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Hadrons
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• Dominant part of visible matter in the universe

• To fully understand the strong interaction

• Understanding the rich and complex features of its 

bound states, hadrons

➢How are hadrons formed from quarks and gluons?

➢What is the origin of confinement? 

➢How is the mass of hadron generated in QCD?

➢What is the dynamics of effective DoF in hadrons?
courtesy to S. Olsen
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Light hadrons

Structure Spectroscopy Interactions

Precision tests

& rare phenomena



Hadron spectroscopy

• Key to access the effective degree of freedom of QCD

• Strong evidences for multi-quark in heavy quark sector

• Evidence for gluonic excitations remains sparse

• Crucial info for strong force and QCD vacuum
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Phys.Rept. 873 (2020) 1

https://qwg.ph.nat.tum.de/exoticshub/

Manifestly exotic: with forbidden QN
Flavor exotic: 𝑍𝑐 , 𝑇𝑐𝑐 , 𝑇𝜓𝜓 … …

Spin exotic: 𝐉𝐏𝐂 = 𝟎−−, 𝐞𝐯𝐞𝐧+−, 𝐨𝐝𝐝−+

Crypto exotic: with QN as 𝐪ഥ𝐪
Supernumerary states - -> glueball
Abnormal properties

+ Kinematic effects 

Physical meson
A linear superposition of all allowed 
color-singlet configurations

Identification of exotics 
is challenging

QCD exotics



Charmonium decays provide an ideal lab for Gluonic Excitations 

• Gluon-rich process

• Well defined initial and final states

- Kinematic constraints

- Isospin and JPC filters

• Clean high statistics data samples: 𝟏𝟎 × 𝟏𝟎𝟗 𝐉/𝛙 and 𝟐. 𝟕 × 𝟏𝟎𝟗 𝛙′ @ BESIII

- High cross sections of 𝐞+𝐞− → 𝐉/𝛙, 𝛙′

- Low background 5



Light hadrons with exotic quantum numbers

• Finding unambiguous signature for exotics

• 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: GAMS, VES, E852, COMPASS, 

AMBER

• 𝐩ഥ𝐩 annihilation: Crystal Barrel, OBELIX, PANDA

• Photoproduction: GlueX, CLAS



Predictions
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PRD 88 094505(2013)

Decay width of 𝟏−+ hybrid 𝜋1

On lattice,
• Meson excitations similar to quark model
• Hybrid supermultiplet: 𝟎−+, 𝟏−−, 𝟐−+, 𝟏−+

• Lightest spin-exotic state in LQCD: 𝟏−+ hybrid

Mass of 𝟏−+ hybrid

PRD 103, 054502(2021)

1976



Spin-exotic mesons
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Decay
mode

Reaction Experiment

π1(1400)
ηπ

𝜋−𝑝 → 𝜋−𝜂𝑝
𝜋−𝑝 → 𝜋0𝜂𝑛
𝜋−𝑝 → 𝜋−𝜂𝑝
𝜋−𝑝 → 𝜋0𝜂𝑛

ҧ𝑝𝑛 → 𝜋−𝜋0𝜂
ҧ𝑝𝑝 → 𝜋0𝜋0𝜂

GAMS
KEK
E852
E852
CBAR
CBAR

ρπ ҧ𝑝𝑝 → 2𝜋+2𝜋− Obelix

π1(1600)

η’π
𝜋−𝐵𝑒 → 𝜂′𝜋−𝜋0𝐵𝑒

𝜋−𝑝 → 𝜋−𝜂′𝑝
VES

E852

b1π
𝜋−𝐵𝑒 → 𝜔𝜋−𝜋0𝐵𝑒

ҧ𝑝𝑝 → 𝜔𝜋+𝜋−𝜋0

𝜋−𝑝 → 𝜔𝜋−𝜋0𝑝

VES
CBAR
E852

ρπ
𝜋−𝑃𝑏 → 𝜋+𝜋−𝜋−𝑋
𝜋−𝑝 → 𝜋+𝜋−𝜋−𝑝

COMPASS
E852

f1π
𝜋−𝑝 → 𝑝𝜂𝜋+𝜋−𝜋−

𝜋−𝐴 → 𝜂𝜋+𝜋−𝜋−𝐴
E852
VES

π1(2015)
f1π 𝜋−𝑝 → 𝜔𝜋−𝜋0𝑝

E852
b1π 𝜋−𝑝 → 𝑝𝜂𝜋+𝜋−𝜋−

• Candidates over 3 decades

• π1 1400 , π1 1600 , π1 2015 (needs 
confirmation), all isovetors

Review: PRC 82, 025208 (2010)， PPNP 82, 
21 (2015), EPJC 83 (2023) 1125

[PRL 122, 042002 (2019), EPJ C 81, 1056 (2021]）
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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), EPJ P135, 945(2020)

