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Introduction
• Hadrons, the complex building blocks of our 

world, emerge from interaction of quarks and 

gluons as described by QCD 

• NPQCD: How does QCD give rise to hadrons?

• What is the origin of confinement? 

• How is the mass generated in QCD? 

• Best discovery path : hadron spectroscopy
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meson baryons

Quark model 

Asymptotic Freedom
PQCD

Confinement & NPQCD
“World of Hadrons”



Light QCD exotics
• Quark model seems to work really well. Why?

• Key things to search for: additional degree of freedom

• Strong evidences for multi-quark in heavy quark sector

• Evidence for gluonic excitations remains sparse

• Role of gluons: 

• Gluons mediate the strong force

• Hadron constituent: Mass? Quantum numbers? …

• Gluons’ unique self-interacting property

→ New form of matter: glueballs, hybrids

• Gluonic Excitations provide measurements of the QCD potential
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Critical to confinement and mass dynamical generation 

configurations beyond QM



Charmonium decays provide an ideal lab for light QCD exotics
• Clean high statistics data samples

High cross sections of 𝐞+𝐞− → 𝐉/𝛙, 𝛙′

Low background

• Well defined initial and final states
Kinematic constraints
I(JPC) filter

• “Gluon-rich” process 4



• Glueballs

• Spin-exotic states

• Threshold structures & multi-quark states
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Glueballs
• Low-lying glueballs with ordinary 𝐉𝐏𝐂

→ mixing with 𝐪ഥ𝐪 mesons

➢Observe a new peak

➢Challenge: reveal the exotic admixture

• Model-dependent predictions

• mass, width, partial width

• Non-𝐪ഥ𝐪 nature difficult to be established

• Supernumerary states

• Unusual pattern of production and decay
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‘Cryptoexotic’



What we have learned before
-- from MarkIII, BES, Crystal barrel, OBELIX, WA102, GAMS, E852, …
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G.I.-States

0 ?++

2.0

f0(1370), f0(1500), 
f0(1710) 

Scalar：1 nonet in quark model, 𝐟𝟎 & 𝐟𝟎′

Exp: overpopulation

LQCD : ground state 0+ glueball ~1.7 GeV;

Γ J/ψ → γG0+ /Γ𝑡𝑜𝑡𝑎𝑙 = 3.8 9 × 10−3

Tensor: 2 nonets(3P2,
3F2), complicated

Exp: large uncertainty

LQCD：2++(2.3~2.4 GeV);
Γ J/ψ → γG2+ /Γ𝑡𝑜𝑡𝑎𝑙 = 1.1 2 × 10−2

Pseudoscalar: 𝛈 & 𝛈′ ,“simple”

Exp: lacking of info. above 2 GeV; puzzles η(1295)? 
η(1405/1475)?

LQCD： 0-+( 2.3~2.6 GeV)
Γ J/ψ → γG0− /Γ𝑡𝑜𝑡𝑎𝑙 = 2.31 80 × 10−4

e+e- annihilation
𝐩ഥ𝐩 annihilation
central exclusive production
charge-exchange reactions



Scalar glueball candidate: production properties
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• Scalar glueball is expected to have a large 

production in 𝐉/𝛙 radiative decays: 

• LQCD: Γ J/ψ → γG0+ /Γ𝑡𝑜𝑡𝑎𝑙 = 3.8 9 × 10−3

• Observed B(J/ψ → γf0(1710)) is x10 larger 

than f0(1500)

➢BESIII: 𝐟𝟎(𝟏𝟕𝟏𝟎) largely overlapped with 

scalar glueball Natl. Sci. Rev. 8, no.11, nwab198 (2021)

Branching fractions (10−5)

𝐽/𝜓 → 𝛾𝑓0(1500) 𝐽/𝜓 → 𝛾𝑓0(1710)

𝛾𝐾 ഥ𝐾

𝛾𝜂𝜂

𝛾𝜋𝜋

BESIII PRD 87 092009 (2013)
BESIII PRD 92 052003 (2015)
BESIII PRD 98 072003 (2018)



Theoretical insights based on BESIII results
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Eur.Phys.J.C 82, 80 (2022)Phys.Lett.B 816, 136227 (2021) 

f0(1710) largely overlapped with scalar glueball



More scalars
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𝑎0(1710)/𝑎0 1817 ?𝑓0 1800

PRD 87, 032008(2013)
PRD105, L051103 (2022)

𝑓0(1710)/𝑓0 1790 ?

