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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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Hadron physics

Structure Spectroscopy Interactions

Precision tests

& rare phenomena



BESIII@BECPII

4BESIII collaboration: ~600members from 17countries，89 institutions

Beijing Electron Positron Collider(BEPCII) Beijing Spectrometer(BESIII)



World’s largest τ − charm data sets in e+e− annihilation

5

Data sets collected so far include

➢ 𝟏𝟎 × 𝟏𝟎𝟗 𝐉/𝛙 events 

➢ 𝟐. 𝟕 × 𝟏𝟎𝟗 𝛙 𝟐𝐒 events 

➢ 20 fb-1 𝛙 𝟑𝟕𝟕𝟎

➢ Scan data [1.84, 3.08] GeV; [3.735, 4.600]GeV, 143 

energy points,  ~2.0 fb−1

➢ Large data sets for XYZ study ~22 fb−1

➢ Entangled hadron pair-productions near 

thresholds

Totally about 50 fb-1 from 2.0-4.95 GeV

Rich physics program: 
Spectroscopy & decays of light hadrons and charmonium, charm physics, precision measurements of QCD 
parameters,  tests of fundamental symmetry, ……



Hadron structure with BESIII
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Time-like

Electromagnetic Form Factors (EMFFs)



e+e− → Λc
+Λc

−

Energy scans from 4.61 to 4.95 GeV

• Sharp rise in cross section near threshold

• Disagreement with Belle data near 4.6 GeV

• In contrast to the case for the proton and 
neutron, No discernible oscillations of the 
effective form factors Geff

With the polar-angle distribution of Λc
+

• |GE| and |GM| are extracted 

• Energy dependence of R = |
GE

GM
| :

→Damped oscillations with frequency

~3.5 times larger than for the proton
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BESIII PRL 131, 191901 (2023)



Complete decomposition of Σ+ EMFFs

• Using a fully differential angular description of the final state particles 
𝑒+𝑒− → Σ+ → 𝑝𝜋0 തΣ− (→ ҧ𝑝𝜋0) , the relative magnitude and phase of Σ+

EMFFs can be extracted:
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• A nonzero relative phase leads to 
polarization 𝑃𝑦 of the out going baryons:



Complete decomposition of Σ+ EMFFs

• Polarization is observed at √𝑠=2.396, 

2.644 and 2.90 GeV with a significance of 

2.2𝜎, 3.6𝜎 and 4.1𝜎

• Relative phase is determined for the first 

time in a wide 𝑞2 range

• |GE/GM| and ΔΦ line-shape is 
compared with ത𝑌𝑌 model [PRD 103, 

014028 (2021)], different tendency in ΔΦ

• ΔΦ evolution is an important input 
for understanding its asymptotic 
behavior and the dynamics of 
baryons
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BESIII PRL 132, 081904 (2024)

* ΔΦ / 180o – ΔΦ ambiguity 



Precision test of CP symmetry in hyperon decays
• Polarized and entangled hyperon pairs 

• Sequential hyperon decays
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separation of strong and weak phases

→ More sensitive CP tests



Strong and weak CP tests in sequential decays of polarized 𝚺𝟎 hyperons
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BESIII PRL 133,101902 (2024)

Opposite directions of the Σ0 polarization

The first strong-CP test in hyperon decays

J/ψ,ψ(3686) → Σ0 → Λγ തΣ0 → ഥΛγ , Λ → pπ−, ഥΛ → തpπ+

The first attempt to measure the P-violating 
decay parameter of Σ → Λγ

EDM of Σ0 → Λγ is related to the neutron EDM via SU 3 F symmetry
-- a probe to the strong-CPV

S. S. Nair, E. Perotti, and S. Leupold, PLB 788, 535 (2019)

~1.15 million quantum-entangled Σ0തΣ0 pairs reconstructed

With a 7-dimensional likelihood fit

the moment for Σ0 polarizations 



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

• Key to understand the hyperon puzzle of neutron stars
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Image from Chin. Phys. C 48 (2024) 7, 073003 BESIII PRL 130, 251902 (2023)

BESIII PRC 109, L052201 (2024)

BESIII PRL 132, 231902 (2024)



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



Hadron spectroscopy with BESIII
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Atomic Spectrum: 

Bohr model → QED

Hadron spectrum:

Quark model → QCD



Hadron spectroscopy
• How does QCD give rise to hadrons?

• Quark model seems to work really well. Why?

