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The Standard Model
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The Standard Model 

Standard Model 
All matter is made out of  
quarks and leptons 
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Molecules 

Macroscopic Matter 

Atoms 

Electrons Nuclei 
(Leptons) 

Protons & Neutrons 

Quarks 

All matters are made out of quarks and leptons

Proton: uud Neutron: udd

◈ The basic theory for strong interactions is quantum chromodynamics (QCD)

✦ Gluons are the force carriers of the strong interactions 
✦ Gluon self-interaction: prediction of non-Abelian Gauge SU(3) QCD theory



Forms of hadrons
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◈  In quark model: 

◈ Other forms of hadrons： 
✦ Multi-quark:  quark number >= 4

✦ Hybrid state: the mixture of quark and gluon

✦ Glueball: composed of gluons (gg, ggg, gggg ….)

Glueballs are unique particles formed by gluons (force carriers) due to 
non-Abelian gauge self-interactions of gluons



Theory Prediction
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PRD 73 (2006) 014516 

◈ Quenched lattice QCD is the non-perturbative method 
for this theory from the first principles.  


◈ The predictions of masses and production rates of 
pure glueballs are expected to be reliable.


◈ Lattice QCD predictions:

✦ 0++ ground state: 1.5 - 1.7 GeV/c2

✦ 2++ ground state: 2.3 - 2.4GeV/c2

✦ 0-+ ground state: 2.3 - 2.6GeV/c2

Review on Glueball Hunting Davide Vadacchino
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Figure 7: A summary of estimates of the unquenched glueball spectrum. In light blue, the results from
Ref. [61], in light orange and green, the results from Ref. [68], in red, the results in Ref. [70], in purple the
results from Ref. [67], in brown, the results from Ref. [63], in cyan the quenched results from Ref. [48].

combinations of fermionic operators, additional states were observed to appear upon inclusion of
glueball operators in the variational basis. Curiously, no new state appears within the energy range
considered. This is an indication that further study is needed on the e�ects systematics introduced
by the choice of the variational basis.

At this conference, a calculation of the scalar glueball mass with # 5 = 4 clover improved
twisted mass fermions was presented, see Ref. [63]. The low-quark mass regime was explored,
with <c ⇠ 250 "4+ and while in the pseudo-scalar and tensor channel the masses were roughly
found to agree with the corresponding quenched values, a new light state was observed in the scalar
channel. Notably, the mass of the first and second excited states was found to be similar to that
the ground state and first excited quenched glueballs, respectively. The spectrum is displayed in
in the left-hand panel of Figure 6. It is suggested that the new low-lying state is cc or a @@̄ state.
A similar calculation was performed for # 5 = 2 + 1 + 1. The fact that the mass of the additional
low-lying state was shown to depend strongly on <c suggests that it might contain a large quark
content. The above results illustrate the need to improve our understanding of the unquenched
glueball spectrum, especially in the continuum limit. However, the most pressing questions are on
the e�ects of mixing.

A summary of the estimates of the spectrum in unquenched lattice QCD at finite lattice spacing
is displayed in Figure 7.

The formalism to study the e�ects of mixing on the spectrum was described in detail in Ref. [65]
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Glueball Search 
◈ Many experiments searched for glueballs over the past 4 decades, mostly in 

J/ψ radiative decays from electron-positron collision


✦ The advantage for glueball searches via J/ψ radiative decays from electron-
positron collision 

✦ Glueball production in J/ψ radiative decays 

✦ Glueball decays 

✦ Many historical glueball candidates, but also some difficulties
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J/ψ radiative decays
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◈  Gluon rich environment 

◈  Isospin filter: final states dominated by I=0 processes

◈  Spin-parity filter: C parity must be +, so Jpc=0-+, 0++, 1++, 2++, 2-+ …

◈  Clean environment in electron-positron collision: very different from 

proton-antiproton collision


➡ Ideal place to search for glueballs

~ ααs4 ~ ααs6



Glueball Production in J/ψ radiative decays 
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◈Rich production in J/ψ radiative decays: 

✦ Glueball production rate in J/ψ radiative decays could be higher than 
normal hadrons

~ ααs4



Glueball Decays

◈  Flavor symmetric decays 

◈  No rigorous predictions on decay patterns and their branching ratios 

◈  The glueball decays could have similar decays to the Charmonium families 
since both of them can only decay via gluons

✦  e.g. the 0-+ glueball could have similar decays of ηc

✦  One of the favorite decay modes of ηc is ππη’, so J/ψ→γ ππη’ could be a good 

place to search for the 0-+ glueball
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Historical Glueball Candidates — 0++ scalar Glueball

◈ f0(1710)：discovered by MarkII in 1980’s as θ2(1720) and Jpc = 2++ from a simple fit to the angular 
distribution.  Lots of studies at MarkII, DM2, BESI,BESII, BESIII

✦ Jpc was firstly changed to 0++ on a full PWA of J/ψ! γKK @ BESII

✦ The high production rate of J/ψ! γf0(1710) and the suppression of f0(1710)! ηη’  strongly support its 

interpretation:

• A scalar glueball or large glueball content if it is a mixture of glueball and normal meson 

✦ With PS subtracted,  Γ(f0(1710)→ππ:KK )=1:2.43, which should be 1:1 for a pure glueball decays 
✦ Difficulty: What causes the flavor symmetric breaking needs to be understood from first principle 

of QCD (not just phenomenological understanding).

9A lot of studies from BES in J/ψ ! γKK, γππ, γηη, γηη’ 



Historical Glueball Candidates — 0++ scalar Glueball

◈ f0(1500): discovered by Crystal Barrel in 1990’s as a unique 0++ candidate since 
f0(1710) was f2 at that time.

✦ Difficulty: compared with f0(1710), much lower production rate than f0(1710) 

disfavors its interpretation as a scalar glueball 

◈ Mixing between f0(1500)/f0(1710), or even with f0(1790) 
✦ Difficulty: dynamic mixing mechanism  needs to be understood from the first 

principle of QCD (not just phenomenological understanding).
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Historical Glueball Candidates — 2++ Tensor Glueball

◈ ξ(2230)

✦ First observed by MarkIII is J/ψ! γKK in 1980’s, then by BESI in 1990’s in J/ψ 
! γKK, γππ, γppbar with very narrow mass peak.


✦ It was a tensor glueball candidate due to good flavor symmetric decay property.

✦ Difficulty: it was not confirmed by BESII, nor BESIII with much higher statistics. 
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sample of Nacc accepted events. The normalization integral
is computed as:

Z
dξωðξÞϵðξÞ ¼ σ0 →

1

Nacc

XNacc

k

!
dσ
dΦ

"

k
: ð8Þ

Since data contains the contribution of signal and
background, the contribution of non-ϕϕ background events
is taken into account by subtracting the negative log-
likelihood (NLL) value obtained for events in the ϕϕ
sidebands from the NLL value obtained for events in the
ϕϕ signal region, i.e.,

Lsig ¼
Ldata

Lbkg
; ð9Þ

−lnLsig ¼ −ðlnLdata − lnLbkgÞ: ð10Þ

The number of the fitted events NX for an intermediate
resonance X, which has NWX

independent partial wave
amplitudes Ai, is defined as

NX ¼ σX
σ0

· N0; ð11Þ

where N0 is the number of selected events after background
subtraction, and

σX ¼ 1

Nacc

XNacc

k

####
XNWX

j

ðAjÞk
####
2

ð12Þ

is the measured cross section of the resonance X and is
calculated with the same MC sample as the measured total
cross section σ0.
The branching fraction of J=ψ → γX;X → ϕϕ is calcu-

lated as:

BðJ=ψ → γX → γϕϕÞ ¼ NX

NJ=ψ · εX · B2
ϕ→KþK−

; ð13Þ

where the detection efficiency εX is obtained by the partial
wave amplitude weighted MC sample,

εX ¼ σX
σgenX

¼
PNacc

k j
PNWX

j ðAjÞkj2
PNgen

i j
PNWX

j ðAjÞij2
; ð14Þ

NJ=ψ is the total number of J=ψ events, and Bϕ→KþK− ¼
ð48.9% 0.5Þ% is the branching fraction of ϕ → KþK−

taken from Ref. [25].

B. PWA results

In this analysis, all possible combinations of JPC ¼ 0−þ,
0þþ and 2þþ resonances [28] listed in the PDG [25] are

evaluated. Given the small phase space of J=ψ → γϕϕ,
J ≥ 4 states should be suppressed. The changes in the NLL
value and the number of free parameters in the fit with and
without a resonance are used to evaluate its statistical
significance. In the baseline solution, there are three 0−þ

resonances (ηð2225Þ, ηð2100Þ, and Xð2500Þ), one 0þþ

resonance (f0ð2100Þ), three 2þþ resonances (f2ð2010Þ,
f2ð2300Þ, and f2ð2340Þ), and the direct decay of
J=ψ → γϕϕ, which is modeled by a 0−þ phase space
distribution (0−þ PHSP) of the ϕϕ system. The statistical
significance of each component in the baseline solution is
larger than 5σ. The masses and widths of the three 0−þ

resonances are free parameters in the fit. The resonance
parameters of the 0þþ and 2þþ resonances are fixed to the
PDG [25] values due to limited statistics. The masses and
widths of the resonances, product branching fractions of
J=ψ → γX, X → ϕϕ, and the statistical significances are
summarized in Table I, where the first errors are statistical,
and the second ones are systematic. The fit fraction of each
component and their interference fractions are shown in
Table II. Figure 2(a) shows a comparison of the data and the
PWA fit projection (weighted by MC efficiencies) of the
invariant mass distributions of ϕϕ for the fitted parameters.
The comparisons of the projected data and MC angular
distributions for the events with ϕϕ invariant mass less than
2.7 GeV=c2 are shown in Fig. 2(b)–2(e). The χ2=nbin value
is displayed on each figure to demonstrate the goodness of
fit, where nbin is the number of bins of each figure and χ2 is
defined as:

χ2 ¼
Xnbin

i¼1

ðni − νiÞ2

νi
; ð15Þ

where ni and νi are the number of events for the data and
the fit projections with the baseline solution in the ith bin of
each figure, respectively.
Various checks are performed to test the reliability of the

model-dependent PWA solution. Replacing the pseudosca-
lar state ηð2100Þ by either ηð2010Þ [29] or ηð2320Þ [30]

TABLE I. Mass, width, BðJ=ψ → γX → γϕϕÞ (B.F.) and
significance (Sig.) of each component in the baseline solution.
The first errors are statistical and the second ones are systematic.

