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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 ….)

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



Glueball
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◈ Lattice QCD (LQCD) is a non-perturbative 
method from the first principles in theory.  


✦ Different lattice QCD groups (including lattice 
simulations with dynamical quarks) now have 
consistent predictions on the masses and 
production rates of pure glueballs.


◈ Lattice QCD predictions on glueball masses:

✦ 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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Glueballs are unique particles via self-interactions and formed with force carriers



Glueball Production and Decay
◈ Glueball production: 

✦ Strongly produced in gluon-rich processes

◈ Glueball decay: 

✦ Gluon is flavor-blind 

✦ No rigorous predictions on decay patterns and branching ratios

✦ Could have similar decays to the charmonium families as they all decay via gluons 

(Theor. Phys. 24.373, PLB 380(1960)189-192)


✦ 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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J/ψ radiative decays
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◈Gluon rich environment 

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

◈  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-proton 
collision


➡ Ideal place for glueball search

~ ααs4 ~ ααs6I=0
I=0/1

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 Normal hadron 



BESIII Data samples
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World largest J/ψ data sample : ~10 billion



Observation of ࢄ(૛૜ૠ૙)

� Discovered by BESIII in ۸Ȁૐ ՜ ઻િᇱૈૈ in 2011
� Confirmed by BESIII in ۸Ȁૐ ՜ ઻િᇱૈૈǡ ઻િᇱ۹۹

� Not seen in 
Ȁɗ ՜ ɀɄᇱɄɄ [BESIII PRD 103 012009 (2021)], 

Ȁɗ ՜ ɀɀԄ [BESIII arXiv: 2401.00918]. Upper limits of BF are 
well consistent with predictions of Ͳିାglueball

� A good candidate for ૙ିାglueball
- Its mass is consistent with LQCD predictions
- Produced in the gluon-rich 
Ȁɗ radiative decays
- Decays to ɄᇱɎɎ Ƭ Ʉᇱ��, suggesting flavor symmetry
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BESIII PRL 106, 072002(2011), 
PRL 117, 042002  (2016)

BESIII EPJC 80 746(2020) Æ Determination of its spin-parity is crucial

Observation of the X(2370) in J/ψ→γππη’ and J/ψ→γKKη’

Determination of its spin-parity is crucial ! 7

J/ψ→γπ+π-η’ with ~225M J/ψ J/ψ→γKKη’ with 1.31×109 J/ψ events

PRL 106 (2011) 072002
EPJC 80 (2020) 746

◈ Discovery of the X(2370) by BESIII in J/ψ→γππη’

◈ Confirmation of the X(2370) in J/ψ→γKKη’ with 8.3σ

◈ A good candidate for 0-+ glueball: first observation of one particle with mass, production and decay 

property consistent to LQCD prediction

• Its mass is consistent with LQCD prediction

• Strongly produced in the gluon-rich J/ψ radiative decays

• Flavor symmetric decay modes of ππη’ and KKη
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suppress background events containing a ⇡0, events with
|M�� �m⇡0 | < 20 MeV/c2 are rejected, where the pho-
ton pairs are all possible combinations of the radiative
photon and photons from ⌘.

Potential background processes are studied using 10
billion simulated inclusive J/ events. Simulated events
are subject to the same selection procedure applied to
data. The remaining background is from non-⌘0 pro-
cesses, which are estimated from the ⌘0 mass sideband
regions of 20 < |M�⇡+⇡� � m⌘0 | < 30 MeV/c2 and
30 < |M⇡+⇡�⌘ �m⌘0 | < 40 MeV/c2. The corresponding
background fractions are 6.8% and 1.8% for the two chan-
nels, respectively. No significant peaking background
contribution has been found in the measured invariant
mass spectra.

Figure 1 shows the mass distributions with the above
selection criteria for the ⌘0 ! �⇡+⇡� and ⌘0 ! ⇡+⇡�⌘
channels. Similar structures are observed in the two
channels. The two-dimensional distributions of MK0

SK0
S

versus MK0
SK0

S⌘0 indicate a strong enhancement near the

K0
SK

0
S mass threshold from the f0(980) and a clear con-

nection between the f0(980) and the structure around
2.4 GeV/c2, X(2370), in the invariant mass spectra of
K0

SK
0
S⌘

0. By requiring MK0
SK0

S
< 1.1 GeV/c2, the struc-

ture around 2.4 GeV/c2 becomes much more prominent
in the K0

SK
0
S⌘

0 mass spectrum. In addition, there is a
clear signature from the ⌘c.

A partial wave analysis (PWA) is performed to inves-
tigate the properties of the X(2370). To reduce com-
plexities from additional intermediate processes, events
satisfying MK0

SK0
S
< 1.1 GeV/c2 are used. The K0

S and
⌘0 momenta are constrained to their known masses, re-
spectively. The signal amplitudes are constructed with
the covariant tensor formalism [33] and parameterized as
quasi-sequential two-body decays: J/ ! �X, X ! Y ⌘0

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

SK
0
S and

K0
S⌘

0 isobars, respectively. Due to the parity conser-
vation, the possible JPC of K0

SK
0
S⌘

0 system (X) are
0�+,1++,2++,2�+, etc. In this Letter, given the sup-
pression 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 max-
imum likelihood fit is performed on the combined data of
the two ⌘0 decay modes. The non-⌘0 background contri-
bution is taken into account in the fit via the subtraction
of the negative log-likelihood values with the events esti-
mated from the ⌘0 mass sideband region.

The optimal PWA fit shows that data can be
well described with a process combination of the de-
cay of f0(980)⌘0 from the resonances of the X(1835),
X(2370), ⌘c and a broad structure denoted as X(2800),
and the non-resonance components of (K0

SK
0
S)S⌘

0 and
(K0

SK
0
S)D⌘

0 for the S-wave and D-wave in the K0
SK

0
S sys-

tem, respectively. The X(1835), X(2370) and X(2800)
are described by nonrelativistic Breit-Wigner functions,
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FIG. 1. Invariant mass distributions of the selected events:

(a) and (b) are the two-dimensional distributions of MK0
SK0

S

versus MK0
SK0

S⌘0 for the ⌘0 ! �⇡+⇡�
and ⌘0 ! ⇡+⇡�⌘ chan-

nels, respectively. (c) and (d) are the K0
SK

0
S⌘

0
invariant mass

distributions with the requirement MK0
SK0

S
< 1.1 GeV/c2 for

⌘0 ! �⇡+⇡�
and ⌘0 ! ⇡+⇡�⌘ channels, respectively. The

dots with error bars are data. The shaded histograms are the

non-⌘0
backgrounds estimated by the ⌘0

sideband. The solid

lines are phase space (PHSP) MC events with arbitrary nor-

malization.

where the intrinsic widths are not energy dependent. The
masses and widths of the X(1835) and ⌘c are fixed to
previous measurements [28, 34]. The mass line shape
of f0(980) is parameterized by the Flatté formula [35]
with the BESII measurement [36]. The JPC of the
X(2370) and X(2800) are assigned to be 0�+. The
statistical significance of the X(2370) is greater than
11.7�, 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 variation. The mass, width and product
branching fraction of X(2370) are measured to be 2395±
11(stat) MeV/c2, 188+18