• 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
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Phys.Rept. 873 (2020) 1https://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-like states

• Conventional cതc meson fit well with 
potential model

• Abundance of new states with various 
probes

• 𝑏-hadron decays 

• hadron/heavy-ion collisions

• 𝛾𝛾 processes

• 𝑒+𝑒− collisions

• BESIII: dominant for vectors and

states produced from vector decays

16
arXiv:2203.08290



New insight on X(3872): line shape @BESIII
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𝐞+𝐞− → 𝛄𝐗 𝟑𝟖𝟕𝟐 , 𝐗 𝟑𝟖𝟕𝟐 → 𝐃𝟎ഥ𝐃𝟎𝛑𝟎 𝐚𝐧𝐝 𝛑+𝛑−𝐉/𝛙

Weinberg’s compositeness:  𝑍=1: pure elementary state;  𝑍=0: pure bound (composite) state

BESIII PRL 132, 151903 (2024)



Observations of new vectors: Y(4500), Y(4710) and Y(4790)
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CPC 46, 111002 (2022)
PRL131, 211902 (2023) PRL131, 151903 (2023) arXiv:2407.07651

PRL 132, 161901 (2024)

Y(4230)

Y(4500)?

Y(4500)

Y(4660)

PRL130, 121901 (2023)

Tension between direct (BESIII)
and ISR(Belle) measurements

[𝑐𝑠 ҧ𝑐 ҧ𝑠] states?



How many vectors in charmonium energy region?
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Between 3 and 5 GeV:
6 well known ψ peaks +

8 new structures

Y(4230), Y(4320),
Y(4360), Y(4390)

Y(4660), Y(4710), 
Y(4790)

Y(4500)

Besides cതc states, we also expect gcതc hybrids, and 
cതcqതq tetraquark states. Have they already been observed?
→ More theoretical/experimental efforts necessary

Measurements at BESIII



• Glueballs: the most direct prediction of QCD
• Gluon self-interactions
• Can massless gluons form massive, exotic matter?

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

• Supernumerary states that do not fit into qതq
multiplets

• Production: Strongly produced in gluon-rich
processes

• Decay: gluon is flavor-blind
• No rigorous predictions

• 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)] 
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Glueball hunting for over 40 years

arXiv:2305.04869

Light Yang-Mills glueballs on lattice
(quenched and unquenched 
results)

𝟎++

𝟐++ 𝟎−+



• Pseudoscalar sector, a promising window
• Only η, η′ (& radial excitations) from quark model

• Mass
• LQCD：0-+ glueball (2.3~2.6 GeV)

• The first glueball candidate: ι(1440) (Split
into η 1405 and η 1475 )

• Mass incompatible with LQCD

• Little experimental information above 2 GeV

• 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
• 3 pseudoscalar final state is a good place to look 

for (0−+ → 2P is forbidden)
21

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

• Not seen in J/ψ → γη′ηη [BESIII PRD 103 012009 (2021)], J/ψ → γγϕ

[BESIII arXiv: 2401.00918]. Upper limits of BF are well consistent with 

predictions of 0−+glueball

• Mass consistent with LQCD prediction for 𝟎−+ glueball

• Spin-parity determined to be 𝟎−+

22

BESIII PRL 106, 072002(2011), 
PRL 117, 042002  (2016)

BESIII EPJC 80 746(2020) 

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

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

𝐉/𝛙 → 𝛄𝛈′𝐊𝐒
𝟎𝐊𝐒

𝟎
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• 𝐉𝐏𝐂 determined to be 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 observed, in analog to 𝛈𝐜

Consistent with 
𝟎−+ glueball 

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

New 
decay modes 

∗ 𝜂 2320 → 𝜂𝜂𝜂, 𝜂𝜋𝜋 [PL B496 145(2000)] could be the current X 2370 at BESIII
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• Unambiguous signature: exotic quantum numbers
forbidden for qതq: 𝐉𝐏𝐂 = 𝟎−−, 𝐞𝐯𝐞𝐧+−, 𝐨𝐝𝐝−+

• Only 3 candidates over 30 yrs: 

All 𝟏−+ isovectors π1 1400 , π1 1600 , π1(2015)

* 𝜋1 1400 and 𝜋1 1600 can be explained as one

resonance with recent coupled channel analyses

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

• Isoscalar 𝟏− + is critical to establish the nonet

• Can be produced in the gluon-rich charmonium 

decays

• Can decay to 𝛈𝛈′ in P-wave

PRD 83,014021 (2011)
PRD 83,014006 (2011)
Eur.Phys.J.Plus 135, 945(2020)

Light hadrons with exotic quantum numbers



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

• Inspired many interpretations: 
Hybrid/KഥK1Molecule/Tetraquark?

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

25

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

“Here, the result by the BESIII experiment of a possible observation of 

an η1(1855) state could be a breakthrough.”