Resonance M (MeV=c2) Γ (MeV=c2) B.F. (×10−4) Sig.

ηð2225Þ 2216þ4þ21
−5−11 185þ12þ43

−14−17 ð2.40% 0.10þ2.47
−0.18 Þ 28σ

ηð2100Þ 2050þ30þ75
−24−26 250þ36þ181

−30−164 ð3.30% 0.09þ0.18
−3.04 Þ 22σ

Xð2500Þ 2470þ15þ101
−19−23 230þ64þ56

−35−33 ð0.17% 0.02þ0.02
−0.08 Þ 8.8σ

f0ð2100Þ 2101 224 ð0.43% 0.04þ0.24
−0.03 Þ 24σ

f2ð2010Þ 2011 202 ð0.35% 0.05þ0.28
−0.15 Þ 9.5σ

f2ð2300Þ 2297 149 ð0.44% 0.07þ0.09
−0.15 Þ 6.4σ

f2ð2340Þ 2339 319 ð1.91% 0.14þ0.72
−0.73 Þ 11σ

0−þ PHSP ð2.74% 0.15þ0.16
−1.48 Þ 6.8σ

M. ABLIKIM et al. PHYSICAL REVIEW D 93, 112011 (2016)
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Historical Glueball Candidates — 2++ Tensor Glueball

◈ f2(2340)

✦ Its large production rate in J/ψ→γ(KK/ηη/η’η’/φφ) favors its interpretation as a tensor glueball  . 
✦ Many wide f2 mesons in the mass region of 2.3GeV of 2++ glueball mass from the LQCD predictions

✦ Difficulty: no clear mass peak of these f2 mesons  due to large overlaps among various wide 

resonances. (PWA components)

• More PWA studies are needed to check the consistency among various decays modes. However, 

due to large overlaps again, no independent mass and width scan can be performed in PWA.
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worsens the NLL values by 21.2 and 33.0, respectively. The
spin-parity assignment JPC of the Xð2500Þ as 0−þ is
significantly better than the 0þþ hypothesis, with the
NLL value improving by 44.1 units. Changing the spin-
parity assignment of the Xð2500Þ to 2þþ, resulting in 10
additional free parameters, worsens the NLL value by 0.5,
instead. Therefore, the preferred assignment for the
Xð2500Þ is pseudoscalar. If we replace the two tensor
states f2ð2300Þ and f2ð2340Þ by a single one with free
resonance parameters in the fit, the NLL value is worsened
by 14.7. In this case, a statistical significance test of the

f2ð2340Þ yields a value of 6.1σ. The narrow fJð2220Þ
(alternatively known as the ξð2230Þ), which was seen in
J=ψ → γKþK− at MarkIII [31] and BES [32], but not seen
in J=ψ → γK0

SK
0
S at CLEO [33], is also studied. When

included in the PWA, the statistical significance of the
fJð2220Þ is found to be 0.8σ. The upper limit on the
branching fraction ratio Bðξð2230Þ → ϕϕÞ=Bðξð2230Þ →
KþK−Þ at the 90% C.L. is estimated to be 1.91 × 10−2. For
the description of the nonresonant contribution, the stat-
istical significance of additional non-resonant contribu-
tions with JPC ¼ 0þþ or 2þþ is less than 5σ. Additional

TABLE II. Fraction of each component and interference fractions between two components (%) in the baseline solution. The errors are
statistical only.

Resonance ηð2100Þ ηð2225Þ Xð2500Þ 0−þ PHSP f0ð2100Þ f2ð2010Þ f2ð2300Þ f2ð2340Þ
ηð2100Þ 54.2% 1.5 43.5% 1.2 15.2% 1.0 −64.0% 2.2 0.0% 0.0 0.0% 0.0 0.0% 0.0 −0.1% 0.0
ηð2225Þ 41.0% 1.6 15.9% 0.7 −60.6% 1.7 0.0% 0.0 0.0% 0.0 0.1% 0.0 −0.1% 0.0
Xð2500Þ 3.2% 0.3 −15.7% 1.0 0.0% 0.0 0.0% 0.0 0.0% 0.0 0.0% 0.0
0−þ PHSP 42.8% 2.3 0.0% 0.0 0.0% 0.0 0.0% 0.0 0.0% 0.0
f0ð2100Þ 6.5% 0.6 0.1% 0.0 0.1% 0.0 −0.5% 0.0
f2ð2010Þ 5.9% 0.8 6.0% 0.7 −18.6% 1.6
f2ð2300Þ 8.8% 1.4 −22.0% 3.5
f2ð2340Þ 38.4% 2.8

(a) (b) (c)

(d) (e) (f)

FIG. 2. Superposition of data and the PWA fit projections for: (a) invariant mass distributions of ϕϕ; (b) cos θ of γ in the J=ψ rest
frame; (c) cos θ of ϕ1 in the X rest frame; (d) cos θ of Kþ in the ϕ1 rest frame; (e) the azimuthal angle between the normals to the two
decay planes of ϕ in the X rest frame. Black dots with error bars are data with background events subtracted and the solid red lines are
projections of the model-dependent fit. (f) Intensities of individual JPC components. The red dots, blue boxes and green triangles with
error bars are the intensities of JPC ¼ 0−þ, 0þþ and 2þþ, respectively, from the model-independent fit in each bin. The short-dashed,
dash-dotted and long-dashed histograms show the coherent superpositions of the BW resonances with JPC ¼ 0−þ, 0þþ and 2þþ,
respectively, from the model-dependent fit.

OBSERVATION OF PSEUDOSCALAR AND TENSOR … PHYSICAL REVIEW D 93, 112011 (2016)
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J/ψ→γΦΦ
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Historical Glueball Candidates — 0-+ Pseudoscalar Glueball

◈ η(1405) 


✦ first discovered by MarkII in 1980’s, named as η(1440) with complicated 
structures. Lots of studies at MarkII, MarkIII, DM2 and BES.


✦ Believed as the first glueball candidate due to its large production rate in J/ψ 
radiative decays and lack of reliable LQCD predictions in 1980’s 

✦ No longer to be 0-+ glueball candidate due to its large different mass from LQCD 
prediction.
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Historical Difficulties in Glueball Searches
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◈ Theoretically: 
✦ No prediction on the decay branch ratios so far (even the order)

✦ Very rare prediction on the glueball production rate Γ(J/ψ→γG) 

✦ Mix with qqbar mesons or even with 4q, qqg, mesons? Mixing dynamics? 

◈ Experimentally: 

✦ Data sample was not big enough

✦ No good way modeling background in many cases.

✦   Interference among mesons makes the analysis more complicated:


• PWA is a must, but it is complicated and takes a quite long time.



Beijing Electron Positron Collider (BEPCII)
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BESIII detector

LINAC

2004: Construction 

• Double rings 

• Beam energy: 

     1.0 - 2.3 (2.45)GeV 

• Designed luminosity: 

  1×1033 cm-2 s-1 

2008：test run 

2009-now: BESIII 
physics runs

e+

e-

World unique e+e- accelerator in charm physics energy region



BESIII detector

◈ Magnet: 1T Super conducting

◈ MDC: small cell & He gas


        σxy = 130 μm

        σp/p=0.5% @1GeV

        dE/dx = 6%


◈ TOF: plastic scintillator/MRPC

       σT = 80 ps Barrel

       σT = 110 (60) ps Endcap


◈ EMC:  CsI crystals

       ΔE/E = 2.5% @ 1GeV - Barrel

       ΔE/E = 5% @ 1GeV - Endcap


◈ Muon ID: 9 layer RPC

16

Designed for neutral and charged particle with excellent resolution, PID, and large coverage

Has been in full operation since 2008, all sub-detectors are in very good status!

Total weight 730 ton,

~40,000 readout channel

Data rate: 5kHz, 50Mb/s



BESIII Collaboration
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BESIII Data samples

Data sets collected so far include

✦ 10×109 J/ψ events

✦ 2.7×109 ψ(2S) events

✦ 20 fb-1 ψ(3770)

✦ Scan data between 2.0 and 3.08 

GeV, and above 3.74GeV

✦ Large datasets for XYZ studies:


Scan with >500pb-1 per energy 
point space 10-20MeV apart

18

Totally about 50fb-1 integrated luminosity 

World largest J/ψ data sample : ~10 billion



Observation of the X(2370) in 2011
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76 

 

� BESIII confirmed X(1835)  

� BESIII observed X(2120)/X(2370) 

PRL., 106 (2011) 072002  

X(2370)  could be a good candidate for 0-+ glueball  

X(2120)   X(2370) 
X(1835) 

� X(2370) mass consistent with LQCD 0-+ glueball mass 
� J/\ Æ JS+S-K¶�LV�D�JRRG�SODFH�WR�REVHUYH��-+ glueball 
� X(2370) decay pattern seems similar to Kc ? 
 
Æ Jpc, more decay modes of X(2370) 

PRL 106, 072002 (2011)

M(MeV/c2) Γ(MeV/c2) Sig.