�17(stat) MeV/c2 and B[J/ !
�X(2370)] ⇥ B[X(2370) ! f0(980)⌘0] ⇥ B[f0(980) !
K0

SK
0
S ] = (1.31± 0.22(stat)) ⇥ 10�5, respectively. Fig-

ure 2 provides the comparisons of the mass and angular
distributions between data and PWA fit projections, as
well as the individual contributions from each compo-
nent. A broad 0�+ structure is needed in the optimal
PWA fit to describe the e↵ective contributions from pos-
sible high-mass resonances such as X(2600) [37] and the
tail of ⌘c line shape, which is doneted as X(2800) (with
a mass of 2799 MeV/c2 and a width of 660 MeV/c2).
The X(2800) have been checked with various alternative

Spin-parity determination of the X(2370) in J/ψ→γKsKsη’  

8

◈ Advantage in J/ψ→γKsKsη’: almost background free 
✦ Due to exchange symmetry and CP conversation, no background contamination from J/ψ→π0KsKsη’ 
✦ Clean f0(980)→KsKs signal in the KsKs low mass region


◈ Spin-parity of the X(2370) firstly determined to be 0-+ with a significance of 10σ greater than alternative JPC
6

constrain the invariant mass of the two photons to m⌘.319

Among three �� combinations, the one with the smallest320

�2
5C is chosen, and �2

5C < 50 is required. The ⌘0 can-321

didates must satisfy |M⇡+⇡�⌘ � m⌘0 | < 10 MeV/c2. To322

suppress background events containing a ⇡0, events with323

|M�� �m⇡0 | < 20 MeV/c2 are rejected, where the pho-324

ton pairs are all possible combinations of the radiative325

photon and photons from ⌘.326

Potential background processes are studied using 10327

billion simulated inclusive J/ events. Simulated events328

are subject to the same selection procedure applied to329

data. The remaining background is from non-⌘0 pro-330

cesses, which are estimated from the ⌘0 mass sideband331

regions of 20 < |M�⇡+⇡� � m⌘0 | < 30 MeV/c2 and332

30 < |M⇡+⇡�⌘ �m⌘0 | < 40 MeV/c2. The corresponding333

background fractions are 6.8% and 1.8% for the two chan-334

nels, respectively. No significant peaking background335

source has been found in the measured invariant mass336

spectra.337

Figure 1 shows the mass distributions with the above338

selection criteria for the ⌘0 ! �⇡+⇡� and ⌘0 ! ⇡+⇡�⌘339

channels. Similar structures are observed in the two340

channels. The two-dimensional distributions of MK0
SK0

S
341

versus MK0
SK0

S⌘0 indicate a strong enhancement near the342

K0
SK

0
S mass threshold from the f0(980) and a clear con-343

nection between the f0(980) and the structure around344

2.4 GeV/c2, X(2370), in the invariant mass spectra of345

K0
SK

0
S⌘

0. By requiring MK0
SK0

S
< 1.1 GeV/c2, the struc-346

ture around 2.4 GeV/c2 becomes much more prominent347

in the K0
SK

0
S⌘

0 mass spectrum. In addition, there is a348

clear signature from the ⌘c.349

A partial wave analysis (PWA) of the events satisfying350

MK0
SK0

S
< 1.1 GeV/c2 is performed to reduce complex-351

ities from additional intermediate processes and deter-352

mine the spin-parity quantum numbers for the X(2370).353

The signal amplitudes are constructed with the covari-354

ant tensor formalism [33] and parameterized as sequential355

two-body decays: J/ ! �X, X ! Y ⌘0 or X ! ZK0
S ,356

where Y and Z represent K0
SK

0
S and K0

S⌘
0 isobars, re-357

spectively. Due to the parity conservation, the possible358

JPC of K0
SK

0
S⌘

0 system (X) are 0�+,1++,2++,2�+,3++,359

etc. In this Letter, only spin J < 3 and possible S-wave360

or P-wave and D-wave decays of the X are considered.361

An unbinned maximum likelihood fit is performed on the362

combined data of the two ⌘0 decay modes. The non-⌘0363

background contribution is taken into consideration in364

the fit via the subtraction of the negative log-likelihood365

values with the events estimated from the ⌘0 mass side-366

band region.367

The optimal PWA fit shows that data can be368

well described with a process combination of the de-369

cay of f0(980)⌘0 from the resonances of the X(1835),370

X(2370), ⌘c and a broad structure denoted as X(2800),371

and the non-resonance components of (K0
SK

0
S)S⌘

0 and372

(K0
SK

0
S)D⌘

0 for the S and D-wave in the K0
SK

0
S system.373
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FIG. 1. Invariant mass distributions of the selected events:

(a) and (b) are the two-dimensional distributions of MK0
SK0

S

versus MK0
SK0

S⌘0 for the ⌘0 ! �⇡+⇡�
and ⌘0 ! ⇡+⇡�⌘ chan-

nels, respectively. (c) and (d) are the K0
SK

0
S⌘

0
invariant mass

distributions with the requirement MK0
SK0

S
< 1.1 GeV/c2 for

⌘0 ! �⇡+⇡�
and ⌘0 ! ⇡+⇡�⌘ channels, respectively. The

dots with error bars are data. The shaded histograms are the

non-⌘0
backgrounds estimated by the ⌘0

sideband. The solid

lines are phase space (PHSP) MC events with arbitrary nor-

malization.

The X(1835), X(2370) and X(2800) are described by374

nonrelativistic Breit-Wigner functions, where the intrin-375

sic widths are not energy dependent. The masses and376

widths of the X(1835) and ⌘c are fixed to previous mea-377

surements [28, 34]. The mass lineshape of f0(980) is pa-378

rameterized by Flatté formula [35] with the BESII mea-379

surement [36]. The JPC of the X(2370) and X(2800)380

are assigned to be 0�+. The statistical significance of381

the X(2370) is greater than 11.7�, which is determined382

from the changes of likelihood value and degrees of free-383

dom in the PWA fits with and without the signal hy-384

potheses for every systematic variation. The mass, width385

and product branching fraction of X(2370) are measured386

to be 2395 ± 11(stat.) MeV/c2, 188+18
�17(stat.) MeV/c2387

and B[J/ ! �X(2370)] ⇥ B[X(2370) ! f0(980)⌘0] ⇥388

B[f0(980) ! K0
SK

0
S ] = (1.31± 0.22(stat.)) ⇥ 10�5, re-389

spectively. Figure 2 provides the comparisons of the mass390

and angular distributions between data and PWA fit pro-391

jections, as well as the individual contributions from each392

component. A broad structure X(2800) (with a mass393

of 2799 MeV/c2 and a width of 660 MeV/c2) is used394

to describe the e↵ective contributions from possible high395

mass resonances such as X(2600) [37] and uncertainties396

of ⌘c lineshape. For example, if the damping factor [38]397

f0(980) X(2370)

7

PWA fits. For example, if the ⌘c line shape is param-
eterized without a damping factor [38], the significance
of X(2800) is reduced to 3.1�. If the X(2800) is not in-
cluded in the PWA, the spin-parity of X(2370) remains
to be 0�+ with a significance greater than 10.1�. The sig-
nificance of 0�+ over other alternative JPC is determined
from the changes of log-likelihood value and degrees of
freedom in PWA fits. The impacts of the X(2800) on
the mass, width and product branching fraction of the
X(2370) are included in the systematic uncertainties.
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FIG. 2. Comparisons between data (with two ⌘0 decay modes

combined) and PWA fit projections: (a), (b), and (c) are

the invariant mass distributions of K0
SK

0
S⌘

0
, K0

SK
0
S , and K0

S⌘
(two entries for one event), respectively. (d), (e) and (f) are

the angular distributions of cos ✓, where ✓ is the polar angle

of (d) � in the J/ rest system; (e) K0
SK

0
S in the K0

SK
0
S⌘

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-⌘0 backgrounds described by the ⌘0

sideband. The dash-dotted blue, short dashed green, long

dashed cyan, dotted magenta and dash-dot-dotted violet show

the contributions of the non-resonant contribution, X(2370),

X(1835), X(2800) and ⌘c, respectively.

