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Non-Perturbative QCD
--how did the complex building blocks of our world come into being

Quark model seems to work really 
well. But, how does QCD give rise 
to hadrons?
• What is the origin of confinement?
• How is the mass generated in QCD? How 

are confinement and chiral symmetry 
breaking connected?

• What role do gluonic excitations play in the 
spectroscopy of light mesons, and can they 
help explain quark confinement?



QCD exotics
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Phys.Rept. 873 (2020) 1 Two general approaches:
• Manifested exotics, e.g.

• quantum numbers incompatible 
with QM states

• flavor: Charged-charmonium
• With internal exotic structure, no 

model free signature
• Outnumbering of conventional QM 

states
• Abnormal masses & decay 

properties…

“Discovery experiment” with high 
precision
-- Need a well understood conventional 

hadron picture

What are the properties of the 
predicted states beyond simple QM?
Gluonic Excitations provide a 
measurement of the excited QCD 
potential



Charmonium decays provide an ideal lab 
for light hadron physics

• Clean high statistics data samples

• Well defined initial and final states
• Kinematic constraints

• I(JPC) filter

• “Gluon-rich” process
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10x109

(2019)

0.5x109

(+2.5x109 

in 2021)

2.9 fb-1

(20 fb-1 

in 2022)

0.5 fb-1

3.2 fb-1

1.9 fb-1

1.1 fb-1

~20 fb-1 XYZ scan data

~0.8 fb-1 R scan, 104 pts 

~ 0.6 fb-1 R scan 

BEPCII/BESIII, 2008 − 2030

Ecms = 2.0 − 4.9 GeV，

L = 1 × 1033/cm2s

Future Physics Programme of BESIII [arXiv:1912.05983]

From 

2020

BESIII data sets

1.7 fb-1

In 2021



A few highlights

• Search for glueballs and hybrids

------

• Structures near NഥN threshold
• X(pതp) and X(1835)

• Scalars near KഥK threshold
• a0 980 − f0(980) mixing
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Glueball
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Glueballs from Lattice simulations in 
the pure gauge theory without quarks 

Phys. Rev. D 73, 014516  

Low lying glueballs with ordinary QN
mixing with qqbar mesons

Systematic studies are required to solve the 
long standing puzzle
• Outnumbering of conventional QM states
• Abnormal properties

• Direct evidence of the most fascinating property of QCD --
gluon self interaction 

• Critical information on the gluon field and the quantitative 
understanding of confinement



What we have learned so far 
--from MarkIII, CLEO, BES(I, II), Crystal barrel, OBELIX, WA102, GAMS, E852, …
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Scalar：overpopulation

• LQCD : ground state 0+ glueball 
~1.7 GeV, first excitation ~2.1
GeV

Tensor：large uncertainty

• LQCD：2++(2.3~2.4 GeV)

Pseudoscalar：very little known 
above 2 GeV, puzzles in low mass 
region

• LQCD：0-+(2.3~2.6 GeV)

f (1920)2

f (1810)2

f (1980)2

(2230)

f (2350)2
f (2200)2

f (2050)2

1.8

2.2

100

200

300

M



G.I.-States

0 ?++

2.0

f0(1500) VS f0(1710) 

E-𝜄 puzzle



Amplitude analysis of J/ψ → γηη/KS
0KS

0
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Br of f0(1710) ~10x larger than f0(1500)



Scalar glueball candidate
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Experimental results

f0(1710) largely overlapped with scalar glueball



Tensor glueball candidate
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Experimental results

BESIII J/ψ → γϕϕ

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 central exclusion 
production in WA102



Pseudoscalar glueball

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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The small number of expected pseudoscalars in the quark model provide a clean and 
promising environment for the search of glueballs



f0(980) is extremely narrow:   10 MeV. 

PDG: (f0(980))  40~100 MeV. 



Anomalously large isospin violation: 

J/


(1405/1475) 

f0(980) 

p

p
p
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BESIII PRL 108 182001

Isospin-violating decay of 
η 1405 → f0 980 π0



Isospin-violating decay of η 1405 → f0 980 π0
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No need for two pseudoscalars around 1.4 GeV
Look for pseudoscalar glueball in higher mass region
Manifestations of triangle singularity in various process

[e.g. Rev.Mod.Phys. 90 (2018) 015004, Prog.Part.Nucl.Phys. 112 (2020) 103757 ]

Inspired by BESIII’s observation, the triangle singularity mechanism plays an 

important role in the study of threshold phenomena 

[Phys.Rev.Lett. 108 (2012) 081803]



Structures >2 GeV

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

X(2370)
J/ψ → γη′KK BESIII Eur.Phys.J.C 80 (2020) 8, 746

8.3σ



Landscape of glueballs has been updated with 
BESIII’s inputs
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Scalar：Overpopulation

• LQCD : ground state 0+ glueball 
~1.7 GeV, first excitation ~2.1
GeV

Tensor：large uncertainty

• LQCD：2++(2.3~2.4 GeV)

Pseudoscalar：very little known 
above 2 GeV, puzzles in low mass 
region

• LQCD：0-+(2.3~2.6 GeV)

 Strong production of 
f0(1710)/f0(2100) in 𝐉/𝛙 →
𝛄 𝛈𝛈/𝐊𝐊/𝛑𝛑

 Strong production of 
f2(2340) in 𝐉/𝛙 → 𝛄𝛈𝛈/𝐊𝐊/
𝛑𝛑/𝛟𝛟

 Trajectory：

• η(1405) /η(1475) can be 
one resonance

Above 2 GeV: X(2370)?