X(1835) 1836.5±3.0+5.6-2.1 190.1±9.0+38-36 >20σ

X(2120) 2122.4±6.7+4.7-2.7 83±16+31-11 7.2σ

X(2370) 2376.3±8.7+3.2-4.3 83±17+44-6 6.4σ

J/ψ→γπ+π-η’ With ~225M J/ψ events

◈ Discovery of X(2370) in J/ψ→γπ+π-η’ with the statistic significance of 6.4σ 
◈ First observation of one particle:  a good candidate for 0-+ glueball 

✦ Mass, production and decay property are consistent with the LQCD prediction



Confirmation of the X(2370) in J/ψ→γKKη’

Observation:  X(2370) new decay mode of KKη’
20

Eur. Phys. J. C (2020) 80 :746 Page 7 of 11 746
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Fig. 3 The fit result for X (2370) in the invariant-mass distribu-
tion of K K̄η′ for the decays: a J/ψ → γ X (2370), X (2370) →
γ K+K−η′, η′ → π+π−η, η → γ γ , b J/ψ →
γ X (2370), X (2370) → γ K+K−η′, η′ → γρ0, ρ0 → π+π−, c
J/ψ → γ X (2370), X (2370) → γ K 0

S K
0
Sη

′, η′ → π+π−η, η → γ γ ,
and d J/ψ → γ X (2370), X (2370) → γ K 0

S K
0
Sη

′, η′ → γρ0, ρ0 →
π+π−. The dots with error bars represent the data; the solid curves

show the fit results; the grid areas represent the signal of X (2370); the
dotted lines are the background shapes from J/ψ → K ∗+K−η′+c.c.;
the short dashed double dotted lines show the η′ sidebands; the long
dashed lines represent the Chebychev polynomial function; the gray
short dashed lines are the contribution from PHSP MC and the dashed
dotted lines show the sum of all backgrounds

and B(J/ψ → γ X (2120) → γ K 0
SK

0
Sη

′) < 6.15 × 10−6,
respectively.

5 Systematic uncertainties

Several sources of systematic uncertainties are considered
for the determination of the mass and width of X (2370) and
the product branching fractions. These include the efficiency
differences between data and MC simulation in the MDC
tracking, PID, the photon detection, K 0

S reconstruction, the
kinematic fitting, and the mass-window requirements of π0,
η, ρ and η′. Furthermore, uncertainties associated with the
fit ranges, the background shapes, the sideband regions, the
signal shape parameters of X (2120), intermediate resonance
decay branching fractions and the total number of J/ψ events
are considered.

5.1 Efficiency estimation

The MDC tracking efficiencies of charged pions and kaons
are investigated using nearly background-free (clean) con-

Table 1 Fit results for the structure around 2.34 GeV/c2 and
2.12 GeV/c2. The superscripts a and b represent the decay modes of
X → K+K−η′ and X → K 0

S K
0
Sη

′, respectively. The uncertainties are
statistical only

η′ → γρ0 η′ → π+π−η

MX (2370) (MeV/c2) 2341.6 ± 6.5

&X (2370) (MeV) 117 ± 10

N (J/ψ → γ X (2370)a) 882 ± 112 320 ± 40

N (J/ψ → γ X (2370)b) 174 ± 47 55 ± 15

N (J/ψ → γ X (2120)a) < 553.5 < 187.3

N (J/ψ → γ X (2120)b) < 88.7 < 30.0

trol samples of J/ψ → p p̄π+π− and J/ψ → K 0
S K

±π∓

[24,25], respectively. The difference in tracking efficiencies
between data and MC is 1.0% for each charged pion and kaon.
The photon detection efficiency is studied with a clean sample
of J/ψ → ρ0π0 [26], and the result shows that the difference
of photon detection efficiencies between data and MC sim-
ulation is 1.0% for each photon. The systematic uncertainty
from K 0

S reconstruction is determined from the control sam-

123

◈ Combination with 1.31×109 J/ψ events 

• J/ψ→γK+K-η’ and J/ψ→γKsKsη’ 

• η’ →γππ and η’→ππη 

◈ Confirmation of the X(2370) with 8.3σ 

• M = 2341.6±6.5(stat.)±5.7(syst.) MeV 

• Γ = 117±10(stat.)±8(syst.) MeV 

• Br(J/ψ→γX(2370)→γK+K-η’)=(1.79±0.23±0.65)×10-5 

• Br(J/ψ→γX(2370)→γKsKsη’)=(1.18±0.32±0.39)×10-5 

EPJC (2020) 80:746



◈ Its mass is consistent with LQCD prediction 
on the 0-+ glueball

◈Observed in flavor symmetric decay modes 

of π+π-η’and KKη’  — favorite decay modes 
of 0-+ glueball 

◈We need to know its spin-parity

X(2370) - good candidate of 0-+ glueball

21



Improved situation in Glueball Searches

22

◈ Theoretically: 
✦ Guidance from ηc decays

✦ Now we have prediction on glueball production rate from LQCD: B(J/ψ→γG0-+) = 2.31 ± 0.80 ×10-4 

✦ Luckily, for the X(2370), there is no other 0-+ resonance nearby (in ~200MeV range) in J/ψ radiative decays 

◈ Experimentally: 

✦ World largest J/ψ data sample : ~10 billion 

✦ Physics channels with few background 

✦ GPU technique helps to speed up PWA  [J.Phys.Conf. Ser. 219, 042031]

✦ It takes a long time in PWA for the complicated interference and comprehensive test of different combinations



Spin-Parity determination of the X(2370) in J/ψ→γK0sK0sη’

Make use of three advantages: 

◈ Clean J/ψ→γK0sK0sη’ process 
✦ Almost no background: possible dominant background processes of J/
ψ→π0K0sK0sη’ and J/ψ→K0sK0sη’ are forbidden by exchange symmetry and C-
parity conservation.


◈ ~10B clean J/ψ events

◈ High-precision efficiency and resolution of charged particles and photons: 

good reconstruction for K0s/η’  

23



Selection for J/ψ→γK0sK0sη’ , η’→π+π-η

24

◈ Signal selection: 
✦ At least 3 charged pairs + 3 photons

✦ Constraint kinematic fit with energy-momentum conservation

✦ K0s reconstruction:  |Mππ - mKs| < 9 MeV/c2


✦ η’ reconstruction:  |Mππη - mη’| < 10 MeV/c2

◈ Background veto: 

✦ π0 veto:  |Mγγ - mπ0| > 20MeV/c2
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Selection for J/ψ→γK0sK0sη’, η’→γπ+π-

25

◈ Signal selection: 
✦ At least 3 charged pairs + 2 photons

✦ Constraint kinematic fit with energy-momentum conservation

✦ K0s reconstruction:  |Mππ - mKs| < 9 MeV/c2

✦ η’ reconstruction:  |Mππη - mη’| < 15 MeV/c2


◈ Background veto: 
✦ π0 /η veto:  |Mγγ - mπ0| > 20MeV/c2, |Mγγ - mη| > 30MeV/c2
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Background estimation
◈ Negligible mis-combination for K0s reconstruction ( <0.1%) 

◈ No background from J/ψ→π0K0sK0sη’: further validation directly from data

◈ Little background from non-η’ processes: estimated directly from η’ mass sideband region:


✦ No peaking background 

✦ Non-η’ background fraction:   1.8% for η’→π+π-η    6.8% for η’→γπ+π-
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The process with almost no background is good for the PWA



Mass spectrum after final selection

◈ Similar structures  in η’→π+π-η / γπ+π- modes: 

✦ Evident f0(980) in K0sK0s mass threshold


✦ A clear connection between the f0(980) and X(2370) 

◈ f0(980) selection with M(K0sK0s) <1.1GeV/c2 

✦ Clear signal of the X(2370) and ηc


✦ Reduce PWA complexities from additional 
intermediate processes

27

decay length of K0
S candidate, i.e., the distance between the

average position of the eþe− collisions and the decay vertex
of K0

S, is required to be greater than twice the vertex
resolution. With these selections, the miscombination ofK0

S
reconstruction is significantly suppressed to be less than
0.1%. The reconstructed K0

S candidates are used as an input
for the subsequent kinematic fit.
Photon candidates are identified using showers in the

electromagnetic calorimeter (EMC). The deposited energy
of each shower are required to have at least 100 MeV in the
barrel region (j cos θj < 0.80) and the end cap region
(0.86 < j cos θj < 0.92). To exclude showers from charged
tracks, the angle between the shower position and the
charged tracks extrapolated to the EMC must be greater
than 10°. The difference between the EMC time and the
event start time is required to be within [0, 700] ns in order
to suppress electronic noise and energy deposits unrelated
to the event.
For the J=ψ → γK0

SK
0
Sη

0, η0 → γπþπ− channel, each
candidate event is required to have at least three positively
charged tracks, at least three negatively charged tracks and
two photons. A four-constraint (4C) kinematic fit under the
J=ψ → γγK0

SK
0
Sπ

þπ− hypothesis is performed by enforc-
ing energy-momentum conservation. If there is more than
one γγK0

SK
0
Sπ

þπ− combination, the one with the smallest
χ24C is chosen. The resulting χ24C is required to be less than
40. The η0 candidates are required to have the invariant
mass satisfying jMγπþπ− −mη0 j < 15 MeV=c2, where mη0

is the known mass of η0 [26]. If there is more than
one γπþπ− combination, the one with the minimum
jMγπþπ− −mη0 j is selected. The πþπ− (from η0) invariant
mass is required to be in the ρ mass region, 0.55 <
Mπþπ− < 0.90 GeV=c2. To suppress background events
containing a π0 or η, events with jMγγ −mπ0 j <
20 MeV=c2 or jMγγ −mηj < 30 MeV=c2 are rejected,
where mπ0 and mη are the known masses of π0 and η,
respectively [26].
For the J=ψ → γK0

SK
0
Sη

0, η0 → πþπ−η, η → γγ channel,
each candidate event is required to have at least three
positively charged tracks, at least three negatively charged
tracks and three photons. A 4C kinematic fit is performed
under the J=ψ → γγγK0

SK
0
Sπ

þπ− hypothesis and the com-
bination with the smallest χ24C is chosen if more than one
combination is found. In order to reduce background and to
improve the mass resolution, a five-constraint (5C) kin-
ematic fit is performed to further constrain the invariant
mass of the two photons to mη. Among three γγ combina-
tions, the one with the smallest χ25C is chosen, and χ25C < 50
is required. The η0 candidates must satisfy jMπþπ−η −mη0 j <
10 MeV=c2. To suppress background events containing a
π0, events with jMγγ −mπ0 j < 20 MeV=c2 are rejected,
where the photon pairs are all possible combinations of
the radiative photon and photons from η.