Variations of the PWA fit including the JPC and
decay mode for each component are tested. Possi-

ble decay modes [f0(1500)⌘0, f2(1270)⌘0, K⇤(1410)K0
S ,

K⇤
0 (1430)K

0
S , K⇤

2 (1430)K
0
S , K⇤(1680)K0

S , (K0
SK

0
S)S⌘

0,
(K0

SK
0
S)D⌘

0, (K0
S⌘

0)PK0
S , (K

0
S⌘

0)DK0
S ] are evaluated via

di↵erent process combinations. All additional decay
modes have significances lower than 3�. The contribu-
tions from additional resonances are also evaluated, in-
cluding the ⌘(1760), ⌘(2225), ⌘2(1870), X(2120) [10] and
X(2600) [37]. All the significances of each contribution
are measured to be less than 3�, except the X(2600).
The significance of the process of X(2600) ! f0(980)⌘0 is
4.2�. 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 X(2370), the
0�+ assignment fit is better than that for 1++ or 2�+ as-
signments with significances that are greater than 10.8�
or 9.8�, respectively. The significances are evaluated in
every variation for the studies of systematic uncertainties
as described below.

Systematic uncertainties on the mass and width of the
X(2370) include the following sources: uncertainties from
the f0(980) mass line shape [39], ⌘c mass line shape
[38], non-⌘0 background contribution, mass and width of
the X(1835) [34], line shape of the X(1835) [40], pa-
rameterization of the X(1835), X(2370) and X(2800)
with a Breit-Wigner function whose intrinsic width is
energy-dependent, the impact of X(2800), the contri-
butions from the additional resonances, and the K0

SK
0
S

mass range. In addition to the above sources, there are
additional sources of systematic uncertainty for the prod-
uct branching fraction, which include the e�ciencies of
photon tracking detection [41], kinematic fit [42], K0

S re-
construction, the branching fractions of K0

S ! ⇡+⇡�,
⌘0 ! ⇡+⇡�⌘, ⌘0 ! �⇡+⇡� and ⌘ ! ��, and the to-
tal number of J/ events. The total systematic un-
certainties on the mass and width of the X(2370) are
+26
�94 MeV/c2 and +124

�33 MeV, respectively, and the to-
tal relative systematic uncertainty on the corresponding
product branching fraction is +217.0

�63.7 %.

In summary, a PWA of J/ ! �K0
SK

0
S⌘

0 has been
performed in the full K0

SK
0
S⌘

0 invariant mass range
with the requirement of MK0

SK0
S

< 1.1 GeV/c2. The
PWA fit indicates a contribution from X(2370) !
K0

SK
0
S⌘

0 with a statistical significance greater than
14�. The mass and width of the X(2370) are mea-
sured to be 2395 ± 11(stat)+26

�94(syst) MeV/c2 and

188+18
�17(stat)

+124
�33 (syst) MeV, respectively. These results

agree with the previous measurements from J/ !
�⇡+⇡�⌘0 [10] and J/ ! �KK̄⌘0 [11]. The correspond-
ing product branching fraction is B[J/ ! �X(2370)]⇥
B[X(2370) ! f0(980)⌘0] ⇥ B[f0(980) ! K0

SK
0
S ] =�

1.31± 0.22(stat)+2.85
�0.84(syst)

�
⇥ 10�5. The spin-parity of

the X(2370) is determined to be 0�+ for the first time.
The measured properties of X(2370) are consistent with

η’→γππ and  η’→ππηPRL 132 (2024) 181901



Final results

◈ The measurements are in a good 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)

9

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

PRL 132 (2024) 181901

PRD 100 (2019) 054511

LQCD prediction on lightest pseudoscalar glueball: 

Jpc = 0-+  

M = 2395 ±14 MeV 

B(J/ψ→γG0-+) = (2.31 ± 0.80) ×10-4



Study in J/ψ→γK0sK0sη

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

10

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.
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Qualitatively, we can clearly observe:  same decay modes 
between the X(2370) and ηc if phase space allows

In the upper KK mass band of 1.5-1.7GeV 
range, clear signals of both X(2370) and ηc

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

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

0
Sη
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With 1.31×109 J/ψ events



Discovery of a Glueball-like Particle: X(2370)  

◈ Only one resonance observed with mass, spin-parity, production rate and decay property 
consistent to 0-+ glueball expectation

✦ In the mass range of 2.3 - 2.6GeV: consistent with LQCD prediction

✦ Production rate in the  radiative decays: consistent with LQCD prediction 

✦ Decay property highly similarity to  : two favorite decay modes of  and 

J/ψ
ηc π+π−η′￼ KK̄η′￼

11

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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X(2370) Properties

◈ The X(2370) decay properties: 

✦ Major decay mode f0(980)  with large  component:  disfavor the pure   meson interpretation 


✦ Major decay mode f0(1500)  with large  component: disfavor the pure  meson interpretation 


✦ The suppression of f0(980)  mode:  disfavor the pure  meson interpretation 


✦ The high similarities between X(2370) and  decay modes strongly support the 0-+ glueball interpretation  
◈ The X(2370) production properties: 

✦  richly produced in  radiative decays as the glueball expectation

✦  In the mass region larger than 2.3GeV, the unique particle X(2370) for the 0-+ glueball candidate in  radiative decays 

and two golden decay modes (  and )

η′￼ ss̄ uū + dd̄
η uū + dd̄ ss̄

η ss̄

ηc

J/ψ
J/ψ

ππη′￼ KK̄η′￼

12

X(2370) ηc Interpertation on the X(2370)

f0(980)η’ √ √ Disfavors      meson with pure              component

f0(980)η Suppressed Suppressed Disfavors       meson with pure        component

f0(1500)η √ √ Disfavors       meson with pure        component

qq̄ uū/dd̄

qq̄ ss̄

qq̄ ss̄



Scalar Glueball Candidates — f0(1710)

◈ The f0(1710) favors to be a scalar glueball or large glueball content if it is a mixture of glueball and normal meson


✦ Large production rate: B(J/ψ→γf0(1710)→γηη) = 2.35+0.13-0.11+1.24-0.74×10-4   B(J/ψ→γf0(1710)→γKsKs) = 2.00+0.03-0.02+0.31-0.10×10-4


✦ Decay suppression in  : 


◈ Controversy:  Dynamic mixing mechanism?

