under the flavor SU(3) sym-
metry, the predictions would be different [36]. In principle
experimental measurements of these branching ratios can
provide important information about the nature of the res-
onance.However, the branching ratios for other baryonpair
decay modes are much smaller than the branching ratio
with a proton and anti-proton pair except the neutron and
anti-neutronpair decaymode, which is then experimentally
difficult to carry out. The usefulness of these decay modes
depends on whether, near the resonance region, the reson-
ance contributions dominate over the non-resonance con-
tinuum parts which we will comment on later.
A better test of the mechanism may come from other

three meson decay modes of Gp. To have further informa-
tion on the branching ratios for Gp decay into three meson
modes, we here follow [37, 38] to use U(3) chiral theory to
describe how it couples to known meson particles. Notice
that the use of U(3) symmetry will not change our previous
discussions on Gp→ BB̄ results. The reason we use U(3)
chiral perturbation theory for the interaction is that it can
naturally include many properties of chiral anomaly which
our calculations for fi depend on. To the leading order
there are four terms which may cause Gp to decay [37, 38]:

L= ia1∂µGpTr
(

Σ†∂µΣ∂νΣ
†∂νΣ

)

+ ia2GpTr
(

(Σ†∂2Σ−∂2Σ†Σ)∂νΣ
†∂νΣ

)

+ ia3GpTr
(

χΣ−Σ†χ
)

+ ia4GpTr
(

χΣ†∂νΣ∂
νΣ†−χΣ∂νΣ

†∂νΣ
)

,

(10)

where Σ = exp[−i
√
2M/f ] with f = fπ/

√
2 and M is the

U(3) meson nonet. χ is proportional to the light quark

Table 1. r(BB̄) for different
J/ψ→ γGp→ γBB̄ decays

r(Ξ0Ξ̄0) 1.58×10−3

r(Ξ−Ξ̄−) 1.38×10−3

r(Σ+Σ̄+) 1.45×10−2

r(Σ0Σ̄0) 1.38×10−2

r(Σ−Σ̄−) 1.28×10−2

r(ΛΛ̄) 4.23×10−2

r(nn̄) 0.96
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masses and is given by χ= diag(m2π,m
2
π, 2m

2
K−m

2
π). The

last two terms in (10) come from explicit U(3) (and SU(3))
breaking due to quark masses.
The two SU(3) breaking terms in (10), if dominant,

will lead to the main decay mode to be Gp→ πKK [37,
38] with a very suppressed rate for Gp → π+π−η′. The
BES data indicate that the decay mode Gp→ π+π−η′ has
a large branching ratio compared with other three particle
decays (yet to be discovered); therefore, these two terms
may be suppressed. If the first two terms dominate, we
obtain the effective Lagrangian for the decay amplitude
Gp→ π+π−η′ to be

L=
4
√
3f3
(
√
2 cos θ+sinθ)

×
(

a1∂µGp
(

∂µη′∂νπ
+∂νπ−+∂µπ−∂νπ

+∂νη′

+∂µπ+∂νη
′∂νπ−

)

+a2Gp
(

∂2η′∂νπ
+∂νπ−

+∂2π−∂νπ
+∂νη′+∂2π+∂νη

′∂νπ−
))

, (11)

which leads to a decay amplitude,

M(Gp→ π
+π−η′) =

√
2 cos θ+sinθ
√
3f3

×
(

a1
[(

s−m2Gp−m
2
η′

)(

s−2m2π
)

+
(

t−m2Gp−m
2
π

)(

t−m2η′−m
2
π

)

+
(

u−m2Gp−m
2
π

)(

u−m2η′−m
2
π

)]

+2a2
[

m2η′
(

s−2m2π
)

+m2π
(

t−m2η′−m
2
π

)

+m2π
(

u−m2η′−m
2
π

)])

, (12)

where s = (pπ+ + pπ−)
2, t = (pπ− + pη′)

2 and u =
(pπ+ +pη′)

2.
To obtain the BES result for J/ψ→ γπ+π−η′ with the

BR(J/ψ→ γGp) obtained earlier, we have

|a1|
2−0.376Re(a1a

∗
2)+0.038|a2|

2

= (0.94–4.52)×10−5GeV−2 . (13)

Since there are two parameters, a1 and a2, involved,
with the data from J/ψ → γGp → γπ+π−η′ alone it is
not possible to predict branching ratios for other three
meson decay modes. There are several kinematically al-
lowed decay modes which can provide more information.
These additional decay modes include η′π0π0, ηπ+π−,
ηπ0π0, ηK+K−, ηK0K̄0, π0K0K̄0, π0K+K−, π+K0K−,
π−K̄0K+, and ηηη. With the assumption that the dom-
inant contributions come from the a1,2 terms, even with