All the above selection criteria aim to improve the signal
extraction efficiency and signal-to-noise ratio. The mass
windows for peaking signals of K0

S and η0 correspond to
approximately 3 standard deviations to their respective
known masses [26]. Others are determined by optimizing
the figure of merit (FOM) ϵS=

ffiffiffiffiffiffiffiffiffiffi
Ndata

p
, where ϵS is signal

efficiency with simulation MC sample, andNdata is the final
selected event number in data. With above criteria, the
event numbers of final selected candidates are 4046 and
1395 for the η0 → γπþπ− channel and the η0 → πþπ−η
channel, respectively.
No significant peaking background contribution has

been found in the measured invariant mass spectra. The
remaining background component is from non-η0 proc-
esses, which are estimated from the η0 mass sideband
regions of 20 < jMγπþπ− −mη0 j < 30 MeV=c2 and 30 <
jMπþπ−η −mη0 j < 40 MeV=c2. The corresponding back-
ground fractions are 6.8% and 1.8% for the two channels,
respectively.
Figure 1 shows the mass distributions with the above

selection criteria for the η0 → γπþπ− and η0 → πþπ−η
channels. Similar structures are observed in the two
channels. The two-dimensional distributions of MK0

SK
0
S

versus MK0
SK

0
Sη

0 indicate a strong enhancement near the
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FIG. 1. Invariant mass distributions of the selected events: (a)
and (b) The two-dimensional distributions of MK0

SK
0
S
versus

MK0
SK

0
Sη

0 for the η0 → γπþπ− and η0 → πþπ−η channels, respec-
tively. (c) and (d) The K0

SK
0
Sη

0 invariant mass distributions
with the requirement MK0

SK
0
S
< 1.1 GeV=c2 for η0 → γπþπ−

and η0 → πþπ−η channels, respectively. The dots with error bars
are data. The shaded histograms are the non-η0 backgrounds
estimated by the η0 sideband. The solid lines are phase space
(PHSP) MC events with arbitrary normalization.
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Partial wave analysis
◈ It is necessary to perform partial wave analysis：


✦ To determine quantum numbers and interferences

◈ Amplitude construction with covariant tensor formalism [EPJA 16 (2003) 537 ]

◈ Parametrization with quasi-sequential two-body decays (only spin J(X)<3 states ): 

✦ J/ψ→γX, X→Yη’:  Y represent K0sK0s 

✦ J/ψ→γX, X→ZK0s:  Z represent K0s η’


◈ An un-binned maximum likelihood fit on the combination of η’→π+π-η / γπ+π- modes:

✦ Non-η’ background subtraction with the NLL values of events from η’ sideband region
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In Eq.16, the contribution of background to the S value is subtract by the reweighted events in the ⌘0431

sideband region:432

S = (� lnL)data � (� lnL)bg = �
0
BBBBBB@

NdataX

i=1

ln
!(⇠i)
�

1
CCCCCCA + fnorm ·

0
BBBBBB@

NsidebandX

i=1

ln
!(⇠i)
�

1
CCCCCCA (19)

where fnorm is the normalization factor from ⌘0 sideband region to ⌘0 signal region, and Ndata and433

Nsideband are the number of events in ⌘0 signal and sideband region respectively.434

5.4 PWA strategy435

In order to determine the quantum number of X(2370) in K
0
S

K
0
S
⌘0 invariant mass spectrum, a partial wave436

analysis is performed on the selected candidate events of J/ ! �K
0
S

K
0
S
⌘0 with combined two ⌘0 decay437

modes. After taking selection e�ciencies into consideration, the two individual MC samples in Sec.2438

are combined according to the ratio of the real cross-sections of the two ⌘0 decay modes. The combined439

MC sample is used to calculate the total cross-section.440

The combined likelihood value:441

S =
⇣
� lnLsig1 + fnorm1 · lnLsideband1

⌘
+
⇣
� lnLsig1 + fnorm2 · lnLsideband2

⌘

= �
0
BBBBBBB@

Nsig1X

i=1

ln
!(⇠i)
�

1
CCCCCCCA �
0
BBBBBBB@

Nsig2X

i=1

ln
!(⇠i)
�

1
CCCCCCCA

+ fnorm1 ·
0
BBBBBB@

Nsideband1X

i=1

ln
!(⇠i)
�

1
CCCCCCA + fnorm2 ·

0
BBBBBB@

Nsideband2X

i=1

ln
!(⇠i)
�

1
CCCCCCA

(20)

In the Eq.20, subscript “sig1” and “sideband1” refer respectively to the data in signal region and data442

in sideband of ⌘0 ! ⇡+⇡�⌘ channel. Similarly, subscript “sig2” and “sideband2” refer respectively to443

the data in signal region and data in sideband of ⌘0 ! �⇡+⇡� channel. The fnorm1 and fnorm2 are the444

background normalization factors from ⌘0 sideband region to ⌘0 signal region for the two ⌘0 decay modes445

respectively.446

For background treatment, we use the events in ⌘0 sideband region to describe non-⌘0 background447

in ⌘0 signal region. Nbkg1 is the number of background events of ⌘0 ! ⇡+⇡�⌘ channel. Nsideband1 is448

the number of sideband events of ⌘0 ! ⇡+⇡�⌘ channel. fnorm1 = Nbkg1/Nsideband1, which is obtained in449

Sec.3.3.6. Similarly, Nbkg2 is the number of background events of ⌘0 ! �⇡+⇡� channel. Nsideband2 is450

the number of sideband events of ⌘0 ! �⇡+⇡� channel. fnorm2 = Nbkg2/Nsideband2, which is obtained in451

Sec.4.3.6. These numbers are also shown in the Tab.9.452

From the Fig.9, there is the clear connection between the X(2370) and f0(980) in K
0
S

K
0
S

mass spec-453

trum below 1.1 GeV/c2. With the requirement of M
K

0
S

K
0
S

< 1.1 GeV/c2, the X(2370) is observed with454
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PWA Fit
◈ Best fit can well describe the data including resonances (>5σ):  

X(1835), X(2370), X(2800), ηc 
✦ Spin-parity of the X(2370) is determined to be 0-+ with significance 

larger than 9.8σ w.r.t. other Jpc assumptions

✦ X(2800): a broad structure for the effective contributions from possible 

high mass resonances and the tail of ηc lineshape

29

K0
SK

0
S mass threshold from the f0ð980Þ and a clear

connection between the f0ð980Þ and the structure around
2.4 GeV=c2, Xð2370Þ, in the invariant mass spectra of
K0

SK
0
Sη

0. By requiring MK0
SK

0
S
< 1.1 GeV=c2, the structure

around 2.4 GeV=c2 becomes much more prominent in
the K0

SK
0
Sη

0 mass spectrum. In addition, there is a clear
signature from the ηc.
A partial wave analysis (PWA) is performed to inves-

tigate the properties of the Xð2370Þ. To reduce complex-
ities from additional intermediate processes, events
satisfying MK0

SK
0
S
< 1.1 GeV=c2 are used. The K0

S and η0

momenta are constrained to their known masses, respec-
tively. The signal amplitudes are constructed with the
covariant tensor formalism [27] and parametrized as
quasi-sequential two-body decays: J=ψ → γX, X → Yη0

or X → ZK0
S, where Y and Z represent K0

SK
0
S and K0

Sη
0

isobars, respectively. Because of the parity conservation,
the possible JPC of K0

SK
0
Sη

0 system (X) are 0−þ, 1þþ, 2þþ,
2−þ, etc. In this Letter, given the suppression of phase space
factor, only spin J < 3 states of the X and possible S-wave
or P-wave and D-wave decays of intermediate states are
considered. An unbinned maximum likelihood fit is
performed on the combined data of the two η0 decay
modes. The non-η0 background contribution is taken into
account in the fit via the subtraction of the negative log-
likelihood values with the events estimated from the η0

mass sideband region.
The optimal PWA fit shows that data can be well

described with a process combination of the decay of
f0ð980Þη0 from the resonances of the Xð1835Þ, Xð2370Þ, ηc
and a broad 0−þ structure denoted as Xð2800Þ, and the
nonresonance components of ðK0

SK
0
SÞSη0 and ðK0

SK
0
SÞDη0

for the S wave and D wave in the K0
SK

0
S system,

respectively. The Xð1835Þ, Xð2370Þ, and Xð2800Þ are
described by nonrelativistic Breit-Wigner (BW) functions,
where the intrinsic widths are not energy dependent. The
masses and widths of the Xð1835Þ and ηc are fixed to
previous measurements [26,28]. The masses and widths
of the Xð2370Þ and Xð2800Þ are floated in the PWA fit. The
mass line shape of f0ð980Þ is parametrized by the Flatté
formula [29] with the BESII measurement [30]. The JPC of
the Xð2370Þ and Xð2800Þ are assigned to be 0−þ. The
statistical significance of the Xð2370Þ is greater than 11.7σ,
which is determined from the changes of log-likelihood
value and degrees of freedom in the PWA fits with and
without the signal hypotheses for every systematic varia-
tion. The mass, width, and product branching fraction
of Xð2370Þ are measured to be 2395$ 11ðstatÞ MeV=c2,
188þ18