—— 50 years of QCD: Exotic mesons [EPJ.C 83 (2023) 1125]



Observation of π1 1600 in χc1 → η′π+π−

• Amplitude analysis of χc1 → η′π+π− is 

performed

• 𝝅𝟏 𝟏𝟔𝟎𝟎 observed>𝟏𝟎𝝈

• with a significant BW phase motion

• 𝐉𝐏𝐂= 𝟏−+, better than other assignments 
well over 10𝜎

• Evidence of 𝜋1 → 𝜂′𝜋 at CLEO-c is 
confirmed [ PR D84 112009 (2011)]

26

𝟐. 𝟕 × 𝟏𝟎𝟗 ψ 3686 @BESIII [preliminary]

Observations of 𝛑𝟏 and 𝛈𝟏 in charmonium decays provide a new path to study 𝟏−+



Summary

• BESIII has a rich and fruitful program of 
hadron physics

• Great potential to be fully explored
• 50 fb−1 data on disk, including 10 × 109 J/ψ and 
2.7 × 109 ψ′

• Running until ~2030

• Upgrade in this summer

• ℒ × 3@√𝑠=4.7 GeV

• 𝑠 → 5.6 𝐺𝑒𝑉, starting from 2028

• CGEM inner tracker

>640 publications

30 new hadrons

27Thank you for your attention
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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

➢Identification of scalar glueball with coupled-channel 

analyses based on BESIII data 

[PLB 816, 136227 (2021), EPJC 82, 80 (2022), PLB 826, 136906 (2022) ]

• 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)]
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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 → 𝛄𝛟𝛟with 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



• η′ reconstructed with ηπ+π− and γπ+π−

• KS
0 reconstructed with π+π−

• Almost background free

• Negligible mis-combination for KS
0 ( <0.1%)

• No background from J/ψ → π0η′KS
0KS

0 or η′KS
0KS

0

• Forbidden by exchange symmetry and CP conservation

• No peaking background 

• Little Non- η′ backgrounds estimated from η′

sidebands   

• 1.8% for 𝛈′ → 𝛈𝛑+𝛑−, 6.8% for 𝛈′ → 𝛄𝛑+𝛑−
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BESIII PRL 132 181901(2024) 

Spin-parity Determination of 𝑋(2370) in J/ψ → γη′KS
0KS

0



• A clear connection between the f0(980)

and X(2370)/ηc
• f0(980) selection with M(KS

0KS
0) < 1.1GeV/c2

• Clear signals of the X(2370) and ηc

• Amplitude analysis 

• Quasi two-body decay amplitudes in the 

sequential decay processes J/ψ → γX, X →

Yη′, Y → KS
0KS

0 and J/ψ → γX, X → ZKS
0, Z → KS

0η′

are constructed using the covariant tensor 

formalism[Eur. Phys. J. A 16, 537]
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BESIII PRL 132 181901(2024) 

Spin-parity Determination of 𝑋(2370) in J/ψ → γη′KS
0KS

0
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BESIII PRL 132 181901(2024) 

• 𝐗 𝟐𝟑𝟕𝟎 ′𝐬 𝐉𝐏𝐂 = 𝟎−+ with 9.8 𝛔
• Product branching fraction: 

B(J/ψ → γX 2370 B X 2370 → η′KS
0KS

0 B f0 980 → KS
0KS

0

= 1.31 ± 0.22−0.84
+2.85 × 10−5

Spin-parity Determination of 𝑋(2370) in J/ψ → γη′KS
0KS

0

Nominal fit solution 
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BESIII PRL 115 091803(2015)

clear 𝐗(𝟐𝟑𝟕𝟎) AND 𝛈𝐜 signals

no 𝐗(𝟐𝟑𝟕𝟎) OR 𝛈𝐜 signal

Similar decay patterns of the 𝐗(𝟐𝟑𝟕𝟎) and 𝛈𝐜

𝐗(𝟐𝟑𝟕𝟎) seen in J/ψ → γKS
0KS

0η



Scalar glueball candidate: decay properties
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*with chiral suppression

PRL 95 172001， PRL 98 149103

Expectation:

Measured:

New inputs from J/ψ → γηη′

• 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

[PR D 92, 121902; PR D 92, 114035]

Bottom line: Predictions on mixing scheme and decay property of glueball are model-dependent  

[BESIII PRL 129 192002(2022) , PRD 106 072012(2022]
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𝑎0 1817
Isovector partner of 𝑓0 1800 ?

𝑓0 1800

PRD 87, 032008(2013)

PRD105, L051103 (2022)𝑓0(1710)/𝑓0 1790 ?

PRL129, 182001 (2022)

Bs → J/ψf0
PLB 797 (2019) 134789

selective for ss

More scalars

[Shulei ’s talk]
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