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Hadron spectroscopy
ÅHow does QCD give rise to hadrons?

ÅQuark model seems to work really well. Why?

ÅKey things to search for: additional degree of freedom

ÅStrong evidences for multi -quark in heavy quark sector

ÅEvidence for gluonic excitations remains sparse
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Phys.Rept. 873 (2020) 1https://qwg.ph.nat.tum.de/exoticshub/

Manifestly exotic: withforbidden QN
Flavor exotic:ὤȟὝȟὝ ȣȣ

Spin exotic: ἔἜἍ ȟἭἾἭἶȟἷἬἬ

Crypto exotic: with QN as ἹἹ
Supernumerary states
Abnormal properties

+ Kinematic effects 

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

Identification is challenging



Light QCD exotics

ÅRole of gluons: 

ÅGluons mediate the strong force

ÅJoxrqvɏxqltxhself- interacting property

Ą New form of matter: glueballs, hybrids

ÅGluonic Excitations provide measurements of the QCD potential
3Critical to confinement and mass dynamical generation 

Light sector is even harder 

ÅLight flavor -exotic hard to establish

ÅAssignment of some ╢╤ █■╪○▫►ȿ▲▲ nonets difficult



Charmonium decays provide an ideal lab for Gluonic Excitations 
ÅGluon -rich process

ÅWell defined initial and final states
- Kinematic constraints
- Isospin and J PC filters

ÅClean high statistics data samples: ἔȾ and Ȣ @ BESIII
- High cross sections of ἭἭ ᴼἔȾ ȟ

- Low background 4



Light hadrons with exotic quantum numbers

ÅUnambiguous signature for exotics
ÅEfforts concentrate on Spin -exotic
ÅForbidden for ἹἹ:
ἔἜἍ ȟἭἾἭἶȟἷἬἬ
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ᴆἔ ᴆἘ ᴆἡἜ Ἐ Ἅ Ἐἡ

Allowed ἔἜἍȡ ȟ ȟ ȟ ȟ ȟȣ

Experiments:

ÅHadroproduction:GAMS, VES, E852, COMPASS

ÅἸἸannihilation: Crystal Barrel, OBELIX, PANDA(under 

construction)

ÅPhotoproduction: GlueX(2017-), CLAS



Predictions
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PRD 88 094505(2013)

Decay width of hybrid “
Lightest spin-exotic state in LQCD: ÈÙÂÒÉÄ

Mass of hybrid

PRD 103, 054502(2021)



Spin-exotic mesons
ÅOver 3 decades, only 3 candidates so far: 

All isovectors
Åʌ ρτππ: seen in ʂʌ
Åʌ ρφππ: seen in ʍʌ, ʂȭʌ, b1ʌ, f1ʌ

Åʌ ςπρυ(needs confirmation): seen in 
b1ʌ, and f1ʌ

ÅSome claims are controversial

Åʌ ρτππǪʌ ρφππcan be one pole
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Decay
mode

Reaction Experiment

ʌ1(1400)
ʂʌ

“ὴO “–ὴ
“ὴO “–ὲ
“ὴO “–ὴ
“ὴO “–ὲ
Ӷὴὲᴼ““–
ӶὴὴO ““–

GAMS
KEK
E852
E852
CBAR
CBAR

ʍʌ ӶὴὴO ς“ς“ Obelix

ʌ1(1600)

ʂȭʌ
“ὄὩO –ᴂ““ὄὩ
“ὴO “–ᴂὴ

VES
E852

b1ʌ
“ὄὩO ὄὩ““‫
ӶὴὴO “““‫
“ὴO ὴ““‫

VES
CBAR
E852

ʍʌ
“ὖὦO “““ὢ
“ὴO “““ὴ

COMPASS
E852

f1ʌ
“ὴO ὴ–“““
“ὃᴼ–“““ὃ

E852
VES

ʌ1(2015)
f1ʌ “ὴO ὴ““‫

E852
b1ʌ “ὴO ὴ–“““

Detailed reviews: PRC 82, 025208 
(2010)ι PPNP 82, 21 (2015)

PRL 122, 042002 (2019) 
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ÅIsoscalar is critical to establish the 

hybrid nonet

ÅCan be produced in the gluon-rich 

charmonium decays

ÅCan decay to ᴂin P-wave

Ą Search for ( ) in ἔȾ ᴼ ᴂ

PRD 83,014021 (2011), PRD 83,014006 (2011), EPJ P135, 945(2020)