ηη′￼ B[ f0(1710) → ηη′￼/f0(1710) → ππ] < (2.9±+1.1
−0.9) × 10−3

13

To evaluate the contributions from other scalar mesons,
f0ð1370Þ, f0ð2020Þ, f0ð2200Þ and f0ð2330Þ, the PWAwas
performed including them, and none of them has signifi-
cance greater than 5:0!. Therefore, they are not included in
the basic solution.

2. Tensor components

The total contribution from the tensor components is
shown as the histogram in Fig. 4(i), where the peak around
1:5 GeV=c2 is dominated by the well-established reso-
nance f02ð1525Þ and the tensor components contributing
to the bump around 2:1 GeV=c2 are from f2ð1810Þ and
f2ð2340Þ. The fitted mass and width of f02ð1525Þ are
1513# 5 MeV=c2 and 75þ12

%10 MeV=c2, respectively,
which are consistent with the world average values [16],
and the product branching fraction is calculated to be
BðJ=c ! "f02ð1525Þ ! "##Þ ¼ ð3:42þ0:43

%0:51Þ ' 10%5. If
f02ð1525Þ is replaced with another tensor meson close to
1:5 GeV=c2, f2ð1565Þ, the log-likelihood is worse by 18.
The PWA is also performed including f2ð1565Þ as an
additional resonance, and its statistical significance is
only 2:0!.

The global fit shows that there is a tensor component
around 1:8 GeV=c2 with a statistical significance of 6:4!,

and its mass and width are determined to be
1822þ29

%24 MeV=c2 and 229þ52
%42 MeV=c2, respectively,

which is likely to be the f2ð1810Þ. However the changes
of the log-likelihood value are only 0.8 or 0.7, if we replace
it with the f2ð1910Þ or f2ð1950Þ, respectively, using the
world average values for their masses and widths [16],
which indicates that we cannot distinguish it from
f2ð1810Þ, f2ð1910Þ and f2ð1950Þ with the present statis-
tics. In this analysis, this tensor component is denoted as
f2ð1810Þ, and the ambiguous assignment of f2ð1810Þ or
f2ð1950Þ is considered as a source of systematic error.
To investigate contributions from other possible tensor

resonances, f2ð2010Þ, f2ð2150Þ, fJð2220Þ, f2ð2300Þ and
f2ð2340Þ, the fits were performed with alternative combi-
nations, and the statistical significances of f2ð2010Þ,
f2ð2150Þ and fJð2220Þ are all less than 5:0!, and the
best fit favors the presence of f2ð2340Þ (the statistical
significance is 7:6!) with a mass of 2362þ31

%30 MeV=c2, a
width of 334þ62

%54 MeV=c2, and a product branching fraction
of BðJ=c ! "f2ð2340Þ ! "##Þ ¼ ð5:60þ0:62

%0:65Þ ' 10%5.
Since the mass of f2ð2300Þ is close to f2ð2340Þ, an attempt
was made to replace f2ð2340Þ with f2ð2300Þ by fixing its
mass and width to those in PDG [16], and the log-likelihood
value is worse by 15. The narrow fJð2220Þ [also known
as $ð2230Þ], which was reported by MarkIII [30] and
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FIG. 3 (color online). Comparisons between data and PWA fit projections: (a) the invariant mass spectrum of ##, (b)–(c) the polar
angle of the radiative photon in the J=c rest frame and # in the ## helicity frame [the gaps in (b) are due to the photon selection],
(d) the azimuthal angle of # in the ## helicity frame. The black dots with error bars are data with background subtracted, and the solid
histograms show the PWA projections.
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but S only decreases by 4.7, corresponding to a significance
of less than 5σ. Therefore the parameters for these
resonances are set to their PDG values.
In addition to the resonances included in the nominal

solution, the existence of extra resonances is also tested.
For each additional resonance listed in the PDG, a
significance is evaluated with respect to the nominal
solution. No additional resonance that yields a significance
larger than 5σ also has a signal yield greater than 1% of the
size of the data sample. Additionally, an extra f0, f2, f4,K!

or K1 amplitude is included in the fit to test for the presence
of an additional unknown resonance. This test is carried out
by including an additional resonance in the fit with a
specific width (50, 150, 300, or 500 MeV=c2) and a
scanned mass in the acceptable region. No evidence for
an additional resonance is observed. The scan of the 2þþ

resonance presents a significant contribution around
2.3 GeV=c2, with a statistical significance larger than 5σ
and a contribution over 1%. However, this hypothetical
resonance interferes strongly with the f2ð2340Þ due to their
similar masses and widths, and is therefore excluded from
the optimal solution.

B. MI amplitude analysis

1. MI amplitude analysis formalism

The MI amplitude analysis follows the same general
procedure as that described in Ref. [10]. The amplitudes
are extracted independently in bins of KSKS invariant
mass. Only the 0þþ and 2þþ amplitudes are found to be
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FIG. 3. Distributions of the (a) KSKS and (b) γKS invariant
mass spectra. Markers with error bars are the data and the red
histograms are the fit results for the MD analysis. The pull
distributions [(data-fit)/error] are shown below each plot.
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FIG. 4. Angular distributions including (a) the cos θ distribu-
tion for the radiative photon, (b) the cos θ distribution of one KS
in the KSKS rest frame, and (c) the azimuthal distribution of one
KS in the KSKS rest frame. Markers with error bars are the data
and the red histograms are the fit results for the MD analysis. The
pull distributions [(data-fit)/error] are shown below each plot.
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but have a degenerate ambiguous pair. A study of these
ambiguities (Appendix B) shows consistency between the
mathematically predicted and experimentally determined
ambiguities. Both ambiguous solutions are presented,
because it is impossible to know which represent the
physical solutions without making some additional model

dependent assumptions. If more than two solutions are
found in a given bin, all solutions within 1 unit of log
likelihood from the best solution are compared to the
predicted value derived from the best solution and only that
which matches the prediction is accepted as the ambiguous
partner.
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Tensor Glueball Candidates —f2(2340)

14

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.
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J/ψ→γΦΦ

◈ Large production rate of f2(2340):  substantially lower than the 
LQCD prediction for tensor glueball


✦ B(J/ψ→γf2(2340)→ ) =  (PRD 87,2013,092009)


✦ B(J/ψ→γf2(2340)→ ) =  (PRD 93,2016,112011)


✦ B(J/ψ→γf2(2340)→ ) =  (PRD 98,2018,072003)


✦ B(J/ψ→γf2(2340)→ ) = (PRD 105,2022,072002)


◈ Difficulty: Many wide f2 mesons  and large overlaps in the mass 
region of 2.3GeV (2++ glueball mass from the LQCD predictions)


✦ Studies are strongly model dependent.