−17ðstatÞ MeV=c2 and B½J=ψ → γXð2370Þ&×
B½Xð2370Þ→ f0ð980Þη0&×B½f0ð980Þ→ K0

SK
0
S& ¼ ð1.31$

0.22ðstatÞÞ× 10−5, respectively. Figure 2 provides the
comparisons of the mass and angular distributions between
data and PWA fit projections, as well as the individual
contributions from each component. The χ2=nbin value is

displayed on each figure to demonstrate the goodness of fit.
A broad 0−þ structure is needed in the optimal PWA fit to
describe the effective contributions from possible high-
mass resonances such as Xð2600Þ [31] and the tail of ηc line
shape, which is denoted as Xð2800Þ (with a mass of 2799
and a width of 660 MeV=c2). The Xð2800Þ have been
checked with various alternative PWA fits. For example,
if the ηc line shape is parametrized without a damping
factor [32], the significance of Xð2800Þ is reduced to 3.1σ.
If the Xð2800Þ is not included in the PWA, the spin parity
of Xð2370Þ remains to be 0−þ with a significance greater

FIG. 2. Comparisons between data (with two η0 decay modes
combined) and PWA fit projections: (a),(b), and (c) The invariant
mass distributions of K0

SK
0
Sη

0, K0
SK

0
S, and K0

Sη (two entries for
one event), respectively. (d),(e) and (f) are the angular distribu-
tions of cos θ, where θ is the polar angle of (d) γ in the J=ψ rest
system; (e) K0

SK
0
S in the K0

SK
0
Sη

0 rest system; and (f) K0
S in the

K0
SK

0
S rest system (two entries for one event). The dots with error

bars are data. The solid red histograms are the PWA total
projections. The shaded histograms are the non-η0 backgrounds
described by the η0 sideband. The dash-dotted blue, short dashed
green, long dashed cyan, dotted magenta, and dash-dot-dotted
violet show the contributions of the nonresonant contribution,
Xð2370Þ, Xð1835Þ, Xð2800Þ and ηc, respectively.
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K0
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0
S mass threshold from the f0ð980Þ and a clear

connection between the f0ð980Þ and the structure around
2.4 GeV=c2, Xð2370Þ, in the invariant mass spectra of
K0

SK
0
Sη

0. By requiring MK0
SK

0
S
< 1.1 GeV=c2, the structure

around 2.4 GeV=c2 becomes much more prominent in
the K0

SK
0
Sη

0 mass spectrum. In addition, there is a clear
signature from the ηc.
A partial wave analysis (PWA) is performed to inves-

tigate the properties of the Xð2370Þ. To reduce complex-
ities from additional intermediate processes, events
satisfying MK0

SK
0
S
< 1.1 GeV=c2 are used. The K0

S and η0

momenta are constrained to their known masses, respec-
tively. The signal amplitudes are constructed with the
covariant tensor formalism [27] and parametrized as
quasi-sequential two-body decays: J=ψ → γX, X → Yη0

or X → ZK0
S, where Y and Z represent K0

SK
0
S and K0

Sη
0

isobars, respectively. Because of the parity conservation,
the possible JPC of K0

SK
0
Sη

0 system (X) are 0−þ, 1þþ, 2þþ,
2−þ, etc. In this Letter, given the suppression of phase space
factor, only spin J < 3 states of the X and possible S-wave
or P-wave and D-wave decays of intermediate states are
considered. An unbinned maximum likelihood fit is
performed on the combined data of the two η0 decay
modes. The non-η0 background contribution is taken into
account in the fit via the subtraction of the negative log-
likelihood values with the events estimated from the η0

mass sideband region.
The optimal PWA fit shows that data can be well

described with a process combination of the decay of
f0ð980Þη0 from the resonances of the Xð1835Þ, Xð2370Þ, ηc
and a broad 0−þ structure denoted as Xð2800Þ, and the
nonresonance components of ðK0
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for the S wave and D wave in the K0
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respectively. The Xð1835Þ, Xð2370Þ, and Xð2800Þ are
described by nonrelativistic Breit-Wigner (BW) functions,
where the intrinsic widths are not energy dependent. The
masses and widths of the Xð1835Þ and ηc are fixed to
previous measurements [26,28]. The masses and widths
of the Xð2370Þ and Xð2800Þ are floated in the PWA fit. The
mass line shape of f0ð980Þ is parametrized by the Flatté
formula [29] with the BESII measurement [30]. The JPC of
the Xð2370Þ and Xð2800Þ are assigned to be 0−þ. The
statistical significance of the Xð2370Þ is greater than 11.7σ,
which is determined from the changes of log-likelihood
value and degrees of freedom in the PWA fits with and
without the signal hypotheses for every systematic varia-
tion. The mass, width, and product branching fraction
of Xð2370Þ are measured to be 2395$ 11ðstatÞ MeV=c2,
188þ18

−17ðstatÞ MeV=c2 and B½J=ψ → γXð2370Þ&×
B½Xð2370Þ→ f0ð980Þη0&×B½f0ð980Þ→ K0

SK
0
S& ¼ ð1.31$

0.22ðstatÞÞ× 10−5, respectively. Figure 2 provides the
comparisons of the mass and angular distributions between
data and PWA fit projections, as well as the individual
contributions from each component. The χ2=nbin value is

displayed on each figure to demonstrate the goodness of fit.
A broad 0−þ structure is needed in the optimal PWA fit to
describe the effective contributions from possible high-
mass resonances such as Xð2600Þ [31] and the tail of ηc line
shape, which is denoted as Xð2800Þ (with a mass of 2799
and a width of 660 MeV=c2). The Xð2800Þ have been
checked with various alternative PWA fits. For example,
if the ηc line shape is parametrized without a damping
factor [32], the significance of Xð2800Þ is reduced to 3.1σ.
If the Xð2800Þ is not included in the PWA, the spin parity
of Xð2370Þ remains to be 0−þ with a significance greater

FIG. 2. Comparisons between data (with two η0 decay modes
combined) and PWA fit projections: (a),(b), and (c) The invariant
mass distributions of K0
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0
Sη

0, K0
SK

0
S, and K0

Sη (two entries for
one event), respectively. (d),(e) and (f) are the angular distribu-
tions of cos θ, where θ is the polar angle of (d) γ in the J=ψ rest
system; (e) K0

SK
0
S in the K0

SK
0
Sη

0 rest system; and (f) K0
S in the

K0
SK

0
S rest system (two entries for one event). The dots with error

bars are data. The solid red histograms are the PWA total
projections. The shaded histograms are the non-η0 backgrounds
described by the η0 sideband. The dash-dotted blue, short dashed
green, long dashed cyan, dotted magenta, and dash-dot-dotted
violet show the contributions of the nonresonant contribution,
Xð2370Þ, Xð1835Þ, Xð2800Þ and ηc, respectively.
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Table 10: Nominal PWA solution

state J
PC Decay mode Mass (MeV/c2) Width (MeV/c2) Significance

X(2370) 0�+ f0(980)⌘0 2395+11
�11 188+18

�17 14.9�
X(1835) 0�+ f0(980)⌘0 1844 192 22.0�
X(2800) 0�+ f0(980)⌘0 2799+52

�48 660+180
�116 16.4�

⌘c 0�+ f0(980)⌘0 2983.9 32.0 > 20.0�

PHSP 0�+
⌘0(K0

S
K

0
S

)S�wave � � � � � � 9.0�
⌘0(K0

S
K

0
S

)D�wave � � � � � � 16.3�

Table 11: Amplitude and phase of each partial wave in nominal PWA solution

state J
PC Decay mode amplitude phase

X(2370) 0�+ f0(980)⌘0 �2.17 ± 3.09 3.38 ± 0.23
X(1835) 0�+ f0(980)⌘0 �9.17 ± 12.35 1.15 ± 0.93
X(2800) 0�+ f0(980)⌘0 3.09 ± 1.94 1.61 ± 0.26
⌘c 0�+ f0(980)⌘0 �33.01 ± 33.98 0.16 ± 0.54

PHSP 0�+
⌘0(K0

S
K

0
S

)S�wave 3.21 (Fix) �5.77 (Fix)
⌘0(K0

S
K

0
S

)D�wave �0.17 ± 0.65 �2.28 ± 0.53

Table 12: The fractions (percentage) of each components and their interferences

component(%) X(2370)! f0(980)⌘0 X(1835)! f0(980)⌘0 X(2800)! f0(980)⌘0 ⌘c ! f0(980)⌘0 PHS P! ⌘0(K0
S

K
0
S

)S�wave PHS P! ⌘0(K0
S

K
0
S

)D�wave

X(2370)! f0(980)⌘0 15.4 26.2 27.2 0.7 -19.2 0.1
X(1835)! f0(980)⌘0 35.6 11.5 -0.9 -33.3 0.1
X(2800)! f0(980)⌘0 36.2 4.4 -28.1 0.1
⌘c ! f0(980)⌘0 5.0 1.0 0.0

PHS P! ⌘0(K0
S

K
0
S

)S�wave 15.7 -0.1
PHS P! ⌘0(K0

S
K

0
S

)D�wave 2.4

Table 13: The interference intensity ( Ni jp
Ni·N j

) of two components

component X(2370)! f0(980)⌘0 X(1835)! f0(980)⌘0 X(2800)! f0(980)⌘0 ⌘c ! f0(980)⌘0 PHS P! ⌘0(K0
S

K
0
S

)S�wave PHS P! ⌘0(K0
S

K
0
S

)D�wave

X(2370)! f0(980)⌘0 1.00 1.12 1.15 0.08 -1.23 0.02
X(1835)! f0(980)⌘0 1.00 0.32 -0.07 -1.41 0.01
X(2800)! f0(980)⌘0 1.00 0.33 -1.18 0.02
⌘c ! f0(980)⌘0 1.00 0.11 0.00

PHS P! ⌘0(K0
S

K
0
S

)S�wave 1.00 -0.02
PHS P! ⌘0(K0

S
K

0
S

)D�wave 1.00
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PWA Validations