ρ Hybrids



ÅThe ʂᴂis reconstructed from ɾʌʌ & ʂʌʌ , ʂ
from ɾɾ

ÅPartial wave analysis of *Ⱦʕᴼɾʂʂ
ÅQuasi two-body decay amplitudes in the sequential 

decay processes *Ⱦʕᴼɾ8ȟ8O ʂʂᴂand *Ⱦʕᴼ
ʂ8ȟ8O ɾʂand *Ⱦʕᴼʂ8ȟ8O ɾʂare constructed 
using the covariant tensor formalism[Eur. Phys. J. A 16, 537] 

and GPUPWA[J. Phys. Conf. Ser. 219, 042031(2010)] *

ÅAn isoscalar , , has been 
observed in ἔȾ ᴼ ᴂ(>19Ɑ)

9

ÅMass is consistent with LQCD calculation for the hybrid ( Ȣͯ ȢἑἭἤȾἫ)

Ἑ ἙἭἤȾ╬, ἙἭἤȾ╬

ἌἔȾ ᴼ ᴼ Ȣ Ȣ Ȣ
Ȣ

ϝ²ƻǊƭŘΩǎ ŦƛǊǎǘ t²! ŦǊŀƳŜǿƻǊƪ ǿƛǘƘ Dt¦ ŀŎŎŜƭŜǊŀǘƛƻƴ

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

Observation of An Exotic Isoscalar State 



ÅAngular distribution as a function of -ʂʂᴂ

expressed model-independently

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

amplitudes in ʂʂᴂby:

ÅNarrow structure in ὣ

üCannot be described by resonances in 

Å ᴼ ᴂneeded

Observation of An Exotic Isoscalar State 
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Data ςSideband
PWA fit projection (baseline fit)
Alternative fit without Ɫ

ὣ ḳ ὡὣ ὧέί—

Without Ɫ

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



Observation of An Exotic Isoscalar State 

ÅOpens a new direction to completing the picture of spin-exotics

ÅInspired many interpretations: Hybrid/ἕἕMolecule/Tetraquark?
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PRL 129 192002(2022) , PRD 106 072012(2022)

ñHere, the result by the BESIII experiment of a possible observation of 

an ʂ ρψυυstate could be a breakthrough.ò

ðð50 years of QCD: Exotic mesons[EPJ.C 83 (2023) 1125]



Prospects of spin -exotics at BESIII

Isoscalar: 

ÅGhfd|surshuwlhv
Å*Ⱦʕᴼɾ ʌÁȟʂÆȟ++ȟ66/ ɚɚ

ÅSurgxfwlrqsurshuwlhv
Å*Ⱦʕᴼʖʂʂȟהʂʂȟɚɚ
Åʔ ᴼʂ ʂʂȟɚɚ

ÅWhere is 

ÅOther partners: ȟɚɚ
ÅAnalog in ӶἫἫ
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Isovector: 

Å*ȾʕᴼʍʂʌȟΧΧ

Åʔ ᴼʌ ʌÂȟʌÆȟʌʂȟΧΧ

ÅLQCD predicted major decay modes

Uniqueness, enrichment and complementary
ÅHigh statistics gluon-rich environment: 10 B ἔȾ , 2.7 B , a lot of Ἣἔ



… ᴼ““–
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PR D84 112009 (2011)
Ȣ ʕσφψφͽ#,%/Ã

PR D95 032002 (2017)
ττȢψ ρπʕσφψφͽ"%3)))

No evidence of 
“ ᴼ–“

Evidence of “ ᴼ–“
εwithout significant 
BW phase motion ζ

No evidence of 
“ ᴼ–“



Observation of ʌ ρφππin ʔ ᴼʂʌʌ

ÅAmplitude analysis of ʔ ᴼʂʌʌ is 

performed

ÅⱫ observed> Ɑ

Åwith a significant BW phase motion

ÅἔἜἍ= ȟbetter than other assignments 
well over 10„

ÅEvidence of “ ᴼ–“at CLEO-c is 
confirmed [ PR D84 112009 (2011)]
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Ȣ ʕσφψφͽ"%3)))[preliminary]

Observations of and in charmonium decays provide a new path to study 

New



Glueballs

ÅGlueballs are the most direct prediction of QCD
ÅColor singlets emerge as a consequence of the gluon self -

interactions

ÅEssential for understanding of confinement and 
mass dynamical generation
ÅGluon degree of freedom in the low energy

ÅTheoretical predictions from lattice QCD and QCD -
inspired models mostly consistent
ÅLight -mass glueballs: * π ȟς ȟπ
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arXiv:2305.04869

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

PRD 73 014516 (2006) 



ÅSupernumerary states that do not fit 
into ἹἹmultiplets

ÅA priori, mixed with nearby ἹἹ

ÅAssignment of some ÑÑmultiplets difficult

ÅProduction: Strongly produced in gluon -
rich processes

ÅDecay: gluon is flavor -blind

ÅQrgrplqdwhghfd|prgh

Å35σ v|pphwu|h{shfwhg

ÅQruljrurxvsuhglfwlrqv

ÅCould be analogy to OZI suppressed 
decays of charmonium , as they all decay 
via gluons [PLB 380 189(1996), Commu . 