γηη (3.8+0.62
−0.66

+2.37
−2.07) × 10−5

γϕϕ (1.91 ± 0.14+0.72
−0.73 × 10−4

γKsKs (5.54+0.34
−0.40

+3.82
−1.49 × 10−5

γη′￼η′￼ (8.67 ± 0.70+0.16
−1.67 × 10−6

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
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Experimental results

BESIII 
Ȁɗ ՜ ɀԄԄ [PRD 93, 112011 (2016)]

� f2(2010), f2(2300) and f2(2340) stated in 
S�p reactions are observed with a 
strong production of f2(2340)

� Consist with double-Pomeron 
exchange from WA102@CERN

ܚ۰ ۸Ȁૐ ՜ ઻܎૛ ૛૜૝૙ ՜ ઻૖૖ ൌ ૚Ǥ ૢ૚ േ ૙Ǥ ૚૝ି૙Ǥૠ૜ା૙Ǥૠ૛ ൈ ૚૙ି૝

BESIII PRD 105,072002 (2022)

ܚ۰ ۸Ȁૐ ՜ ઻܎૛ ૛૜૝૙ ՜ ઻િᇱિᇱ ൌ ૡǤ ૟ૠ േ ૙Ǥ ૠ૙ି૚Ǥ૟ૠା૙Ǥ૚૟ ൈ ૚૙ି૟

ܚ۰ ۸Ȁૐ ՜ ઻܎૛ ૛૜૝૙ ՜ ઻િિ ൌ ૜Ǥ ૡି૙Ǥ૟૞ି૛Ǥ૙ૠା૙Ǥ૟૛ା૛Ǥ૜ૠ ൈ ૚૙ି૞
BESIII PRD 87,092009 (2013)

BESIII PRD 93, 112011 (2016)

ܚ۰ ۸Ȁૐ ՜ ઻܎૛ ૛૜૝૙ ՜ ઻۹ܛ۹ܛ ൌ ૞Ǥ ૞૝ି૙Ǥ૝૙ି૚Ǥ૝ૢା૙Ǥ૜૝ା૜Ǥૡ૛ ൈ ૚૙ି૞

BESIII PRD 98,072003 (2018)

substantially lower than the LQCD prediction



Exotic 1-+ state

◈ Spin-exotic state of 1-+ : forbidden in conventional quark model

◈ LQCD predicts the lightest nonet of hybrids: 1- - 0-+ 1-+ 2-+


◈ Exotic state 1-+ provide an unique way for hybrid search:  
✦ Can be produced in the gluon-rich charmonium decays

15

78 L. Kopke and N. Wermes, JAji decays

2.4. Glueballs, hybrids, and four-quark states

The colour force carried by the gluon is the central feature of the strong interaction. Most directly,
the existence of this force would manifest itself in particles that have gluon constituents like glueballs or
hybrid states, which can only exist because the gluon carries a colour charge. The unambiguous
identification of such states would be an essential proof of the validity of QCD. As of today, this
identification has not been achieved; the difficulty is largely due to the complexity of the particle
spectrum in the 1—2.5 GeV region, where q~,gg, q~g,and q~q~states are expected to exist. In
addition, states with different constituents may overlap in mass or mix with each other. Therefore it is
very important to find criteria by which one can distinguish the nature of the different objects. The jPC

values possible for five alternatives are listed in table 4. Naturally, states with quantum numbers
inaccessible for q~states are of particular interest in the search for “exotic” phenomena.
In the following sections we outline by which means theoretical models and QCD inspired

phenomenology may identify these quark and gluon compound states. The discussion is not intended to
be an exhaustive review of all models since excellent reviews [29] have been written on the subject.

2.4.1. Bound states of gluons
Glueballs, being singlet states in SU(3)colour and SU(3)flavour, can neither carry isospin, nor charge,

nor flavour. Although there are indications that bound states made of gluons exist, masses, widths, and
mixing with other states cannot be rigorously calculated yet. Glueball masses have been estimated in
the context of several models: lattice Monte Carlo calculations [30, 32, 33], bag models [36, 37],
potential models [38], effective lagrangian models [39], and QCD sum rules [40]. These models are in
approximate agreement on the general scale of the mass spectrum (see fig. 7); however, none is devoid
of problems. Of all approaches, the lattice technique [31],an attempt to perform true QCD calculations

Table 4
Allowed q~,qqqq, hybrid, and glueball states. Listed are the jP~combina-
tions that are allowed for the various states. If the valence gluons are
massless, the statesmarked by o) are forbidden by Yang’s theorem [228].A
0’ hybrid state is only allowed with one unit of angular momentum between

the qq system and the gluon~.
JPC q~ qqq~ q~g ggg

0” yes yes yes yes yes
O~ — yes yest2 — yes
o * yes yes yes yes yes
o yes yes yes
1 * yes yes yes yeso) yes
I + yes yes yes yes
* — yes yes yesx) yes

yes yes yes yes
2” yes yes yes yes yes
2’ — yes yes — yes
2 yes yes yes yes yes
2 yes yes yes yes
3” yes yes yes yes yes
1’ yes yes yes — yes
3 * yes yes yes’~ yes
3 yes yes yes yes

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that

500

1000

1500

2000

2500

3000

FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.
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Observation of Exotic 1-+ Isovector state π(1600)

◈ CLEO-c results: evidence of an exotic P-wave  amplitude with  
and but no significant phase motion


◈ PWA in  with higher  data sample @ BESIII: 


✦ First observation of Exotic 1-+ Isovector state  with a 
significance >10  better than other  assumption 

✦ The significance of phase motion is also greater than 10  

η′￼π 4σ

ψ′￼ → γχc1(χc1 → π+π−η′￼) ψ′￼

π(1600)
σ JPC

σ

16

PRD 84 112009



Observation of An Exotic 1-+ Isoscalar state η1(1855)

◈ J/ψ→γηη’ is a good channel for η1(1-+) search 

◈ Observation of an isoscalar 1-+ η1(1855) in J/ψ→γηη’ (>19σ) 

✦ M= 1855±9+6-1MeV, Γ=188±18+3-8 MeV, B(J/ψ→γη1(1855)→γηη’)=(2.70±0.41+0.16-0.35)×10-6


◈ Mass consistent with hybird on LQCD, and more interpretations (KK Molecule/Tetraquark)
17

An alternative fit is performed where resonance parameters
are allowed to vary within 1 standard deviation of the PDG
values [34], and the changes in the results are taken as
systematic uncertainties. The statistical significance of the
η1ð1855Þ in this case is 20.6σ.
Uncertainties arising from possible additional resonan-

ces are estimated by adding the f0ð1710Þ, f2ð2220Þ,
f4ð2300Þ, h1ð1595Þðγη0Þ, and ρð1900Þðγη0Þ, which are
the most significant additional resonances for each possible
JPC, into the baseline fit individually. The resulting changes
in the measurements are assigned as systematic uncertain-
ties. In all cases, the significance of the η1ð1855Þ remains
larger than 19.0σ.
Assuming all of these sources are independent, the total

systematic uncertainties are þ6
−1 MeV=c2 and þ3

−8 MeV for the
mass and width of the η1ð1855Þ, respectively. For the
branching fraction of the η1ð1855Þ, the total relative system-
atic uncertainty is determined to be þ5.9

−13.1%. Tables VII and
VIII of Ref. [27] summarize the systematic uncertainties.
The ratios Bðf0 → ηη0Þ=Bðf0 → ππÞ can be calculated

with the branching fractions measured in this analysis and
previous measurements for J=ψ → γπþπ−, γπ0π0 [39]. The
ratio B½f0ð1500Þ → ηη0%=B½f0ð1500Þ → ππ% is determined
to be ð8.96þ2.95

−2.87Þ × 10−2, where the error is the combined
systematic and statistical uncertainties. In comparison, the
upper limit on Bðf0ð1710Þ → ηη0Þ=Bðf0ð1710Þ → ππÞ at
90% confidence level is determined to be 1.61 × 10−3. The
suppressed decay rate of f0ð1710Þ into ηη0 is further
discussed in Ref. [27].