Table 2. r(p1p2p3) for various Gp→ p1p2p3 decay modes. Here b(π
+π−η′) =

|a1|
2−0.376Re(a1a

∗
2)+0.038|a2|

2

r(π+π−η) 11.26
(

|a1|
2−0.186Re (a1a

∗
2)+0.009|a2|

2)/b(π+π−η′)

r(K+K−η) 1.57×10−3
(

|a1|
2−0.474Re (a1a

∗
2)+0.056|a2|

2)/b(π+π−η′)

r(K+K−π0) 2.47
(

|a1|
2−0.291Re (a1a

∗
2)+0.021|a2|

2)/b(π+π−η′)

r(ηηη) 0.006
(

|a1|
2−0.538Re (a1a

∗
2)+0.073|a2|

2)/b(π+π−η′)

SU(3) breaking effects from the final meson mass dif-
ferences, one would have the following relations between
the branching ratios:BR(π0π0η′(η)) =BR(π+π−η′(η))/2,
BR(K+K−η) = BR(K0K̄0η), and BR(π0K+K−) =
BR(π0K0K̄0) = BR(π−K+K̄0)/2 = BR(π+K−K0)/2.
We list the ratios r(p1p2p3) = BR(Gp → p1p2p3)/
BR(Gp → π+π−η′) in Table 2. The branching ratio for
Gp→ π+π−η can be larger than that forGp→ π+π−η′. No
observation of J/ψ→ γπ+π−η near the resonance would
imply that there may be large cancellations between terms
proportional to a1 and a2 for this decay mode. Gp→ πKK
are some other modes which may have large branching
ratios near the resonance. The branching ratios here are
different from those predicted if the resonance transforms
non-trivially under the SU(3) symmetry [4–13]. These new
decay modes can serve to test the mechanism proposed in
this paper. We urge the BES collaboration to carry out
a systematic analysis to obtain more information on the
properties of the resonant stateX(1835).
In the above discussions about predictions for other

decay modes, only contributions from the resonance are
included. There are also non-resonance effects. To iso-
late the resonance contributions near the resonance re-
gion, one should remove the off-resonance contributions by
extrapolating the data away the resonance to the reson-
ance region. Theoretical study of the non-resonance con-
tributions is more complicated. We briefly discuss how the
non-resonance contributions for J/ψ→ γBB̄ and J/ψ→
γπ+π−η(η′) can be parameterized using SU(3) flavor sym-
metry. The general form for non-resonance J/ψ→ γBB̄
has been discussed in [36]. As far as the SU(3) struc-
ture is concerned, that is, neglecting Lorentz structure,
we have the amplitudes for non-resonance contributions to
J/ψ→ γBB̄ and J/ψ→ p1p2p3 given by

M(J/ψ→ γBB̄)∼ Tr
[

B̄(Dγ{Q,B}+Fγ[Q,B])
]

,

M(J/ψ→ γp1p2p3)∼ ãη1Tr(QM
2)+ b̃η1η1Tr(QM)

+ c̃Tr(QM3) , (14)

whereQ= diag(2/3,−1/3,−1/3) is the electric chargema-
trix.Dγ , Fγ , ã, b̃ and c̃ are form factors.
The complications in extracting information on the

form factors Dγ and Fγ , and ã, b̃ and c̃ are two-fold. One
of them is that the Lorentz structure is much more com-
plicated, that is for each of the form factors Dγ , Fγ , ã and
b̃, there are actually several of them depending on how the
Dirac matrices are inserted in the BB̄ bi-baryon product,
and how derivatives are taken on the meson and baryon
fields. Another is that the form factors in general depend
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on combinations of the invariantmasses of pairs of particles
in the final state.
Nevertheless, fitting the data, one can obtain infor-

mation on the parameters. Measurements of the branch-
ing ratios of J/ψ→ γBB̄, γp1p2p3 via non-resonance can
also provide important information for understanding the
whole physics picture.
In summary, we have studied some implications of

a possible 0−+ resonance in the π+π−η′ spectrum in
J/ψ→ γπ+π−η′ observed by BES. We have shown that it
has a sizeable matrix element for 〈0|G ˜G|Gp〉. The branch-
ing ratios for J/ψ→ γGp and Gp→ π+π−η′, using QCD
anomaly and QCD sum rules, are determined to be (2.61–
7.37)× 10−3 and (2.21–10.61)× 10−2, respectively. The
coupling for the Gp–p–p̄ interaction is also determined. We
conclude that a pseudoscalar 0−+ with large gluon content
can consistently explain the data. We have also studied the
branching ratios of other decay modes using SU(3) flavor
symmetry. We find that J/ψ→ γGp→ γ(π+π−η,KKπ0)
can provide useful tests for the mechanism proposed here.
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