Theor. Phys. 24.373(1995)] 
16

[Phys. Rept. 454 1]

BESIII,PUNLLLɚ

WA102, JDPVɚ

Fu|vwdo eduuho/ REHOL[ɚ

Charmonium decays:

ἸἸannihilation:

pp double -Pomeron exchange:

gluon -rich processes

Glueball hunting for over 40 years
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ÅSupernumerary scalarssuggest additional degrees of freedom

ÅHowever, mixing scenarios are controversial

ÅMeasured "*ȾʕᴼɾÆρχρπis x10 larger than Æρυππ

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

ÅLQCD: ɜ*Ⱦʕᴼɾ' Ⱦɜ σȢψω ρπ

üBESIII: Ἦ largely overlays with the scalar glueball

üIdentification of scalar glueball with coupled-channel 

analyses based on BESIII data 

[PLB 816, 136227 (2021), EPJC82,80(2022), PLB826,136906 (2022)]

ÅFurther more, suppression of Ἦ ᴼ supports 

Ἦ 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 *Ⱦʕᴼɾהה[PRD 93, 112011 (2016) ]

Å f2(2010), f 2(2300) and f 2(2340) in pp 
reactions are all observed in ἔȾ ᴼ

with a strong production of f 2(2340)
Å Consistent with double -Pomeron 

exchange from WA102@CERN

ἌἺἔȾ ᴼ Ἦ ᴼ Ȣ Ȣ Ȣ
Ȣ

BESIII PRD 105,072002 (2022)

ἌἺἔȾ ᴼ Ἦ ᴼ Ȣ Ȣ Ȣ
Ȣ

ἌἺἔȾ ᴼ Ἦ ᴼ Ȣ Ȣ Ȣ
Ȣ Ȣ

BESIII PRD 87,092009 (2013)

BESIII PRD 93, 112011 (2016)

ἌἺἔȾ ᴼ Ἦ ᴼ ἕἻἕἻ Ȣ Ȣ Ȣ
Ȣ Ȣ

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



ÅPseudoscalar sector, a promising window

ÅOnly ʂ, ʂ (& radial excitations) from quark 
model

ÅMass

ÅLQCDχ0-+ glueball (2.3~2.6 GeV)

ÅWkhiluvwjoxhedoofdqglgdwh=ʅρττπ(Vsolw
lqwrʂρτπυdqgʂρτχυ)

ÅPdvvlqfrpsdwleohzlwkOTFG

ÅOlwwohh{shulphqwdolqirupdwlrqderyh5JhY
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Where is the 0-+ glueball

[PRD.100.054511(2019)]



f0(980) is extremely narrow: G@10 MeV. 

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

@

Anomalously large isospin violation: 

20

BESIII PRL 108 182001(2012)

Isospin -violating decay of ʂρτπυOÆωψπʌ

PRL 108 081803 (2012)

Triangle singularity mechanism has been proposed
- Manifested in many near - threshold structures



Shed new lights on the ʂρτπυȾʂρτχυpuzzle
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BESIII  JHEP 03 121(2023)*Ⱦʕᴼɾ++ʌ

ÅM ass Independent PWA in bins of 
M(++ʌ) to detangle J PC components
ÅValuable inputs to develop models

ÅM ass Dependent PWA with BW to extract 
resonances

ÅConsistency between MI and MD results

ÅDominated by 0 -+

ÅTwo BW s around 1.4 GeV is needed

Åcoupled -channel analysis
ÅTwo poles : PRD 107, L091505 (2023) ; 

PRD 109, 014021 (2024)
ÅOne state : arXiv:2407.10234



*Ⱦʕᴼɾɾה, a ÓӶÓflavor filter
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arXiv: 2401.00918