1−+ Hybrids



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

• An isoscalar 𝟏−+ , 𝛈𝟏(𝟏𝟖𝟓𝟓), has been 
observed in 𝐉/𝛙 → 𝛄𝛈𝛈′ (>19𝝈)

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

• Mass consistent with hybrid on LQCD

• 𝛈𝛈′ in P-waves uniquely indicates 𝟏−+ exotic 
quantum numbers
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PRL 129 192002(2022) , PRD 106 072012(2022)



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

• Inspired many interpretations: 
Hybrid/𝐊ഥ𝐊𝟏Molecule/Tetraquark?

NPA 1047 122874(2024); Rept.Prog.Phys. 86 (2023) 026201; 
PRD 107 (2023) 7, 074028; SCPMA 65 (2022) 6, 261011; 
CPC 46 , 051001(2022); CPL 39, 051201 (2022); 
PLB 834, 137478(2022); PRD 106 , 074003(2022); PRD 106, 
036005(2022) ;…

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

• As a “recent achievements and highlights”and
a“future directions” in hadron spectroscopy in 
the NuPECC LRP

• 50 years of QCD: Exotic mesons, “observation 
of an 𝜼𝟏(𝟏𝟖𝟓𝟓) state could be a breakthrough”
[EPJ.C 83 (2023) 1125]

PRL 129 192002(2022) , PRD 106 072012(2022)



Studies of π1 in χc1 → π+π−η(′)
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PR D84 112009 (2011)
𝟐. 𝟔 × 𝟏𝟎𝟕 ψ 3686 @CLEO − c

PR D95 032002(2017)
44.8 × 107 ψ 3686 @BESIII

𝟐. 𝟕 × 𝟏𝟎𝟗 ψ 3686 @BESIII [New]

No evidence of 
𝜋1 → 𝜂𝜋

Evidence of 𝜋1 → 𝜂′𝜋
（without significant 
BW phase motion）

• 𝝅𝟏 𝟏𝟔𝟎𝟎 observed>𝟏𝟎𝝈

• with a significant BW 

phase motion

• 𝐉𝐏𝐂= 𝟏−+, better than other 

assignments well over 10𝜎
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• What are the nature of 𝛑𝟏 𝟏𝟔𝟎𝟎 and 𝛈𝟏(𝟏𝟖𝟓𝟓) ?

• Decay: e.g. for η1, J/ψ → γ + ηf1, K1
ഥK

• Production: e.g. for η1, J/ψ → ωηη′ , ϕηη′

• Where is the 𝛈𝟏
(′)

?

• Does 𝐊𝟏 exist and how to identify it?

• Where are the other JPC = 0−−, even+−, odd−+

states?

• New results from COMPASS, AMBER, BESIII, GlueX
and PANDA are eagerly awaited. Stay tuned

1−+ Hybrids



Glueballs

• Glueballs are the most direct prediction of QCD
• Color singlets as a consequence of the gluon self-interactions

• Essential for understanding of confinement and mass 
dynamical generation

• Theoretical predictions from lattice QCD and QCD-
inspired models mostly consistent

• Light-mass glueballs: JPC = 0++, 2++, 0−+

14

arXiv:2305.04869

Yang-Mills glueballs on lattice
(quenched and unquenched)

𝟎++

𝟐++ 𝟎−+

PRD 73 014516 (2006) 

YM mass gap,
a $1M problem

non-𝐪ഥ𝐪 nature with ordinary 
quantum numbers is 
difficult to establish



• Supernumerary states w.r.t. quark model

• A priori, mixed with nearby 𝐪ഥ𝐪

• Assignment of some qതq multiplets is difficult

• Detailed and accurate information about 

couplings to production and decay channels is 

required

• Strongly produced in gluon-rich processes

• Decay: gluon is flavor-blind

• SU 3 flavor symmetry expected, but differing quark 

masses leads exceptions

• No rigorous predictions on decay patterns

• Could be analogy to OZI suppressed decays of 

charmonium, as they all decay via gluons [PLB 380 

189(1996), Commu. Theor. Phys. 24.373(1995)] 15

[Phys. Rept. 454 1]