30

◈ Additional decay modes: significance <3σ and impact is ignored 
✦ Jpc and decay modes for each components: f0(1500)η’, f2(1270)η’, K*(1410)Ks0,  K0*(1430)Ks0, K0*(1430)Ks0,  

K2*(1430)Ks0,  K0*(1680)Ks0,  (Ks0Ks0)sη’, (Ks0Ks0)Dη’, (Ks0η’)PKs0, (Ks0η’)DKs0

◈ Additional resonance checks: significance <5σ 

✦ No evidence of the X(2120) in the KsKs mass threshold region for J/ψ→γKsKsη’ only

✦ The significance of X(2600)→f0(980)η’ is 4.2σ

✦ Impact from the X(2120) and X(2600) is taken into account as systematic uncertainty


◈ The X(2800) with a mass of 2799 MeV and width of 660 MeV:

✦ Used to described effective contributions from high mass region

✦ Strongly reply on the description of ηc lineshape:  different variations are included into the 

systematic uncertainty

✦ Statistical uncertainties of the X(2800) mass and width are included in the systematic uncertainties on 

the X(2370) measurements



Final results

◈ The measurements are in a agreement with the predictions on lightest pseudoscalar glueball  
✦ The spin-parity of the X(2370) is determined to be 0-+ for the first time 
✦ Mass is in a good agreement with LQCD predictions 
✦ The estimation on B(J/ψ→γ X(2370)) and prediction on B(J/ψ→γG0-+) are consistent within errors 

(assuming ~5% decay rate,  B(J/ψ→γ X(2370)) = 10.7+22.8-7 ×10-4) 31

X(2370) measurements: 

Jpc = 0-+ with significance >9.8σ 

M = 2395 ±11+26-94 MeV 

Γ  = 188+18-17+124-33 MeV 
B(J/ψ→γX(2370))B(X(2370)→f0(980)η’)B(f0(980)→K0sK0s)   
                     = 1.31 ± 0.22+2.85-0.84 ×10-5

LQCD prediction on lightest pseudoscalar glueball: 

Jpc = 0-+  

M = 2395 ±14 MeV 

B(J/ψ→γG0-+) = 2.31 ± 0.80 ×10-4

PRL 132 (2024) 181901

PRD 100 (2019) 054511



Study in J/ψ→γK0sK0sη

◈ Qualitatively, we can clearly observe:

✦ In the upper MKK mass band of 1.5-1.7GeV 

range, clear signals of both X(2370) and ηc 

✦ In the lower MKK mass band of f0(980), no 
X(2370), nor ηc. 

◈ Such high similarity between X(2370) and ηc 
decay modes also strongly supports the 
glueball interpretation of the X(2370).

32

photons from 3.20% to 0.16%. The miscombination of
pions is also studied and found to be negligible. To further
suppress background events containing a π0, events with
any photon pair within a π0 mass window (0.10 < Mγγ <
0.16 GeV=c2) are rejected. The decay J=ψ → ϕK0

SK
0
S with

ϕ → γη leads to the same final state as the investigated
reaction J=ψ → γK0

SK
0
Sη. Therefore, events in the mass

region jMγη −mϕj < 0.04 GeV=c2 are rejected.
After applying the selection criteria discussed above, the

invariant mass spectrum of K0
SK

0
Sη shown in Fig. 1(a) is

obtained. Besides a distinct ηc signal, a clear structure
around 1.85 GeV=c2 is observed. The K0

SK
0
S mass spec-

trum, shown in Fig. 1(b), reveals a strong enhancement near
the K0

SK
0
S mass threshold, which is interpreted as the

f0ð980Þ by considering spin-parity and isospin conserva-
tion. The scatter plot of the invariant mass of K0

SK
0
S versus

that of K0
SK

0
Sη is shown in Fig. 1(c). A clear accumulation

of events is seen around the intersection of the f0ð980Þ and
the structure around 1.85 GeV=c2. This indicates that the
structure around 1.85 GeV=c2 is strongly correlated with
f0ð980Þ. By requiring MK0

SK
0
S
< 1.1 GeV=c2, the structure

around 1.85 GeV=c2 becomes much more prominent in
the K0

SK
0
Sη mass spectrum [Fig. 1(d)]. In addition, there is

an excess of events around 1.6 GeV=c2.
Potential background processes are studied using a

simulated sample of 1.2 × 109 J=ψ decays, in which the

decays with measured branching fractions are generated by
EVTGEN [14] and the remaining J=ψ decays are generated
according to the LUNDCHARM [15] model. Simulated events
are subject to the same selection procedure applied to data.
No significant peaking background sources have been
identified in the invariant mass spectrum of K0

SK
0
Sη.

Dominant backgrounds stem from J=ψ → γK0
SK

0
Sπ

0 and
J=ψ → γK0

SK
0
Sπ

0π0. These non-η backgrounds are consid-
ered in the partial wave analysis (PWA) by selecting events
from data in the η sideband regions defined as 0.45 <
Mγγ < 0.48 GeV=c2 and 0.60 < Mγγ < 0.63 GeV=c2, and
they account for about 2.5% of the total number of events
in the η signal region.
A PWA of events satisfying MK0

SK
0
Sη
< 2.8 GeV=c2 and

MK0
SK

0
S
< 1.1 GeV=c2 is performed to determine the

parameters of the structure around 1.85 GeV=c2. These
restrictions reduce complexities due to additional inter-
mediate processes. The signal amplitudes are parameter-
ized as sequential two-body decays, according to the isobar
model: J=ψ → γX, X → Yη or ZK0

S, where Y and Z
represent the K0

SK
0
S and K0

Sη isobars, respectively. Parity
conservation in the J=ψ → γK0

SK
0
Sη decay restricts the

possible JPC of the K0
SK

0
Sη (X) system to be 0−þ, 1þþ,

2þþ,2−þ, 3þþ, etc. In this Letter, only spins J < 3 and
possible S-wave or P-wave decays of the X are considered.
The amplitudes are constructed using the covariant tensor
formalism described in Ref. [16]. The relative magnitudes
and phases of the partial wave amplitudes are determined
by an unbinned maximum likelihood fit to data. The
contribution of non-η background events is accounted
for in the fit by subtracting the negative log-likelihood
(NLL) value obtained for events in the η sideband region
from the NLL value obtained for events in the η signal
region. The statistical significance of a contribution is
estimated by the difference in NLL with and without the
particular contribution, taking the change in degrees of
freedom into account.
Our initial PWA fits include an Xð1835Þ resonance in

the f0ð980Þη channel and a nonresonant component in one
of the possible decay channels f0ð980Þη, f0ð1500Þη or
f2ð1525Þη. All possible JPC combinations of the Xð1835Þ
and the nonresonant component are tried. We then extend
the fits by including an additional resonance at lower
K0

SK
0
Sη mass. This additional component, denoted here as

the Xð1560Þ, improves the fit quality when it is allowed
to interfere with the Xð1835Þ. Our final fits show that
the data can be best described with three components:
Xð1835Þ → f0ð980Þη, Xð1560Þ → f0ð980Þη, and a non-
resonant f0ð1500Þη component. The JPC of the Xð1835Þ,
the Xð1560Þ, and the nonresonant component are all found
to be 0−þ. The Xð1835Þ, Xð1560Þ, and f0ð1500Þ are
described by nonrelativistic Breit-Wigner functions, where
the intrinsic widths are not energy dependent. The masses
and widths of the Xð1835Þ and Xð1560Þ are derived by
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FIG. 1 (color online). Invariant mass distributions for selected
events: Invariant mass spectra of (a) K0

SK
0
Sη and (b) K0

SK
0
S;

(c) scatter plot of MK0
SK

0
S
versus MK0

SK
0
Sη
; (d) K0

SK
0
Sη invariant

mass spectrum for events with the requirement MK0
SK

0
S
<

1.1 GeV=c2. Dots with error bars are data; the shaded histograms
are the non-η backgrounds estimated by the η sideband; the solid
histograms are phase space MC events of J=ψ → γK0

SK
0
Sη with

arbitrary normalization.

PRL 115, 091803 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

28 AUGUST 2015

091803-4

PRL 115 (2015) 091803

Observation and Spin-Parity Determination of the Xð1835Þ in J=ψ → γK0
SK

0
Sη

M. Ablikim,1 M. N. Achasov,9,f X. C. Ai,1 O. Albayrak,5 M. Albrecht,4 D. J. Ambrose,44 A. Amoroso,48a,48c F. F. An,1

Q. An,45,a J. Z. Bai,1 R. Baldini Ferroli,20a Y. Ban,31 D.W. Bennett,19 J. V. Bennett,5 M. Bertani,20a D. Bettoni,21a

J. M. Bian,43 F. Bianchi,48a,48c E. Boger,23,d I. Boyko,23 R. A. Briere,5 H. Cai,50 X. Cai,1,a O. Cakir,40a,b A. Calcaterra,20a

G. F. Cao,1 S. A. Cetin,40b J. F. Chang,1,a G. Chelkov,23,d,e G. Chen,1 H. S. Chen,1 H. Y. Chen,2 J. C. Chen,1 M. L. Chen,1,a

S. J. Chen,29 X. Chen,1,a X. R. Chen,26 Y. B. Chen,1,a H. P. Cheng,17 X. K. Chu,31 G. Cibinetto,21a H. L. Dai,1,a J. P. Dai,34

A. Dbeyssi,14 D. Dedovich,23 Z. Y. Deng,1 A. Denig,22 I. Denysenko,23 M. Destefanis,48a,48c F. De Mori,48a,48c Y. Ding,27

C. Dong,30 J. Dong,1,a L. Y. Dong,1 M. Y. Dong,1,a S. X. Du,52 P. F. Duan,1 E. E. Eren,40b J. Z. Fan,39 J. Fang,1,a S. S. Fang,1

