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1. Introduction

Our present understanding of the strong interaction is based on a non-Abelian gauge field the-
ory, Quantum Chromodynamics (QCD), which describes the interactions of quarks and gluons; it
also predicts the existence of new types of hadrons with explicit gluonic degrees of freedom (eg.
glueballs, hybrids and multi-quarks) [1, 2, 3, 4, 5]. These unconventional states, if they exist, will
enrich the meson spectroscopy greatly and shed light on the dynamics of QCD. According to lat-
tice QCD predictions [6, 7], the lowest mass glueball withJPC = 0++ is in the mass region from
1.5 to 1.7 GeV/c2. Although the identification of glueball is complicated due to the mixing of the
pure glueball with nearbyqq̄ nonet, several glueball candidates are still found in the experiments.
The abundance of scalar mesons in the this mass region,i.e. the f0(1500) [8, 9, 10, 11, 12, 13],
f0(1710) [11, 12, 14, 15] andX(1810) [16] makes them natural scalar glueball candidates. Radia-
tive J/ψ decay is a gluon-rich process and has long been regarded as one of the most promising
hunting grounds for glueballs.

BEPCII/BESIII [17] is an upgrade facility from the previous BEPC/BESII experiment. The
BESIII spectrometer consists of a main drift chamber with momentum resolution0.5% at 1 GeV/c,
a time-of-flight counter, a superconducting magnet with a magnetic strength of 1 T, and a muon
chamber system made of resistive plate chambers. Based on a sample of2.25×108 J/ψ events [18]
taken in 2009, the light hadron spectroscopy is widely studied.

2. PWA of J/ψ → γηη

An early study ofJ/ψ → γηη was made by the Crystal Ball Collaboration [19] with the first
observation off0(1710), but the study suffered from low statistics. Theηη system has also been
widely studied using data from̄pp annihilation [20, 21, 22, 23, 24, 15], as well as the data from
π−p interaction [25].

Based on the 225MJ/ψ events collected with the BESIII detector, The processJ/ψ →
γηη ,η → γγ has been studied [26]. Clear diagonal bands, which correspond to the structures
observed in theηη invariant mass spectrum, can be seen in the Dalitz plot for the selectedJ/ψ →
γηη candidate events (Fig.1 (a)). To reject theJ/ψ → φη(φ → γη) events, we further require
|Mγη −mφ | >0.03 GeV/c2. Fig. 1 (b) shows theηη invariant mass spectrum of the surviving
events.

With GPUPWA, a Partial Wave Analysis (PWA) framework harnessing GPU parallel com-
puting [27], a PWA was performed to disentangle the structures present inJ/ψ → γηη decays.
The quasi two-body decay amplitudes in the sequential decay processJ/ψ → γX,X → ηη are
constructed using covariant tensor amplitudes described in Ref. [28].

There are six resonances,f0(1500), f0(1710), f0(2100), f
′
2(1525), f2(1810), f2(2340) as well

as0++ phase space andJ/ψ → φη included in the basic solution. The masses and widths of the
resonances, branching ratios ofJ/ψ radiative decaying to X and the statistical significances are
summarized in Table1.

The dominant scalar components are fromf0(1710) and f0(2100). For the f0(1710) meson,
the PWA gives a mass of 1759±6 MeV/c2 and a width of 172±10MeV/c2 with a statistical signif-
icance of 25σ ; the mass and width are consistent with those obtained fromJ/ψ → γKK̄ [11] and
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Figure 1: (a) Dalitz plot (two entries/event), beforeφ → γη veto. (b) The invariant mass spectrum ofηη .
The dots with error bars are data, and the shaded histogram is background estimated fromη sidebands.

J/ψ → γππ [12] at BESII. Thef0(2100) is observed with a statistical significance of 13.9σ , and its
mass and width are determined to be 2081±13MeV/c2 and 273+27

−24 MeV/c2, respectively, which are
in agreement with previous measurements [10, 20, 21, 22]. The f0(1500) is observed with a statisti-
cal significance of 8.2σ , but its production rate,B(J/ψ → γ f0(1500)→ γηη)=(1.65+0.26

−0.31)×10−5,
is about one order of magnitude lower than that off0(1710) and f0(2100) since its dominant decay
modes are4π andππ [29]. The mass and width obtained from the global fit are 1468+14

−15 MeV/c2

and 136+41
−26 MeV/c2, respectively, which are consistent with the BESII measurements inJ/ψ →

γππ [12].