Hybrids

Only 𝜋1 canditates are observed



Hybrids

• 𝝌𝒄𝟏 provides another suitable environment to look for 1-+

• 𝝅𝟏(1600)  studied in 𝝌𝒄𝟏 → 𝜼′𝝅+𝝅− by CLEO-c 
• only 𝝅𝟏(1400) has been reported decays to 𝜼𝝅

• Clear evidence for a2(1700) in χc1decays.
• First measurement of  𝒈𝜼′𝝅

′ ≠ 0 using 𝒂𝟎 𝟗𝟖𝟎 → 𝜼𝝅 line shape.

• Measured upper limits for 𝝅𝟏(𝟏
−+) in 1.4 - 2.0 GeV/c2 region.

BESIII PR D95, 032002(2017) 

[PRD 84 112009(2011)]



Hybrids
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 Establishing a spectrum of hybrids is necessary. Isoscalar 1-+ is 
critical

 Isoscalar 1-+ is expected to be produced J/ψ radiative decays
 J/ψ → γ + a1𝜋/ηf1/K1K/ηη

′/ηf2 /…,
 Synergies between other experiments
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10B J/ and 3B ’ provide great opportunities to 
mapping the spectrum of light mesons and gluonic excitations

0+ 2+ 0-

J/ψ→γPP

J/ψ→γVV

J/ψ→γPPP

J/ψ→γPPPP

 0+, 2+ : coupled channel analysis 

 J/ψ→γPP

 J/ψ→ω/φ + X

 0- : trajectory >2 GeV, X(2370)

 J/ψ→γPPP

 J/ψ→γγ V 

 1-+

 J/ψ→γ𝜂1
(′)

 𝜒𝑐1 → 𝜂𝜂1
(′)
, 𝜋𝜋1

J/ψ→γX →γ γ V 

Flavor Filters：

J/ψ→ω/φ + X

Anti filter: 



A few highlights

• Search for glueballs and hybrids

------

• Structures near NഥN threshold
• X(pതp) and X(1835)

• Scalars near KഥK threshold
• a0 980 − f0(980) mixing
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X(1835)/X 𝑝 ҧ𝑝 ’s structure at 𝑝 ҧ𝑝 threshold

• Anomaly line shape of X(1835)
is observed in 𝑝 ҧ𝑝 threshold

• 𝑝 ҧ𝑝 molecule-like state ?
bound state ?



𝑎0 980 − 𝑓0 980 mixing
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Significance of 𝑎0 − 𝑓0 mixing signal VS. coupling of 𝑎0(𝑓0) → KK

7.4 σ

5.5 σ

First direct measurement with > 5𝜎 , [BESIII PRL 121 022001]



Explore light hadrons with charmed meson decays

BESIII measurements:
PRL 121, 081802 (2018)
PRL 122, 062001 (2019)

In the SU(3) symmetry limit, 
PR D82, 034016 (2010)

𝑅𝐵𝐸𝑆𝐼𝐼𝐼 > 2.7 @ 90% C.L.



Summary

• Understanding how the strong interaction of quarks and 
gluons generate the structures and properties of hadrons 
remains an interesting (and important) question
• The light quark sector is more complicated, but indispensable

• Different experiments with complementary information are needed

• BESIII has a unique role to leading the efforts
• Unprecedented high-statistics data sets of charmonia provide a 

gluon rich environment. Will continue to run for ~10 years

• To fully explore the data sets, more advanced tools and closer 
experiment<->theory cooperation  are needed

Thank you for your attention





Other information on scalars
Two photon couplings Bs → J/ψf0

is selective for ss
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PLB 797 (2019) 134789

observation of f0(1500) , 
non-observation of f0(1710)

However, a scalar in γγ → π0π0

Belle PRD 78 052004

“Stickness”

PDG2018

Assignment requires further study with more sophisticated model

f0(1370)? f0(1500)? 



Central Exclusive Production

From  R. McNulty, Snowmass2021 Workshop



pതp threshold enhancement X(pതp)

• First observed in J/ψ → γpതp at BESII, 
confirmed by BESIII and CLEO-c

• PWA of J/ψ → γpതp : JPC = 0−+

• The fit with a BW and S-wave FSI (I=0) factor 
can well describe pതp mass threshold structure

• Non-observation in hadronic decays: not 
from pure FSI

29

PRL 108 112003

PR D87 112014 PR D93 052010 PR D99 112010



X(1835)

• Observed by BESII in J/ψ→γη′π+π-, 
confirmed at BESIII

• PWA of J/ψ→γKsKsη
• X(1835)→𝐾𝑆𝐾𝑆𝜂 is observed (the 𝐾𝑆𝐾𝑆

system is dominantly produced through 
the f0(980))

• JPC=0-+
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PRL 106 072002

PRL 115 091803