PRL129, 182001 (2022)



Tensor glueball candidate
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Experimental results

BESIII J/ψ → γϕϕ with 1.3B J/ψ

It is desirable to search for more decay modes 

f2(2010), f2(2300) and f2(2340) stated in p-p 
reactions are observed with a strong 
production of f2(2340)
Consist with WA102@CERN

𝐁𝐫 𝐉/𝛙 → 𝛄𝐟𝟐 𝟐𝟑𝟒𝟎 → 𝛄𝛟𝛟 = 𝟏. 𝟗𝟏 ± 𝟎. 𝟏𝟒−𝟎.𝟕𝟑
+𝟎.𝟕𝟐 × 𝟏𝟎−𝟒

BESIII PRD 105,072002 (2022)

𝐁𝐫 𝐉/𝛙 → 𝛄𝐟𝟐 𝟐𝟑𝟒𝟎 → 𝛄𝛈′𝛈′ = 𝟖. 𝟔𝟕 ± 𝟎. 𝟕𝟎−𝟏.𝟔𝟕
+𝟎.𝟏𝟔 × 𝟏𝟎−𝟔

𝐁𝐫 𝐉/𝛙 → 𝛄𝐟𝟐 𝟐𝟑𝟒𝟎 → 𝛄𝛈𝛈 = 𝟑. 𝟖−𝟎.𝟔𝟓−𝟐.𝟎𝟕
+𝟎.𝟔𝟐+𝟐.𝟑𝟕 × 𝟏𝟎−𝟓

BESIII PRD 87,092009 (2013)

BESIII PRD 93, 112011 (2016)

𝐁𝐫 𝐉/𝛙 → 𝛄𝐟𝟐 𝟐𝟑𝟒𝟎 → 𝛄𝐊𝐬𝐊𝐬 = 𝟓. 𝟓𝟒−𝟎.𝟒𝟎−𝟏.𝟒𝟗
+𝟎.𝟑𝟒+𝟑.𝟖𝟐 × 𝟏𝟎−𝟓

BESIII PRD 98,072003 (2018)



Pseudoscalars

Long standing E-𝜄 puzzle
Where is the 0-+ glueball

• LQCD：0-+(2.3~2.6 GeV)
• Does 𝜂 1295 exist?
• What’s the nature of the outnumbered 𝜂 1405 ?

MARKIII
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f0(980) is extremely narrow:   10 MeV. 

PDG: (f0(980))  40~100 MeV. 



Anomalously large isospin violation: 
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BESIII PRL 108 182001(2012)

Isospin-violating decay of η 1405 → f0 980 π0



η 1405 /η(1475) puzzle
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Inspired by BESIII’s observation, the triangle singularity mechanism has 

been proposed
PRL 108 081803 (2012)

BESIII  JHEP 03 121(2023)

Further experimental information from

J/ψ → γKSKSπ0 J/ψ → γγϕ
BESIII PRD97 051101(2018) 

BESIII PRL 108 182001(2012)



X(2370)
BESIII PRL 106, 072002, PRL 117, 042002  
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J/ψ→γη′π+π-

J/ψ → γη′KK BESIII EPJC 80 746(2020) J/ψ → γη′ηη BESIII PRD 103 012009 (2021)



Landscape of glueballs has been updated 
with BESIII’s inputs
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Scalar：1 nonet in quark model, 𝐟𝟎 & 𝐟𝟎′

Exp: overpopulation

LQCD : ground state 0+ glueball ~1.7 GeV;

Γ J/ψ → γG0+ /Γ𝑡𝑜𝑡𝑎𝑙 = 3.8 9 × 10−3

Tensor: 2 nonets(3P2,
3F2), complicated

Exp: large uncertainty

LQCD：2++(2.3~2.4 GeV);
Γ J/ψ → γG2+ /Γ𝑡𝑜𝑡𝑎𝑙 = 1.1 2 × 10−2

Pseudoscalar: 𝛈 & 𝛈′ ,“simple”

Exp: lacking of info. above 2 GeV; puzzles η(1295)? 
η(1405/1475)?