Table 1: Summary of the PWA results, including the masses and widths for resonances, branching ratios of
J/ψ → γX, as well as the significance. The first errors are statistical and the second ones are systematic.
The statistic significances here are obtained according to the changes of the log likelihood.

Resonance Mass(MeV/c2) Width(MeV/c2) B(J/ψ → γX → γηη) Significance

f0(1500) 1468+14+23
−15−74 136+41+28

−26−100 (1.65+0.26+0.51
−0.31−1.40)×10−5 8.2σ

f0(1710) 1759±6+14
−25 172±10+32

−16 (2.35+0.13+1.24
−0.11−0.74)×10−4 25.0σ

f0(2100) 2081±13+24
−36 273+27+70

−24−23 (1.13+0.09+0.64
−0.10−0.28)×10−4 13.9σ

f
′
2(1525) 1513±5+4

−10 75+12+16
−10−8 (3.42+0.43+1.37

−0.51−1.30)×10−5 11.0σ
f2(1810) 1822+29+66

−24−57 229+52+88
−42−155 (5.40+0.60+3.42

−0.67−2.35)×10−5 6.4σ
f2(2340) 2362+31+140

−30−63 334+62+165
−54−100 (5.60+0.62+2.37

−0.65−2.07)×10−5 7.6σ

3. PWA of J/ψ → γπ0π0

The J/ψ → γπ+π− process was analyzed previously in the MarkIII [30], DM2 [31], and
BESI [32] experiments, theJ/ψ → γπ0π0 process was also studied by the Crystal Ball [33] and
BESI [34] experiments, but no partial wave analysis was performed.

The analysis ofJ/ψ → γπ+π− andJ/ψ → γπ0π0 was performed based on the 58MJ/ψ
events collected with BESII [12]. PWA was carried out using covariant tensor amplitude method
only in the1.0 to 2.3 GeV/c2 ππ mass range, due to background and statistic considerations. There
are conspicuous peaks due to thef2(1270) and two0++ states in the1.45 and1.75 GeV/c2 mass
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regions, identified asf0(1500) and f0(1710), respectively. However, more experimental data are
needed to clarify the properties of these scalar states.

Considering the numerous backgrounds ofJ/ψ → π+π−π0 which dominates byJ/ψ → ρπ
for the processJ/ψ → γπ+π−, only theJ/ψ → γπ0π0 process is studied based on the 225MJ/ψ
events collected with the BESIII detector. The Dalitz plot is shown in Fig.2 (a), where we can
see clearly the bands corresponding to structures inπ0π0 invariant mass spectrum. To reject the
J/ψ → ωπ0 → γπ0π0 events, we further require|Mγπ0−mω |>0.03 GeV/c2. Fig. 2 (b) shows the
π0π0 invariant mass spectrum of data and the backgrounds estimated fromπ0 sidebands.
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Figure 2: (a) The Dalitz plot, beforeω → γπ0 veto. (b) Invariant mass spectrum ofπ0π0. The histogram
with error bars correspond to the data. The backgrounds estimated fromπ0 sidebands are in shaded his-
togram.

With GPUPWA [27], PWA was performed to disentangle the structures present inJ/ψ →
γπ0π0 decays. The quasi two-body decay amplitudes in the sequential decay processJ/ψ →
γX,X → π0π0 are constructed using covariant tensor amplitudes described in Ref. [28]. The scalar
resonancesf0(500), f0(1500), f0(1710), f0(2020) and tensor resonancesf2(1270), f

′
2(1525),

f2(1950), f2(2150), f2(2340) are found to be necessary in the basic solution of PWA, as well
as the contribution from phase space and the process ofJ/ψ →ωπ0. The comparisons of theπ0π0

invariant mass spectrum is displayed in Fig.3. The dots with error bars are data (with background
subtracted) and the solid histogram shows the PWA fit projection.

)2) (GeV/c0π0πM(
1 2 3

2
E

nt
ri

es
 / 

0.
02

5G
eV

/c

0

1000

2000

3000

Figure 3: Comparisons between data and PWA fit projection. The black dots with error bars are data (with
background subtracted), the solid histogram shows the PWA fit projection. The shaded histogram is for the
contribution of0++ components.

The total scalar components contribution are displayed as shaded histogram in Fig.3. There’s
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clear evidence at lowππ invariant mass spectrum a broad structure due to thef0(500). The scalar
statesf0(1500), f0(1710) and f0(2020) are also confirmed in the basic solution, each one with
statistic significance larger than 10σ .