X. Fang,45,a Y. Fang,1 L. Fava,48b,48c F. Feldbauer,22 G. Felici,20a C. Q. Feng,45,a E. Fioravanti,21a M. Fritsch,14,22 C. D. Fu,1

Q. Gao,1 X. Y. Gao,2 Y. Gao,39 Z. Gao,45,a I. Garzia,21a C. Geng,45,a K. Goetzen,10 W. X. Gong,1,a W. Gradl,22

M. Greco,48a,48c M. H. Gu,1,a Y. T. Gu,12 Y. H. Guan,1 A. Q. Guo,1 L. B. Guo,28 Y. Guo,1 Y. P. Guo,22 Z. Haddadi,25

A. Hafner,22 S. Han,50 Y. L. Han,1 X. Q. Hao,15 F. A. Harris,42 K. L. He,1 Z. Y. He,30 T. Held,4 Y. K. Heng,1,a Z. L. Hou,1

C. Hu,28 H. M. Hu,1 J. F. Hu,48a,48c T. Hu,1,a Y. Hu,1 G. M. Huang,6 G. S. Huang,45,a H. P. Huang,50 J. S. Huang,15

X. T. Huang,33 Y. Huang,29 T. Hussain,47 Q. Ji,1 Q. P. Ji,30 X. B. Ji,1 X. L. Ji,1,a L. L. Jiang,1 L. W. Jiang,50 X. S. Jiang,1,a

X. Y. Jiang,30 J. B. Jiao,33 Z. Jiao,17 D. P. Jin,1,a S. Jin,1 T. Johansson,49 A. Julin,43 N. Kalantar-Nayestanaki,25 X. L. Kang,1

X. S. Kang,30 M. Kavatsyuk,25 B. C. Ke,5 P. Kiese,22 R. Kliemt,14 B. Kloss,22 O. B. Kolcu,40b,i B. Kopf,4 M. Kornicer,42

W. Kühn,24 A. Kupsc,49 J. S. Lange,24 M. Lara,19 P. Larin,14 C. Leng,48c C. Li,49 C. H. Li,1 Cheng Li,45,a D. M. Li,52 F. Li,1,a

G. Li,1 H. B. Li,1 J. C. Li,1 Jin Li,32 K. Li,13 K. Li,33 Lei Li,3 P. R. Li,41 T. Li,33 W. D. Li,1 W. G. Li,1 X. L. Li,33 X. M. Li,12

X. N. Li,1,a X. Q. Li,30 Z. B. Li,38 H. Liang,45,a Y. F. Liang,36 Y. T. Liang,24 G. R. Liao,11 D. X. Lin,14 B. J. Liu,1 C. X. Liu,1

F. H. Liu,35 Fang Liu,1 Feng Liu,6 H. B. Liu,12 H. H. Liu,16 H. H. Liu,1 H. M. Liu,1 J. Liu,1 J. B. Liu,45,a J. P. Liu,50 J. Y. Liu,1

K. Liu,31 K. Liu,39 K. Y. Liu,27 L. D. Liu,31 P. L. Liu,1,a Q. Liu,41 S. B. Liu,45,a X. Liu,26 X. X. Liu,41 Y. B. Liu,30 Z. A. Liu,1,a

Zhiqiang Liu,1 Zhiqing Liu,22 H. Loehner,25 X. C. Lou,1,a,h H. J. Lu,17 J. G. Lu,1,a R. Q. Lu,18 Y. Lu,1 Y. P. Lu,1,a C. L. Luo,28

M. X. Luo,51 T. Luo,42 X. L. Luo,1,a M. Lv,1 X. R. Lyu,41 F. C. Ma,27 H. L. Ma,1 L. L. Ma,33 Q. M. Ma,1 T. Ma,1 X. N. Ma,30

X. Y. Ma,1,a F. E. Maas,14 M. Maggiora,48a,48c Y. J. Mao,31 Z. P. Mao,1 S. Marcello,48a,48c J. G. Messchendorp,25 J. Min,1,a

T. J. Min,1 R. E. Mitchell,19 X. H. Mo,1,a Y. J. Mo,6 C. Morales Morales,14 K. Moriya,19 N. Yu. Muchnoi,9,f H. Muramatsu,43

Y. Nefedov,23 F. Nerling,14 I. B. Nikolaev,9,f Z. Ning,1,a S. Nisar,8 S. L. Niu,1,a X. Y. Niu,1 S. L. Olsen,32 Q. Ouyang,1,a

S. Pacetti,20b P. Patteri,20a M. Pelizaeus,4 H. P. Peng,45,a K. Peters,10 J. Pettersson,49 J. L. Ping,28 R. G. Ping,1 R. Poling,43

V. Prasad,1 Y. N. Pu,18 M. Qi,29 S. Qian,1,a C. F. Qiao,41 L. Q. Qin,33 N. Qin,50 X. S. Qin,1 Y. Qin,31 Z. H. Qin,1,a J. F. Qiu,1

K. H. Rashid,47 C. F. Redmer,22 H. L. Ren,18 M. Ripka,22 G. Rong,1 Ch. Rosner,14 X. D. Ruan,12 V. Santoro,21a

A. Sarantsev,23,g M. Savrié,21b K. Schoenning,49 S. Schumann,22 W. Shan,31 M. Shao,45,a C. P. Shen,2 P. X. Shen,30

X. Y. Shen,1 H. Y. Sheng,1 W.M. Song,1 X. Y. Song,1 S. Sosio,48a,48c S. Spataro,48a,48c G. X. Sun,1 J. F. Sun,15 S. S. Sun,1

Y. J. Sun,45,a Y. Z. Sun,1 Z. J. Sun,1,a Z. T. Sun,19 C. J. Tang,36 X. Tang,1 I. Tapan,40c E. H. Thorndike,44 M. Tiemens,25

M. Ullrich,24 I. Uman,40b G. S. Varner,42 B. Wang,30 B. L. Wang,41 D. Wang,31 D. Y. Wang,31 K. Wang,1,a L. L. Wang,1

L. S. Wang,1 M. Wang,33 P. Wang,1 P. L. Wang,1 S. G. Wang,31 W. Wang,1,a X. F. Wang,39 Y. D. Wang,14 Y. F. Wang,1,a

Y. Q. Wang,22 Z. Wang,1,a Z. G. Wang,1,a Z. H. Wang,45,a Z. Y. Wang,1 T. Weber,22 D. H. Wei,11 J. B. Wei,31 P. Weidenkaff,22

S. P. Wen,1 U. Wiedner,4 M. Wolke,49 L. H. Wu,1 Z. Wu,1,a L. G. Xia,39 Y. Xia,18 D. Xiao,1 Z. J. Xiao,28 Y. G. Xie,1,a

Q. L. Xiu,1,a G. F. Xu,1 L. Xu,1 Q. J. Xu,13 Q. N. Xu,41 X. P. Xu,37 L. Yan,45,a W. B. Yan,45,a W. C. Yan,45,a Y. H. Yan,18

H. J. Yang,34 H. X. Yang,1 L. Yang,50 Y. Yang,6 Y. X. Yang,11 H. Ye,1 M. Ye,1,a M. H. Ye,7 J. H. Yin,1 B. X. Yu,1,a C. X. Yu,30

H.W. Yu,31 J. S. Yu,26 C. Z. Yuan,1 W. L. Yuan,29 Y. Yuan,1 A. Yuncu,40b,c A. A. Zafar,47 A. Zallo,20a Y. Zeng,18

B. X. Zhang,1 B. Y. Zhang,1,a C. Zhang,29 C. C. Zhang,1 D. H. Zhang,1 H. H. Zhang,38 H. Y. Zhang,1,a J. J. Zhang,1

J. L. Zhang,1 J. Q. Zhang,1 J. W. Zhang,1,a J. Y. Zhang,1 J. Z. Zhang,1 K. Zhang,1 L. Zhang,1 S. H. Zhang,1 X. Y. Zhang,33

Y. Zhang,1 Y. N. Zhang,41 Y. H. Zhang,1,a Y. T. Zhang,45,a Yu Zhang,41 Z. H. Zhang,6 Z. P. Zhang,45 Z. Y. Zhang,50 G. Zhao,1

J. W. Zhao,1,a J. Y. Zhao,1 J. Z. Zhao,1,a Lei Zhao,45,a Ling Zhao,1 M. G. Zhao,30 Q. Zhao,1 Q.W. Zhao,1 S. J. Zhao,52

T. C. Zhao,1 Y. B. Zhao,1,a Z. G. Zhao,45,a A. Zhemchugov,23,d B. Zheng,46 J. P. Zheng,1,a W. J. Zheng,33 Y. H. Zheng,41

B. Zhong,28 L. Zhou,1,a Li Zhou,30 X. Zhou,50 X. K. Zhou,45,a X. R. Zhou,45,a X. Y. Zhou,1 K. Zhu,1 K. J. Zhu,1,a S. Zhu,1

X. L. Zhu,39 Y. C. Zhu,45,a Y. S. Zhu,1 Z. A. Zhu,1 J. Zhuang,1,a L. Zotti,48a,48c B. S. Zou,1 and J. H. Zou1

(BESIII Collaboration)

PRL 115, 091803 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

28 AUGUST 2015

0031-9007=15=115(9)=091803(7) 091803-1 © 2015 American Physical Society



Summary
◈ Glueballs are important predictions from LQCD:  

✦ Unique particles formed  by gluons (force carriers) due to non-Abelian Gauge self-interactions of 
gluons


◈ The X(2370) is the first particle that matches the theoretical expectations for a glueball 
✦ Spin-parity quantum numbers are determined to be Jpc = 0-+

✦ Measurements and predictions on mass and production rate are consistent within errors

✦ production and decay properties: the X(2370) is observed in J//ψ radiative decay and flavor 

symmetric decay modes (favorite decay modes of 0-+ glueball)

— Glueball-like particle, X(2370) is discovered by BESIII

33

Many thanks to the efficient work: 
The BESIII detector maintenance and offline software teams, computing center 
The BEPCII accelerator operation team which provide stable detector operation



Prospects
◈ More decay modes of the X(2370) will be studied at BESIII 

✦ Including KKπ, ππη


✦ To check their similarities with ηc, and to understand the decay pattern of this glueball-
like particle 


◈ Improve the measurements on the mass, width, branching ratio and 
production rates of the X(2370) 

✦ Need to have better ways to understand and control the interferences in PWA. 