LQCD： 0-+( 2.3~2.6 GeV)
Γ J/ψ → γG0− /Γ𝑡𝑜𝑡𝑎𝑙 = 2.31 80 × 10−4

✓Large production rate of 
f0(1710) in 𝐉/𝛙 radiative decays

✓Large production rate of 
f2(2340) in 𝐉/𝛙 radiative decays

✓Non-observation of 𝛈(𝟏𝟐𝟗𝟓)

✓𝛈(𝟏𝟒𝟎𝟓/𝟏𝟒𝟕𝟓) one state?➔
manifestations of TS

✓𝐗 𝟐𝟑𝟕𝟎 → various decay modes



• Glueballs

• Spin-exotic states

• Threshold structures & multi-quark states
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Light hadrons with exotic quantum numbers

• Unambiguous signature for exotics
• Light Flavor-exotic hard to establish
• Efforts concentrate on Spin-exotic

• Forbidden for 𝐪ഥ𝐪:
𝐉𝐏𝐂 = 𝟎−−, 𝐞𝐯𝐞𝐧+−, 𝐨𝐝𝐝−+
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Ԧ𝐉 = Ԧ𝐋 + Ԧ𝐒 𝐏 = −𝟏 𝐋+𝟏 𝐂 = −𝟏 𝐋+𝐒

Allowed 𝐉𝐏𝐂: 𝟎−+, 𝟎++, 𝟏−−, 𝟏+−, 𝟐++, …

Experiments:

• Hadroproduction: E852, VES, COMPASS, GAMS

• 𝐩ഥ𝐩 annihilation: Crystal Barrel, OBELIX, PANDA(under 

construction)

• Photoproduction: GlueX(2017-), CLAS



Spin-exotic mesons
• Only 3 candidates so far: All 𝟏−+ isovectors

• Experimental and interpretational issues
• π1 1400 & π1 1600 can be explained as one pole
• Most popular interpretation: hybrid
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1−+ Hybrids
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• Isoscalar 𝟏− + is critical to establish the 

hybrid nonet

• Can be produced in the gluon-rich 

charmonium decays

• Can decay to 𝛈𝛈′ in P-wave

→ Search for 𝛈𝟏 (𝟏− +) in 𝐉/𝛙 → 𝛄𝛈𝛈′

PRD 83,014021 (2011), PRD 83,014006 (2011), EP.J.P 135, 945(2020)



Observation of An Exotic Isoscalar State η1(1855) (1− +) in J/ψ → γηη′

• The η′ is reconstructed from γπ+π− & ηπ+π−, η
from γγ

• Partial wave analysis of J/ψ → γηη′

• Quasi two-body decay amplitudes in the sequential 
decay processes J/ψ → γX, X → ηη′ and J/ψ →
ηX, X → γη′ and J/ψ → η′X, X → γη are constructed 
using the covariant tensor formalism and GPUPWA*

• An isoscalar 𝟏−+ , 𝛈𝟏(𝟏𝟖𝟓𝟓), has been 
observed in 𝐉/𝛙 → 𝛄𝛈𝛈′ (>19𝝈)
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Phys. Rev. Lett. 129, 192002 (2022), Phys. Rev. D 106, 072012 (2022)

• Mass is consistent with LQCD calculation for the 𝟏− + hybrid (𝟏. 𝟕~𝟐. 𝟏 𝐆𝐞𝐕/𝐜𝟐)
• Hybrid? Molecule? Tetraquark?