4. M(ωφ) threshold enhancement inJ/ψ → γωφ

An anomalous near-threshold enhancement in theωφ invariant-mass spectrum in the process
J/ψ → γωφ was reported by the BESII experiment [16]. A PWA that used a helicity covari-
ant amplitude that assumed that the enhancement was produced by a resonance, denoted as the
X(1810), was performed on the BESII event sample. The analysis indicated that theX(1810)
favoredJPC = 0++ overJPC = 0−+ or 2++ with a significance of more than 10σ . The mass and
width were determined to beM = 1812+19

−26(stat)±18(syst) MeV/c2 andΓ = 105±20(stat)±28(syst)
MeV/c2, respectively, and the product branching fractionB(J/ψ → γX(1810)→ γωφ) =[2.61±
0.27(stat)±0.65(syst)]×10−4 was measured. TheJ/ψ → γωφ decay mode is a doubly OZI sup-
pressed process with a production rate that is expected to be suppressed relative toJ/ψ → γωω or
J/ψ → γφφ by at least one order of magnitude [35]. Possible interpretations of theωφ threshold
enhancement include a new type of resonance, such as a tetraquark state (with structureq2q2) [36],
a hybrid [37], or a glueball state [38] etc., a dynamical effect arising from intermediate meson
rescattering [39], or a threshold cusp of an attracting resonance [40]. As of now none of these
interpretations has either been established or ruled out by experiment.

A search for theX(1810) was performed by the Belle collaboration in the decay ofB± →
K±ωφ [41], but no obviousX(1810) signal was observed. A high statistics data sample collected
with the BESIII detector provides a good opportunity to confirm the existence of theωφ threshold
enhancement, study its properties and search for other possible related states that decay toωφ .

The doubly OZI suppressed decay modesJ/ψ → γωφ (ω → π+π−π0, φ →K+K−) is studied
based on the 225MJ/ψ event sample accumulated with the BESIII detector [42]. The scatter plot
of theMK+K− versusMπ+π−π0 invariant masses for events is shown in Fig.4(a). A strong deviation
from three-bodyJ/ψ → γωφ phase space is observed near theωφ mass threshold in Fig4(b),
which shows up as a diagonal band along the upper right-hand edge of the Dalitz plot in Fig5(a).

A partial wave analysis with a tensor covariant amplitude that assumes that the enhancement
is due to the presence of a resonance, theX(1810), is performed, and confirms that the spin-parity
of the X(1810) is 0++. The contributions of each component of the basic solution of the PWA
fit are shown in Fig.5(b). The mass and width of theX(1810) are determined to beM = 1795±
7(stat)+13

−5 (syst)±19(mod) MeV/c2 andΓ = 95±10(stat)+21
−34(syst)±75(mod) MeV/c2 and the prod-

uct branching fraction is measured to beB(J/ψ → γX(1810)→ γωφ)=(2.00±0.08(stat)+0.45
−1.00(syst)±

1.30(mod))× 10−4. These results are consistent within errors with those of the BESII experi-
ment [16].

The anomalous enhancement observed at theωφ invariant-mass threshold and the large mea-
sured branching fractions (∼1/2 of B(J/ψ → γφφ) [29]) are surprising and interesting. The en-
hancement is not compatible with being due either to theX(1835) or theX(pp̄), due to the different
mass and spin-parity. The interpretation of the enhancement as being due to effects ofωφ final state
interactions (FSI) is not excluded in this analysis. Searches for this structure in different decays
modes, e.g.K∗K∗, ωω, etc., and in other production processes, e.g.J/ψ → φωφ , J/ψ → ωωφ
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Figure 4: (a) A scatter plot ofMK+K− versusMπ+π−π0. The boxes indicate the signal region labeled as S
and sideband regions labeled as A, B and C. (b) the events in theωφ signal region; the solid histogram is
the background distribution estimated from the sideband events, the dashed histogram is that obtained from
inclusiveJ/ψ MC samples.
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Figure 5: (a) A Dalitz plot ofM2(γπ+π−π0) versusM2(γK+K−). (b) Comparisons between data and PWA
fit projections for theK+K−π+π−π0 invariant-mass distribution.

etc., are essential to explore the nature of the enhancement, and gain more insight in the underlying
dynamics.

5. Summary

Based on 225MJ/ψ events collected by BESIII detector at BEPCII, the preliminary results
from the partial wave analyses ofJ/ψ → γωφ ,γπ0π0,γηη are reported. A0++ stateX(1810),
which was observed at BESII in theωφ mass spectrum inJ/ψ → γωφ , is confirmed at BESIII.
The scalarsf0(1500) and f0(1710) are observed and measured in bothJ/ψ → γηη andγπ0π0

decays.
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