In summary, a PWA of J=ψ → γηη0 has been performed
based on ð10.09& 0.04Þ × 109 J=ψ events collected with
the BESIII detector. An isoscalar state with exotic quantum
numbers JPC ¼ 1−þ, denoted as η1ð1855Þ, has been
observed for the first time. The statistical significance of
the resonance hypothesis is estimated to be larger
than 19σ. The product branching fraction B½J=ψ →
γη1ð1855Þ%B½η1ð1855Þ → ηη0% is measured to be ð2.70&
0.41þ0.16

−0.35Þ × 10−6. Its mass and width are measured to be
ð1855& 9þ6

−1Þ MeV=c2 and ð188& 18þ3
−8Þ MeV, respec-

tively. The first uncertainties are statistical and the second
are systematic. The mass and width of the η1ð1855Þ are
consistent with LQCD calculations for the 1−þ hybrids [13].
The observation of the isoscalar η1ð1855Þ, combined with
previous measurements of the isovector π1 states, provides
critical information about the 1−þ hybrid nonet. Further
studies with more production mechanisms and decaymodes
will help clarify the nature of the η1ð1855Þ.
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No. 11835012, No. 11922511, No. 11935015, No. 1193
5016, No. 11935018, No. 11961141012, No. 12022510,
No. 12025502, No. 12035009, No. 12035013,
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FIG. 3. The distributions of the unnormalized moments hY0
Li (L ¼ 0, 1, 2, and 4) for J=ψ → γηη0 as functions of the ηη0 mass. Black

dots with error bars represent the background-subtracted data weighted with angular moments; the red solid lines represent the baseline
fit projections; and the blue dotted lines represent the projections from a fit excluding the η1 component.
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without η1(1855) 

parameters. The statistical significances of all resonances in
the PDG-optimized set are reevaluated in the presence of the
η1 state. Resonances with significance less than 5σ are
removed. The resulting baseline set of amplitudes contains a
significant contribution from an isoscalar state with exotic
quantum numbers JPC ¼ 1−þ, denoted as η1ð1855Þ. Its
statistical significance is 21.4σ, and its mass and width are

ð1855%9statÞMeV=c2 and ð188%18statÞMeV, respectively.
In addition, the baseline set of amplitudes includes four 0þþ

resonances [f0ð1500Þ, f0ð1810Þ, f0ð2020Þ, f0ð2330Þ], two
2þþ resonances [f2ð1565Þ, f2ð2010Þ], a nonresonant con-
tributionmodeled by a 0þþ ηη0 systemuniformly distributed
in phase space (PHSP), and two 1þ− resonances [h1ð1415Þ,
h1ð1595Þ] in the γη system. In addition, a 4þþ resonance
f4ð2050Þ with statistical significance 4.6σ is included.
The results of the PWA with the baseline set of

amplitudes, including the masses and widths of the reso-
nances, the product branching fractions J=ψ → γX → γηη0

or J=ψ → ηð0ÞX → γηη0, and the statistical significances,
are summarized in Table I. The measured masses and
widths of the f0ð2020Þ and f2ð2010Þ are consistent with
the PDG [34] average values. The measured mass of the
f0ð2330Þ, which is unestablished in the PDG [34], is
consistent with the results of Ref. [35], but our measured
width is 79 MeV smaller (3.4σ).
Figure 1 shows the invariant mass distributions of

Mðηη0Þ, MðγηÞ, and Mðγη0Þ for the data (with background
subtracted) and the PWA fit projections. Figure 1 also
shows the cos θη distribution, where θη is the angle of the η
momentum in the ηη0 (Jocob and Wick) helicity frame [37].
This angle carries information about the spin of the particle
decaying to ηη0. Figure 2 shows the Dalitz plots for the
PWA fit projection, the selected data, and the background
estimated from the η0 sideband.

TABLE I. The masses, widths, BðJ=ψ → γX → γηη0Þ or
BðJ=ψ→η0h1→γηη0Þ (B.F.), and statistical significances (Sig.)
for each component in the baseline set of amplitudes. The first
uncertainties are statistical, and the second are systematic.

Resonance M (MeV=c2) Γ (MeV) B.F.(×10−5) Sig.

f0ð1500Þ 1506 112 1.81% 0.11þ0.19
−0.13 > 30σ

f0ð1810Þ 1795 95 0.11% 0.01þ0.04
−0.03 11.1σ

f0ð2020Þ 2010% 6þ6
−4 203% 9þ13

−11 2.28% 0.12þ0.29
−0.20 24.6σ

f0ð2330Þ 2312% 7þ7
−3 65% 10þ3

−12 0.10% 0.02þ0.01
−0.02 13.2σ

η1ð1855Þ 1855% 9þ6
−1 188% 18þ3

−8 0.27% 0.04þ0.02
−0.04 21.4σ

f2ð1565Þ 1542 122 0.32% 0.05þ0.12
−0.02 8.7σ

f2ð2010Þ 2062% 6þ10
−7 165% 17þ10

−5 0.71% 0.06þ0.10
−0.06 13.4σ

f4ð2050Þ 2018 237 0.06% 0.01þ0.03
−0.01 4.6σ

0þþ PHSP & & & & & & 1.44% 0.15þ0.10
−0.20 15.7σ

h1ð1415Þ 1416 90 0.08% 0.01þ0.01
−0.02 10.2σ

h1ð1595Þ 1584 384 0.16% 0.02þ0.03
−0.01 9.9σ
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FIG. 1. Background-subtracted data (black points) and the PWA fit projections (lines) for (a),(b),(c) the invariant mass distributions of
(a) ηη0, (b) γη, and (c) γη0, and (d),(e) the distribution of cos θη, where θη is the angle of the η momentum in the ηη0 (Jocob and Wick)
helicity frame for (d) all ηη0 masses and (e) ηη0 masses between 1.7 and 2.0 GeV=c2. The red lines are the total fit projections from the
baseline PWA. The blue lines are the total fit projections from a fit excluding the η1 component. The dashed lines for the
1−þ; 0þþ; 2þþ; 4þþ, and 1þ− contributions are the coherent sums of amplitudes for each JPC. Note that the process J=ψ → ϕη0, ϕ → γη
is rejected, which leads to the depletion of events around 1.02 GeV=c2 in MðγηÞ.
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◈ X(1835) :

✦ Discovered by BESII and confirmed by BESIII in 



✦ Determination of Spin-parity to be 0-+ in 


        M= 1844±9+16-25 MeV/c2


            Γ=192+20-17+62-43  MeV/c2 

J/ψ → γππη′￼

J/ψ → KsKsη

Observation of X( ) and X(1835)pp̄
◈  mass threshold enhancement X( ) :


✦ Discovered in  by BESII in 2003 and confirmed by BESIII and CLEO-c

✦ Further determination of Spin-parity to be 0-+

✦ No similar threshold structure in other channels → It can not be pure FSI effect