𝐌 = 𝟏𝟖𝟓𝟓 ± 𝟗−𝟏
+𝟔 𝐌𝐞𝐕/𝒄𝟐, 𝚪 = 𝟏𝟖𝟖 ± 𝟏𝟖−𝟖

+𝟑 𝐌𝐞𝐕/𝒄𝟐

𝐁 𝐉/𝛙 → 𝛄𝛈𝟏 𝟏𝟖𝟓𝟓 → 𝛄𝛈𝛈′ = 𝟐. 𝟕𝟎 ± 𝟎. 𝟒𝟏−𝟎.𝟑𝟓
+𝟎.𝟏𝟔 × 𝟏𝟎−𝟔

*World’s first PWA framework with GPU acceleration



• Angular distribution as a function of M(ηη′)

expressed model-independently

• Related to the spin-0(S), spin-1(P), spin-2(D) 

amplitudes in ηη′ by:

• Narrow structure in 𝑌1
0

➢Cannot be described by resonances in 𝛄𝛈 𝛈′

• 𝛈𝟏 𝟏𝟖𝟓𝟓 → 𝛈𝛈′ needed

Further Checks on the 1− + State η1(1855)
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Data – Sideband
PWA fit projection (baseline fit)
Alternative fit without 𝜼𝟏

𝑌𝑙
0 ≡ 

𝑖=1

𝑁𝑘

𝑊𝑖𝑌𝑙
0(𝑐𝑜𝑠𝜃𝜂

𝑖 )



Further Checks on the 1− + State 𝜂1(1855)

• Change 𝐉𝐏𝐂 of η1(1855): log-likelihood ↓235 

➢ 𝐉𝐏𝐂 prefer 𝟏− +

• Remove BW phase motion of η1(1855): log-
likelihood ↓43 

➢ Resonance structure needed

• Assuming η1(1855) as additional resonance, 
evaluate its significance with various masses and 
widths

➢Significant 1− + contribution around 
1.8 GeV/c2 needed

• Systematic uncertainties are studied, and 
significance of η1 1855 remains larger than 
𝟏𝟗𝛔 in all cases

23

significance of 𝜂1(1855) with various 
masses and widths



Discussions about f0(1500) & f0(1710)
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• Significant f0(1500)

B(f0 1500 → ηη′)

B(f0 1500 → ππ)
= 1.66−0.40

+0.42 × 10−1

• Absence of 𝐟𝟎(𝟏𝟕𝟏𝟎)

B(f0 1710 → ηη′)

B(f0 1710 → ππ)
< 2.87 × 10−3 @90% C. L.

➢Supports to the hypothesis that f0(1710)
overlaps with the ground state scalar glueball

• Scalar glueball expected to be suppressed
B G → ηη′ /B G → ππ < 0.04

consistent with PDG



Observation of An Exotic 𝟏− + Isoscalar State 𝛈𝟏(𝟏𝟖𝟓𝟓)

• Opens a new direction to completing the picture of spin-exotics

• LQCD: B J/ψ → γη1(hybrid) ~O 10−5 [Phys.Rev.D 107 (2023) 5, 054511] 

• Inspired many interpretations: Hybrid/𝐊ഥ𝐊𝟏Molecule/Tetraquark?
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Phys.Rev.D 107 (2023) 7, 074028;

Rept.Prog.Phys. 86 (2023) 026201;

Sci.China Phys.Mech.Astron. 65 (2022) 6, 261011;

CPC 46 , 051001(2022);

CPL 39, 051201 (2022);

PLB 834, 137478(2022);

PRD 106 , 074003(2022);

PRD 106, 036005(2022) ; …

& Summary of Topical Group on Hadron Spectroscopy (RF07) of 

Snowmass 2021, 4 white papers as well



• Glueballs

• Spin-exotic states

• Threshold structures & multi-quark states
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𝑎0 980 − 𝑓0 980 mixing

• First direct measurement with > 5𝜎

27PR D75 114012, PR D76 074028 PR D78 074017

• The nature of ground state scalar a0 980
and f0 980 are controversial  

• 𝑎0 980 − 𝑓0 980 mixing is an important 
probe to the internal structure of a0 980
and f0 980

qതq, KഥK molecules, tetraquarks, hybrids,…？



Structures around pതp threshold
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J/ψ→γη′π+π−

J/ψ→γKsKsη

Anomalous line shape near pതp threshold: 
connection between X(1835) and X( 𝐩ഥ𝐩 )   

BESIII PRL 117, 042002 (2016) 

BESIII PRL 115, 091803 (2015) 

JPC of X(1835) is determined to be 0-+



Power of statistics
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BESIII PRL 129, 042001 (2022)