BESIII, MRKIII…

WA102, GAMS…

Crystal barrel, OBELIX…

Charmonium decays:

𝐩ഥ𝐩 annihilation:

pp double-Pomeron exchange:

gluon-rich processes

Glueball hunting for over 40 years
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• Supernumerary scalars suggest additional degrees of freedom

• However, mixing scenarios are controversial

• Measured B(J/ψ → γf0(1710)) is x10 larger than f0 1500

BESIII [PRD 87 092009, PRD 92 052003, PRD 98 072003]

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

➢BESIII: 𝐟𝟎(𝟏𝟕𝟏𝟎) largely overlays with the scalar glueball

• Further more, suppression of 𝐟𝟎 𝟏𝟕𝟏𝟎 → 𝛈𝛈′ supports 

𝐟𝟎 𝟏𝟕𝟏𝟎 has a large overlap with glueball

BESIII [PRD 106 072012(2022)]

Scalar glueball candidate

[PRL 110, 091601(2013)]



Identification of scalar glueball with 
coupled-channel analyses based on BESIII data 
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Eur.Phys.J.C 82, 80 (2022)Phys.Lett.B 816, 136227 (2021) 
Eur.Phys.J.C 83 1125(2023) 

f0(1710) largely overlapped with scalar glueball
Production rate: 5.8 1 × 10−3
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Experimental results

BESIII J/ψ → γϕϕ [PRD 93, 112011 (2016)]

• f2(2010), f2(2300) and f2(2340) in pp 
reactions are all observed in 𝐉/𝛙 →
𝛄𝛟𝛟 with a strong production of f2(2340)

• Consistent with double-Pomeron 
exchange from 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)

still desired to study more decay modes

Indications of tensor glueball

More complicated due to the large number of tensor states



• Pseudoscalar sector, a promising window

• [Future Physics Programme of BESIII(2020)， CPC 44, 040001]

• Only η, η′ (& radial excitations) from quark model

• Mass

• LQCD：0-+ glueball (2.3~2.6 GeV)

• Puzzles remain in low mass region

• Production

• LQCD: Γ J/ψ → γG0− /Γtotal = 2.31 80 × 10−4, at the same 
level as 0-+ mesons

• Decays

• Possible guidance: OZI suppressed decays of 𝛈𝐜

• 0−+ → 3P is a good place to look for 

• 0−+ → 2P is forbidden

• 0−+ → 3P can via S-wave, while 0+ or 2+ is suppressed 19

Where is the 0-+ glueball

ηc → 3 P in PDG

• No dominant decay
• Flavor symmetric

[PRD.100.054511(2019)]



• Discovered by BESIII in 𝐉/𝛙 → 𝛄𝛈′𝛑𝛑 in 2011

• Confirmed by BESIII in J/ψ → γη′ππ, 𝛄𝛈′𝐊𝐊 (new mode)
• Not seen in J/ψ → γη′ηη [BESIII PRD 103 012009 (2021)], J/ψ →

γγϕ [BESIII PRD.111.052011(2025)]. Upper limits of BF are well 

consistent with predictions of 0−+glueball
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BESIII PRL 106, 072002(2011) 

BESIII EPJC 80 746(2020) 

A glueball-like state 𝑿(𝟐𝟑𝟕𝟎)
𝐉/𝛙 → 𝛄𝛈′𝛑𝛑

𝐉/𝛙 → 𝛄𝛈′𝐊𝐊

BESIII PRL 117, 042002  (2016)

• Mass consistent with LQCD prediction for 𝟎−+ glueball



• Spin-parity determined to be 𝟎−+

21

A glueball-like state 𝑿(𝟐𝟑𝟕𝟎)

BESIII PRL 132, 181901(2024)𝐉/𝛙 → 𝛄𝛈′𝐊𝐒
𝟎𝐊𝐒

𝟎

Highlights of ICHEP2024

[BESIII whitepaper(2020)， CPC 44, 040001]

As promised
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• A first-time determination of 𝐉𝐏𝐂=𝟎−+