         M= 1832+19-5+18-17±19 MeV/c2,   Γ=13±19MeV/c2 (<76MeV/c2@90% C.L.)

pp̄ pp̄
J/ψ → γpp̄

18

PRL 108 (2012)112003

PRL 106 (2011)072002

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.
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Direct link between the X( ) and X(1835)pp̄

◈ Anomalous  line shape near  threshold: first establish the direct link between the X(1835) and X( ) 

✦ Two models (Flatte formula/2-resonance) can fit data well: interpretations of  mass threshold as a molecule state or a 
bound state 

◈ Anomalous shape observed in  near  threshold 
✦ Two structures of X(1840) and X(1880) give a good description on data: interpretation of a bound state 

◈ Mass and width of the X(1835) in  are consistent with those in : 


✦ X(1835) contains a sizable  component

ππη′￼ Mpp̄ pp̄

pp̄

J/ψ → γ3(ππ) Mpp̄

J/ψ → γγϕ J/ψ → γKsKsη
ss̄

19
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FIG. 1. M(6π) distribution from J/ψ → γ3(π+π−) events.
The dots with error bars are data. The inset shows the data
between 1.75 and 1.95 GeV/c2.

mass threshold is caused by the background processes or
the distortion of the the event selection efficiency.
We perform an unbinned maximum likelihood fit to

the M(6π) spectrum between 1.55 and 2.07 GeV/c2 with
the X(1840) peak represented by the efficiency corrected
Breit-Wigner (BW) function convolved with a Gaussian
function to account for the mass resolution, which is de-
termined to be 4 MeV/c2 from the MC simulation. The
dominant background to the X(1840) peak is from the
non-resonant contribution of J/ψ → γ3(π+π−), whose
shape is obtained through MC simulation and the frac-
tion is free in the fit. The J/ψ → 3(π+π−)π0 back-
ground contributions are estimated with the data-driven
approach as described above. The remaining background
is described by a free second-order polynomial function.
Without explicit mention, all components are treated as
incoherent contributions. The fit quality is significantly
poor, which implies that a single resonant structure fails
to describe the M(6π) spectrum.
To resolve the discrepancy from data, two different

models for the line shape of the structure around 1.84
GeV/c2 are applied to investigate the resonances in the
M(6π) spectrum. With an assumption of the line-shape
of 3(π+π−) above the pp̄ mass threshold affected by the
opening of the X(1840)→ pp̄ decay (model I), we try to
describe the anomalous shape with a Flatté formula [33],

A = |
1

M2 − s− i
∑

j g
2
jρj

|
2

,

where M is a parameter with the dimension of mass, s
is the mass square of the 3(π+π−) combination, ρj is the
phase space for the decay mode j, and g2j is the corre-
sponding coupling strength. The

∑
j g

2
jρj term describes

how the decay width varies with s. Approximately,

∑

j

g2jρj ≈ g20(ρ0 +
g2pp̄
g20
ρpp̄), (1)
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FIG. 2. Fit result of the M(6π) distribution with Flatté for-
mula (a), sum of two coherent BW functions with constructive
interference(b). The dots with error bars are data, the solid
curve in red is the total fit result, the dashed line in blue is the
X(1840) signal for (a), and the sum of X(1840) and X(1880)
for (b), the dash-dotted line in green is the background events
from J/ψ → π03(π+π−), and the dotted line in magenta is
the sum of background.

where g20 is the sum of g2 of all decay modes other than
X(1840)→ pp̄, ρ0 is the maximum two-body decay phase
space volume [29] and g2pp̄/g

2
0 is the ratio between the

coupling strength to the pp̄ channel and the sum of all
other channels. This fit, as illustrated in Fig. 2(a), yields
M = 1.818±0.009 GeV/c2, g20 = 18.0±2.8 GeV2/c4, and
g2pp̄ = 51.4 ± 14.8 GeV2/c4. This model fit has a log L
that is improved over the simple Breit-Wigner one by
42.8. The significance of g2pp̄/g

2
0 being non-zero is 9.2σ.

The goodness of fit is studied using a χ2 test and the χ2

value per number of degrees of freedom (ndof) is found to
be χ2/ndof = 317.9/44, yet not enough to be acceptable
for a good description of data.

A comparison between the fit result of model I and the
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FIG. 4: PWA fit projections on (a) M(γlowφ), (b) M(γhighφ), (c) M(γγ) and the angular

distributions of J/ψ → γγφ, (d) cos(θ) of the radiative γ, (e) cos(θ) of φ in the γhighφ rest

frame, (f) cos(θ) of K+ in the φ rest frame, (g) azimuthal angle of φ in the X rest frame,

and (h) cos(θ) of φ in the γlowφ rest frame. Black dots with error bars represent data and

red lines represent the projections of global fit. Dashed lines represent contributions of each

component in the baseline solution. – 12 –
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η(1405) - η(1475)
◈ The first 0-+ glueball candidate η(1405): mass incompatible with LQCD prediction


◈ η(1295) and η(1475) are generally assigned to be the first radial excitation of the ground states of η and η’


✦ η(1405) - η(1475) puzzle :Whether or not the η(1405) - η(1475) are 1 or 2 states?


◈ PWA of J/ψ→γKsKsπ0: Two isoscalar states η(1405) and η(1475) around 1.4GeV can well fit data


◈ PWA of J/ψ→γγΦ：observed η(1405) with 18.9σ, while η(1475) can not be excluded
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Figure 4. Superposition of data and the MD PWA fit projections for invariant mass distributions
of (a) K0

SK
0
Sπ

0, (b) K0
SK

0
S , and (c) K0

Sπ
0. The cos θ distributions of (d) γ in J/ψ helicity frame,

(e) K0
S and (f) π0 in K0

SK
0
Sπ

0 system helicity frame, (g) K0
S in K0

SK
0
S system helicity frame. The

pull projection of residual is shown beneath each distribution correspondingly.
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J/ψ→γKsKsπ0：

M(η(1405)) = 1391.7 ±0.7 +11.3-0.3 MeV

Γ(η(1405))  =  60.8 ± 1.2 +5.5-12.0 MeV

M(η(1475)) = 1507.6 ±1.6 +15.5-32.2 MeV

Γ(η(1475))  =  115.8 ± 2.4 +14.8-11.0 MeV

J/ψ→γγΦ：

M(η(1405)) = 1422.0 ±2.1 +5.9-7.8 MeV

Γ(η(1405))  =  86.3 ± 2.7 +6.6-12.0 MeV

—> what’s the source of η(1405)?JHEP 03 (2023) 121
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FIG. 4: PWA fit projections on (a) M(γlowφ), (b) M(γhighφ), (c) M(γγ) and the angular

distributions of J/ψ → γγφ, (d) cos(θ) of the radiative γ, (e) cos(θ) of φ in the γhighφ rest

frame, (f) cos(θ) of K+ in the φ rest frame, (g) azimuthal angle of φ in the X rest frame,

and (h) cos(θ) of φ in the γlowφ rest frame. Black dots with error bars represent data and

red lines represent the projections of global fit. Dashed lines represent contributions of each

component in the baseline solution. – 12 –
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Observation of X(2600) in J/ψ → γππη′￼

◈ Besides of X(1835), X(2120), X(2370), , observation of X(2600) with >20  in  

✦ Two decays modes:  


✦ Explanation:  radial excitation or exotic hadron?