58 M 𝐉/𝛙

225M 𝐉/𝛙

1.3B 𝐉/𝛙

10B 𝐉/𝛙

BESII PRL 95 262001(2005) 

BESIII PRL 106 072002(2011) 

BESIII PRL 117 042002(2016) 

Observation of
X(1835)

Observation of
X(2120), X(2370)

Observation of
anomalous line shape

Observation of
X(2600)

J/ψ → γπ+π−η′



Observation of X(1835), X(2120) and X(2370) in J/ψ EM Dalitz Decays

• Confirmation of 𝐗 𝟏𝟖𝟑𝟓 , 𝐗 𝟐𝟏𝟐𝟎 , 𝐗 𝟐𝟑𝟕𝟎 previously observed in J/ψ →
γπ+π−η′
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𝟏𝟓. 𝟏𝝈

𝟓. 𝟑𝝈
𝟕. 𝟑𝝈

PRL 129 (2022) 2, 022002

3.2𝝈

𝟏𝟓. 𝟏𝝈

𝟓. 𝟑𝝈
𝟕. 𝟑𝝈

3.2𝝈

J/ψ → 𝐞+𝐞−π+π−η′

reconstruct η′ from γπ+π−(left) & η(→ γγ)π+π− (right)



Observation of X(1835), X(2120) and X(2370) in J/ψ EM Dalitz Decays

• Measurement of the Transition Form Factor of J/ψ → e+e−X(1835)

➢the structure-dependent partial width can be modified by 
transition form factor, which provides information of the EM 
structure

31

J/ψ → e+e−π+π−η′

𝑑𝛤 𝐽/𝜓 → 𝑋 1835 𝑒+𝑒−

𝑑𝑞2𝛤(𝐽/𝜓 → 𝑋 1835 𝛾)
= 𝐹 𝑞2 2

× [𝑄𝐸𝐷(𝑞2)]

𝐹 𝑞2 =
1

1 − 𝑞2/𝛬2

𝛬 = 1.75 ± 0.29 ± 0.05 𝐺𝑒𝑉/𝑐2

PRL 129 (2022) 2, 022002



Narrow structure in 𝑝ഥΛ

• Different scenarios investigated: baryonium state [PRD74,014029], 

baryon-antibaryon SU(3) nonets [PLB626,95], final state interaction 

[IJMPA22,5401], …
32



𝑒+𝑒− → 𝑝𝐾−ഥΛ
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arXiv:2303.01989

• Significant near threshold enhancement in the 𝑝ഥΛ
• X(2085):

• observed with statistical significance > 20σ

• 𝐽𝑃 = 1+ with statistical significance > 5σ over other quantum 

numbers

• No matching with any state predicted by the potential model + 

narrow width ➔exotic properties of X(2085)

• Same structure as in PRL93, 112002 ?

6 different center of mass energies between 4.008 GeV to 4.682 GeV



Prospects

• Data with unprecedented statistical accuracy from BESIII provides great 

opportunities to study light hadron spectroscopy

• Further reveal the gluonic admixture in f0 1710 , f2 2340 , X 2370 with 

more production and decay mechanisms

• Coupled channel analyses; Two-photon process; Flavor filters; ……

• Based on η1(1855), systematically explore the multiplet of spin-exotics

• 𝛈𝟏
(′)

and 𝛑𝟏 in various J/ψ and χc decays 

• Clarify the nature of threshold structures, such as X(pതp) and X(1835)

• Search for more new baryon excitations

34More interesting results are expected



Summary

• Understanding how hadron spectroscopy are generated from QCD 

remains a key question in fundamental physics, which requires

• both heavy and light sectors; various probes 

• BESIII has a crucial and unique role to play in the world-wide effort 

to explore the property of QCD in the non-perturbative regime

• Charmonium decays provide an ideal lab for light QCD exotics and 
produced many exciting results

• X(1835)/ X(𝐩ഥ𝐩) , X(2370), Spin-exotic 𝛈𝟏(𝟏𝟖𝟓𝟓) ,……

• Critical collaboration with theory
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Precision
measurement

Resonance 
properties

QCD
PWA Models

LQCD



Thank you
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