• Mass and production rate consistent with LQCD 

• Decay modes 𝐗 𝟐𝟑𝟕𝟎 → 𝛈′𝛑𝛑, 𝛈′𝐊𝐊, 𝐊𝐒
𝟎𝐊𝐒

𝟎𝛈, 𝐊𝐒
𝟎𝐊𝐒

𝟎𝛑𝟎, 𝛈𝛑𝟎𝛑𝟎, 𝐚𝟎
𝟎(𝟗𝟖𝟎)𝛑𝟎, 

in analog to 𝛈𝐜 with OZI-suppressed style 

Qualitatively consistent with 𝟎−+ glueball 

𝐗(𝟐𝟑𝟕𝟎) observed in the gluon-rich 𝐉/𝛙 radiative decays

*η(2320) → ηηη, ηππ [PL 
B496 145(2000)] could be 
the same state



“Discovering” glueball with BESIII’s inputs

23definitively manifest the gluonic degrees of freedom yet?



Threshold structures
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PRL 129, 042001 (2022)

58 M 𝐉/𝛙

225M 𝐉/𝛙

1.3B 𝐉/𝛙

10B 𝐉/𝛙

PRL 95 262001(2005) 

PRL 106 072002(2011) 

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 → 𝛄𝟑 𝛑+𝛑−

PRL 132,151904 (2024)

J/ψ → γπ+π−η′



Baryon spectroscopy

𝜓 2𝑆 → ҧ𝑝𝑝𝜋0/𝜂

Phys.Rev.D 111 (2025) 3, 032011
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Light hadrons

Structure Spectroscopy Interactions

Precision tests

& rare phenomena
See Hongfei Shen and Tao Luo’s talks



BESIII as an 𝜂/𝜂′ factory
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Low Background:

• Many strong and electromagnetic decays are forbidden at leading order due 

to P, C, CP, G-parity, or angular momentum conservation

• Symmetry-violating η, η′ decays in SM, sourced by the weak interaction, are 

negligible



Meson transition form factors

• Low energy QCD: 

• Enters in th. description of QCD processes

• Evolution with Q2 predicted by pQCD: models 

can be tested using data on Q2 dependance

• Light-by-light contribution to 𝑎𝜇

• Search for light dark force mediator

𝑒+

𝑒−

𝛾∗

𝛾

𝑃

𝛾

𝛾∗
𝑒+

𝑒−𝑃
𝛾∗

𝛾∗

𝑒+

𝑒−

𝑒+

𝑒−

𝑃

Annihilation process q2 >M2Dalitz decays 0<q2 <M2 Two photon process q2 <0
28

Experimentally



𝛾

𝛾∗

𝑒+

𝑒−𝑃
𝐹(𝑞2)TFF of 𝜂/𝜂′ → 𝛾𝑒+𝑒−

29

𝑱/𝝍 → 𝜸𝜼, 𝜼 → 𝜸𝒆+𝒆−

𝑱/𝝍 → 𝜸𝜼′ → 𝜸𝝅+𝝅−𝜼
𝜼 → 𝜸𝝁+𝝁−

𝑏𝜂 = 1.707 ± 0.076 ± 0.029 𝐺𝑒𝑉/𝑐2Combined the two 𝜂 → 𝛾𝑒+𝑒−:

BESIII: PRD112, 052007 (2025)

𝑱/𝝍 → 𝜸𝜼′ → 𝜸𝝅+𝝅−𝜼
𝜼 → 𝜸𝒆+𝒆−

𝜼′ → 𝜸𝒆+𝒆−

𝑏𝜂 = 1.781 ± 0.123 ± 0.033 GeV/c2 −2 𝑏𝜂′ = 1.574 ± 0.048 ± 0.016 GeV/c2 −2

BESIII: PRD 109, 072001 (2024)

𝑏𝜂 = 1.645 ± 0.343 ± 0.017 𝐺𝑒𝑉/𝑐2

*A simplified single-pole model in VMD



𝜂′ → 𝜋+𝜋−𝜇+𝜇−
𝜂′ → 𝜋+𝜋−𝑒+𝑒−

𝐴𝐶𝑃 = −0.21 ± 0.73 ± 0.01 % 𝐴𝐶𝑃 = 0.62 ± 4.71 ± 0.08 %

Asymmetry in 𝜂(′) → 𝜋+𝜋−𝑙+𝑙−

30

BESIII: JHEP 07, 135 (2024)

D. N. Gao, Mod Phys Lett A17 (2002) 1583
M. Zillinger, B. Kubis, P. Sánchez-Puertas, 
JHEP 12 (2022) 001 

𝐴𝐶𝑃 = −0.6 ± 2.5 ± 1.8 %

𝜂 → 𝜋+𝜋−𝑒+𝑒−

KLOE: PLB 675 (2009) 283

• Test of non-CKM CP Violation:

• Arises from interference between CP conserving

magnetic and CP violating electric transition

𝐴𝐶𝑃 = −4.04 ± 4.69 ± 0.14 %

𝜂 → 𝜋+𝜋−𝑒+𝑒−

BESIII: arXiv:2501.10130v1

All asymmetries consistent with zero at 10-3 level
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Light hadrons

Structure Spectroscopy Interactions

Precision tests

& rare phenomena



Hadron (YN) interactions with BESIII
• Crucial component to predict hypernuclei properties

• Key to understand the hyperon puzzle of neutron stars

32

Image from Chin. Phys. C 48 (2024) 7, 073003



First study of antihyperon-nucleon scattering
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BESIII PRL 132, 231902 (2024)

• Slight tendency of forward 
scattering for Λ𝒑 → Λ𝒑

• Strong forward peak for ഥ𝚲𝒑 → ഥ𝚲𝒑

Beam: Λ/ഥΛ from J/ψ → ΛഥΛ, using 10B J/ψ

pΛ = 1.074 ± 0.017 GeV/c2, cos𝜃Λ ഥΛ < 0.9

Target: proton, the hydrogen nuclei in the cooling oil of the beam pipe



• Light hadron is central to study hadron physics

• Global efforts with various probes in running and 

planned experiments

• Leveraging the high precision of current and future 
data requires

• Advanced analysis techniques  (See AI talks tomorrow)

• Close theory-experiment collaboration 

Outlook

34

BESIII plays a leading role in the 

studies of glueballs and hybrids
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Rich 𝜂/𝜂′ Physics

Standard Model Tests:
• Chiral symmetry and anomalies

• Extract 𝜂 − 𝜂ꞌ mixing angle and quark mass ratio

• Theory inputs to HLbL for (𝑔 − 2)𝜇

• QCD scalar dynamics

Fundamental Symmetry Tests:
• C, CP violations

• P, CP violations

• Lepton flavor violations

BSM Physics in Dark Sector:
• Vector bosons (B boson, dark photon and X 

boson)

• Dark scalars

• Pseudoscalars (ALPs)

• BSM weak decays
Phys. Rept. 945 (2022) 1-105



Standard Model Tests:
• Chiral symmetry and anomalies

• Extract 𝜂 − 𝜂ꞌ mixing angle and quark mass ratio

• Theory inputs to HLbL for (𝑔 − 2)𝜇

• QCD scalar dynamics

Fundamental Symmetry Tests:
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• Lepton flavor violations

BSM Physics in Dark Sector:
• Vector bosons (B boson, dark photon and X 
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• Dark scalars
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• BSM weak decays

Phys. Rept. 945 (2022) 1-105

Rich 𝜂/𝜂′ Physics



• ALPs in 𝜂′ → 𝜋+𝜋−𝑎, 𝑎 → 𝑒+𝑒−

• Dark photon in 𝜂/𝜂′ → 𝛾𝐴′, 𝐴′ → 𝑒+𝑒−

𝜼′ → 𝝅+𝝅−𝒂, 𝒂 → 𝒆+𝒆−

BESIII: PRD 109 (2024) 072001

BESIII: JHEP 07 (2024) 135
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𝜼′ → 𝜸𝑨′, 𝑨′ → 𝒆+𝒆−

𝑱/𝝍 → 𝜸𝜼, 𝜼 → 𝜸𝑨′(𝒆+𝒆−)

𝑱/𝝍 → 𝜸𝜼′ → 𝜸𝝅+𝝅−𝜼, 𝜼 → 𝜸𝑨′(𝒆+𝒆−)

Combined

BESIII: PRD112, 052007 (2025)

Sensitive study of dark photon in 
𝜼 → 𝜸𝒆+𝒆− at HHaS arXiv:2506.11733

1011 h sample

1013 h sample



ത𝑛𝑝 → 2𝜋+𝜋− , 2𝜋+𝜋−𝜋0, 2𝜋+𝜋−2𝜋0
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• The absence of Coulomb corrections 

and the purity of the I = 1 state of ത𝑛𝑝
• The first experimental investigation of 

the ത𝑛𝑝 interaction above 800 MeV

• Clear signals from ρ/ω, indicating 

significant contributions from vector 

intermediate states