ηc σ J/ψ → γππη′￼

X(2600) → f0(1500)/X(1540)η′￼, f0(1500)/X(1540) → π+π−

η

21

Exotic hadron states

PRL129(2022)042001 PRL129(2022)192002 PRD106(2022)072012

Observation of X(2600) in J/ʗ՜ɶɻ഻ʋ+ʋ-

Isoscalar state with exotic quantum numbers JPC=૚ିା
M = ૚ૡ૞૞ േ ૢି૚ା૟ MeV/c2

* = ૚ૡૡ േ ૚ૡିૡା૜ MeV

Observation of K(1855) in J/ʗ՜ɶɻɻ഻

10B 10B

JPC: unknown
M = ૛૟૚ૡǤ ૜ േ ૛Ǥ ૙ି૚Ǥ૝ା૚૟Ǥ૜ MeV/c2

* = ૚ૢ૞ േ ૞ି૚ૠା૛૟ MeV

K radial excitation or exotic hadron?
Critical to establish the 1он hybrid nonet,
Support f0(1710) overlap with glueball. 28

maximum) resolution of the Mπþπ−η0 distribution is around
10 MeV=c2. The structure around 1.5 GeV=c2 in the πþπ−

mass spectrum is described with an efficiency-corrected
interference between the f0ð1500Þ and an additional
resonance, denoted as Xð1540Þ, convolved with a double
Gaussian function describing the detector resolution.
The FWHM resolution of Mπþπ− is about 9 MeV=c2.
Two Breit-Wigner functions are used to describe the line
shape of the two resonances. The contributions from other
processes with the γπþπ−η0 final state are described with
two different fourth order polynomial functions in the
πþπ−η0 and πþπ− mass spectra, and are treated as incoher-
ent. The background contributions from the non-η0 events
and J=ψ → π0πþπ−η0 decays are estimated with the two
different methods as described earlier, and both the mass
line shapes and yields are fixed in the fit.
Figure 2 shows the simultaneous fit results with the two

η0 decay modes in the region with Mπþπ− > 1.2 GeV=c2

and 2.3 < Mπþπ−η0 < 2.85 GeV=c2. The statistical signifi-
cance is determined from the change of −2 ln L (L is the
combined likelihood of simultaneous fit) in the fit with and
without signal assumption, considering the change of
degrees of freedom of the fits. The significances of the
Xð2600Þ, f0ð1500Þ, and Xð1540Þ resonances are all larger

than 20σ. The mass and width of the Xð2600Þ are 2618.3$
2.0 ðstatÞ MeV=c2 and 195$ 5 ðstatÞ MeV, respectively.
The mass and width are 1492.5$ 3.6 ðstatÞ MeV=c2 and
107$ 9 ðstatÞ MeV for the f0ð1500Þ, which are consis-
tent with PDG values [26]. The mass and width for the
Xð1540Þ are M ¼ 1540.2$ 7.0 ðstatÞ MeV=c2 and Γ ¼
157$ 19 ðstatÞ MeV. They are summarized in Table I. If
the mass and width of the Xð1540Þ are fixed to the PDG
values of the f02ð1525Þ [26], the value of ln L becomes
worse by 10 with the number of parameter decrease by 2. It
is known that there are two nontrivial solutions in a fit using
a coherent sum of two Breit-Wigner functions [30]. In the
parametrization of the fit, the two solutions share the same
masses and widths for all the resonances, but have different
interference between the f0ð1500Þ and Xð1540Þ. Both of
the solutions have destructive interference to characterize
the πþπ− mass line shapes around 1.5 GeV=c2, and the
little interference difference is observed, which is taken into
account as one systematic uncertainty on the branching
fraction measurement from the interference assumption.
With selection efficiencies of 19% and 15% for the η0 →
γπþπ− and η0 → πþπ−η, η → γγ modes, respectively, the
branch fractions are measured to be B½J=ψ → γXð2600Þ' ·
B½Xð2600Þ→ f0ð1500Þη0' ·B½f0ð1500Þ→ πþπ−' ¼ 3.09$
0.21 ðstatÞ× 10−5 and B½J=ψ→ γXð2600Þ' ·B½Xð2600Þ→
Xð1540Þη0'·B½Xð1540Þ→πþπ−'¼½2.69$0.19ðstatÞ'×10−5.
The numbers of signal events and branching fractions are
listed in Table II.
The consistency between the two η0 decay channels is

verified by fitting the two channels separately with the
method described above. The fit to the η0 → γπþπ− channel
gives M ¼ 2619.8$ 3.1 ðstatÞ MeV=c2 and Γ ¼ 185$
10 ðstatÞ MeV. For the fit to the η0 → πþπ−η channel,
the mass and width of Xð2600Þ are determined to
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FIG. 2. The πþπ−η0 and πþπ− mass spectra distributions with
the two decay channels of η0, η0 → γπþπ− and η0 → πþπ−η, with
the simultaneous fit results overlaid: (a) and (c) are fit results for
η0 → γπþπ− channel, (b) and (d) are fit results for the η0 → πþπ−η
channel. The dots with error bar are data, the blue solid lines are
the total fits, the red dashed lines describe the Xð2600Þ signal in
the πþπ−η0 mass spectrum, and the structure around 1.5 GeV=c2

in πþπ− mass spectrum, the black dash-dotted lines correspond to
the background described with a polynomial function, and the
green long dashed lines are J=ψ → π0πþπ−η0 and non-η0 back-
ground, the blue dotted lines are the total background, including
the J=ψ → π0πþπ−η0, non-η0 background and polynomial back-
ground.

TABLE I. Masses and widths of the f0ð1500Þ, Xð1540Þ, and
Xð2600Þ. The first uncertainties are statistical, and the second are
systematic.

Resonance Mass (MeV=c2) Width (MeV)

f0ð1500Þ 1492.5$ 3.6þ2.4
−20.5 107$ 9þ21

−7
Xð1540Þ 1540.2$ 7.0þ36.3

−6.1 157$ 19þ11
−77

Xð2600Þ 2618.3$ 2.0þ16.3
−1.4 195$ 5þ26

−17

TABLE II. Branching fractions for J=ψ → γXð2600Þ,
Xð2600Þ → f0ð1500Þ=Xð1540Þη0, f0ð1500Þ=Xð1540Þ → πþπ−.
BF is the product of the three branching fractions involved.
The first uncertainties are statistical, and the second are
systematic.

Case f0ð1500Þ Xð1540Þ
Events 24585$ 1689 21203$ 1456
BF (×10−5) 3.09$ 0.21þ1.14

−0.77 2.69$ 0.19þ0.38
−1.21
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Summary

◈A set of interesting and important results from the light hadron spectra achieved:


✦ Discovery of a glueball-like particle: X(2370) 

✦ Strong correlation between the X(1835) and mppb threshold enhancement. A molecule 
state or a bound state?


✦ Observation of An Exotic 1-+ Isoscalar state η1(1855) and Isovector state 


◈With the more data, the more extensive and intensive investigation is ongoing, looking 
forward to new results in the near future.
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