◈ Looking forward to more reliable LQCD studies on the glueball properties
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LQCD prediction
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than 10.1σ. The significance of 0−þ over other alternative
JPC is determined from the changes of log-likelihood value
and degrees of freedom in PWA fits. The impacts of
the Xð2800Þ on the mass, width, and product branching
fraction of the Xð2370Þ are included in the systematic
uncertainties.
Variations of the PWA fit including the JPC and decay

mode for each component are tested. Possible decay modes
[f0ð1500Þη0, f2ð1270Þη0, K$ð1410ÞK0

S, K$
0ð1430ÞK0

S,
K$

2ð1430ÞK0
S, K$ð1680ÞK0

S, ðK0
SK

0
SÞSη0, ðK0

SK
0
SÞDη0,

ðK0
Sη

0ÞPK0
S, ðK0

Sη
0ÞDK0

S] are evaluated via different process
combinations. All additional decay modes have signifi-
cances lower than 3σ. The contributions from additional
resonances are also evaluated, including the ηð1760Þ,
ηð2225Þ, η2ð1870Þ, Xð2120Þ [11], and Xð2600Þ [31]. All
the significances of each contribution are measured to be
less than 3σ, except the Xð2600Þ. The significance of the
process of Xð2600Þ → f0ð980Þη0 is 4.2σ. This process is
not included in the optimal solution, but the possible
contribution of this process is taken into account as a
source of systematic uncertainties. The scan results yield no
evidence for extra intermediate states. For the spin-parity
determination of the Xð2370Þ, the 0−þ assignment fit is
better than that for 1þþ or 2−þ assignments with signifi-
cances that are greater than 10.8σ or 9.8σ, respectively. The
significances are evaluated with the consideration of all
systematic uncertainty variations as described below.
Systematic uncertainty associated with the PWA

affects both the branching fraction measurement and the
resonance parameters, including the background contribu-
tion, f0ð980Þ mass line shape, the Xð1835Þ mass line
shape, ηc mass line shape, BW formula, additional reso-
nances and description of the broad 0−þ structure. The
uncertainty due to the background contribution is estimated
using different background normalization factors and
different η0 sideband regions. The f0ð980Þ mass line shape
is varied by changing the mass and coupling constants
in the Flatté formula to other experimental measurements
[33]. Uncertainty from the Xð1835Þ mass line shape
includes the variation with 1 standard deviation of the
mass and width measurement [28] and the alternative
parametrization of the anomalous line shape near the pp̄
mass threshold [34]. Uncertainty from the ηc mass line
shape is estimated by turning off the damping factor [32].
Uncertainty arising from the BW parametrization is
estimated by replacing the constant width with a mass-
dependence width [35]. The impact from possible addi-
tional resonances is estimated by including the contribu-
tions of Xð2120Þ and Xð2600Þ to the PWA fit. The broad
0−þ structure is described with the Xð2800Þ in the optimal
PWA fit and has been checked with various PWA fits
including replacing the Xð2800Þ with a nonresonance
component of f0ð980Þη0, removing the Xð2800Þ and add-
ing a non-resonance component of f0ð980Þη0 for the
exclusion of the damping factor for the ηc. The envelope

of those variations is assigned as the final uncertainty from
the description of the broad 0−þ structure. This is the
dominant systematic uncertainty source for the measure-
ments of mass, width, and product branching fraction of
the Xð2370Þ.
Additional systematic uncertainty associated with

the event selection, including tracking efficiency [36],
photon selection efficiency [37], kinematic fit [38], K0

S
reconstruction [39], the branching fractions of K0

S → πþπ−,
η0 → πþπ−η, η0 → γπþπ− and η → γγ [26], and the total
number of J=ψ events [21], has been estimated to be
%4.8% for the measurement of product branching fraction.
All studied systematic uncertainty sources and their con-
tributions are summarized in Table I and are treated
independently. Total systematic uncertainties on the mass
and width of the Xð2370Þ are þ26

−94 MeV=c2 and þ124
−33 MeV,

respectively, and total relative systematic uncertainty on the
corresponding product branching fraction is þ217.0

−63.7 %.
In summary, a PWA of J=ψ → γK0

SK
0
Sη

0 has been
performed in the full K0

SK
0
Sη

0 invariant mass range
with the requirement of MK0

SK
0
S
< 1.1 GeV=c2. The PWA

fit indicates a contribution from Xð2370Þ → K0
SK

0
Sη

0

with a statistical significance greater than 14σ.
The mass and width of the Xð2370Þ are measured
to be 2395% 11ðstatÞþ26

−94ðsystÞ MeV=c2 and
188þ18

−17ðstatÞþ124
−33 ðsystÞMeV, respectively. These results

agree with the previous measurements from J=ψ →
γπþπ−η0 [11] and J=ψ → γKK̄η0 [12]. The corresponding
product branching fraction is B½J=ψ → γXð2370Þ'×
B½Xð2370Þ→ f0ð980Þη0'×B½f0ð980Þ→ K0

SK
0
S' ¼ ð1.31%

0.22ðstatÞþ2.85
−0.84ðsystÞÞ× 10−5. The spin parity of the

Xð2370Þ is determined to be 0−þ for the first time. The
measured mass of Xð2370Þ is in a good agreement with
the mass prediction of the lightest pseudoscalar glueball,
which is expected to be ð2.395% 0.014Þ GeV=c2 from
latest LQCD calculations [8].

TABLE I. Systematic uncertainties on the measurements of
mass, width, and product branching fraction of the Xð2370Þ.

Sources
ΔM

(MeV=c2)
ΔΓ

(MeV) ΔB=Bð%Þ

Event selection ) ) ) ) ) ) %4.8
Background estimation þ2 þ4

−4
þ3.7
−5.1

f0ð980Þ parametrization −6 þ7 %5.3
X(1835) parametrization þ15

−12
þ24
−11

þ20.2
−8.3

ηc parametrization −13 −8 −14.5
Breit-Wigner formula −1 þ6 −8.3
Broad 0−þ structure −88 þ111

−21
þ211.8
−56.5

Additional resonances þ22
−25

þ48
−21

þ41.9
−20.8

Total þ26
−94

þ124
−33

þ217.0
−63.7
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Table 10: Nominal PWA solution

state J
PC Decay mode Mass (MeV/c2) Width (MeV/c2) Significance

X(2370) 0�+ f0(980)⌘0 2395+11
�11 188+18

�17 14.9�
X(1835) 0�+ f0(980)⌘0 1844 192 22.0�
X(2800) 0�+ f0(980)⌘0 2799+52

�48 660+180
�116 16.4�

⌘c 0�+ f0(980)⌘0 2983.9 32.0 > 20.0�

PHSP 0�+
⌘0(K0

S
K

0
S

)S�wave � � � � � � 9.0�
⌘0(K0

S
K

0
S

)D�wave � � � � � � 16.3�

Table 11: Amplitude and phase of each partial wave in nominal PWA solution

state J
PC Decay mode amplitude phase

X(2370) 0�+ f0(980)⌘0 �2.17 ± 3.09 3.38 ± 0.23
X(1835) 0�+ f0(980)⌘0 �9.17 ± 12.35 1.15 ± 0.93
X(2800) 0�+ f0(980)⌘0 3.09 ± 1.94 1.61 ± 0.26
⌘c 0�+ f0(980)⌘0 �33.01 ± 33.98 0.16 ± 0.54

PHSP 0�+
⌘0(K0

S
K

0
S

)S�wave 3.21 (Fix) �5.77 (Fix)
⌘0(K0

S
K

0
S

)D�wave �0.17 ± 0.65 �2.28 ± 0.53

Table 12: The fractions (percentage) of each components and their interferences

component(%) X(2370)! f0(980)⌘0 X(1835)! f0(980)⌘0 X(2800)! f0(980)⌘0 ⌘c ! f0(980)⌘0 PHS P! ⌘0(K0
S

K
0
S

)S�wave PHS P! ⌘0(K0
S

K
0
S

)D�wave

X(2370)! f0(980)⌘0 15.4 26.2 27.2 0.7 -19.2 0.1
X(1835)! f0(980)⌘0 35.6 11.5 -0.9 -33.3 0.1
X(2800)! f0(980)⌘0 36.2 4.4 -28.1 0.1
⌘c ! f0(980)⌘0 5.0 1.0 0.0

PHS P! ⌘0(K0
S

K
0
S

)S�wave 15.7 -0.1
PHS P! ⌘0(K0

S
K

0
S

)D�wave 2.4

Table 13: The interference intensity ( Ni jp
Ni·N j

) of two components

component X(2370)! f0(980)⌘0 X(1835)! f0(980)⌘0 X(2800)! f0(980)⌘0 ⌘c ! f0(980)⌘0 PHS P! ⌘0(K0
S

K
0
S

)S�wave PHS P! ⌘0(K0
S

K
0
S

)D�wave

X(2370)! f0(980)⌘0 1.00 1.12 1.15 0.08 -1.23 0.02
X(1835)! f0(980)⌘0 1.00 0.32 -0.07 -1.41 0.01
X(2800)! f0(980)⌘0 1.00 0.33 -1.18 0.02
⌘c ! f0(980)⌘0 1.00 0.11 0.00

PHS P! ⌘0(K0
S

K
0
S

)S�wave 1.00 -0.02
PHS P! ⌘0(K0

S
K

0
S

)D�wave 1.00
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