From the amplitude analysis,

Åʂρτπυis observed, while ʂρτχυcan not be excluded

Åἦ ᴼ suggests its assignment of Ɫ excitation

ÅⱢ╬ᴼ are observed. The very first radiative decay mode of Ɫ╬

Å Observation of █ and █ ᴼ♬ uꜚnfavored their glueball interpretations [PRD 108, 014023, 

arXiv: 2404.01564 ]

Å No evidence of ἦ ȾⱢ , well consistent with the predictions for glueball/hybrid [PRD 107, 

114020 , NPA 1037, 122683]

PR D97 051101 (2018) 

ăFit to mass spectrum

Ɫ 13.5Ɑ

X(1835)6.3 Ɑ

█ <5Ɑ

Amplitude analysis with 
advanced techniques for 
background subtraction



ÅPseudoscalar sector, a promising window
ÅOnly ʂ, ʂ (& radial excitations) from quark model

ÅMass
ÅLQCDχ0-+ glueball (2.3~2.6 GeV)
ÅWkhiluvwjoxhedoofdqglgdwh=ʅρττπ(Vsolw
lqwrʂρτπυdqgʂρτχυ)

ÅPdvvlqfrpsdwleohzlwkOTFG

ÅOlwwohh{shulphqwdolqirupdwlrqderyh5JhY

ÅProduction
ÅLQCD: ɜ*Ⱦʕᴼɾ' Ⱦɜ ςȢσρψπ ρπ , at the 

same level as 0 -+ mesons

ÅDecays
ÅPossible guidance: OZI suppressed decays of Ἣ

Å3 pseudoscalar final state is a good place to 
look for (3ʛ.ᴼς0is forbidden)

23

Where is the 0-+ glueball

ʂᴼσ0in PDG

ÅNo dominant decay
ÅFlavor symmetric

[PRD.100.054511(2019)]



ÅDiscovered by BESIII in ἔȾ ᴼ in 2011

ÅConfirmed by BESIII in ἔȾ ᴼ ȟ ἕἕ

ÅNot seen in *Ⱦʕᴼɾʂʂʂ[BESIII PRD 103 012009 (2021)], *Ⱦʕᴼɾɾה

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

predictions of π glueball

ÅMass consistent with LQCD prediction for glueball

ÅSpin-parity determined to be 

24

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

BESIII EPJC 80 746(2020) 

A glueball - like state ╧( )
ἔȾ ᴼ

ἔȾ ᴼ ἕἕ
BESIII PRL 132, 181901(2024)

ἔȾ ᴼ ἕἡἕἡ

tΦ ½ƘŀƴƎΩǎ ǘŀƭƪ 

https://indico.cern.ch/event/1293041/contributions/5958859/
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ÅἔἜἍdetermined to be 

ÅMass and production rate consistent with LQCD 

ÅDecay modes ἦ ᴼ

ȟἕἕȟἕἡἕἡ ȟἕἡἕἡ ȟ ΣἩ observed, in 

analog to Ἣ

Consistent with 
glueball 

ἦ observed in the gluon-rich ἔȾ radiative decays

New 
decay modes 



Summary

ÅBESIII has a rich program of hadron physics

ÅLots of progress in light QCD exotics

ÅGreat potential to be fully explored
ÅυπÆÂ data on disk, including ρπρπ*Ⱦʕ and 
ςȢχ ρπʕ

ÅRunning until ~2030

ÅUpgrade in this summer

Åfl σͽЍί=4.7 GeV

Å ίO υȢφὋὩὠ, starting from 2028

ÅCGEM inner tracker

>571 publications
εby 2024.6ζ

30 new hadrons
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backups

27



Åʂ reconstructed with ʂʌʌ and ɾʌʌ

Å+ reconstructed with ʌʌ

ÅAlmost background free

ÅNegligible mis-combination for + ( <0.1%)

ÅNo background from *Ⱦʕᴼʌʂ++ or ʂ++

ÅForbidden by exchange symmetry and CP conservation

ÅNo peaking background 

ÅLittle Non-ʂbackgrounds estimated from ʂ

sidebands   

Å1.8% for ᴼ , 6.8% for ᴼ
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BESIII PRL 132 181901(2024) 

Spin-parity Determination of ὢςσχπin *Ⱦʕᴼɾʂ++



ÅA clear connection between the Æωψπ

and 8ςσχπ/ʂ

ÅÆωψπselection with -++ ρȢρ'Å6ȾÃ

ÅClear signals of the 8ςσχπand ʂ

ÅAmplitude analysis 

ÅQuasi two-body decay amplitudes in the 

sequential decay processes *Ⱦʕᴼɾ8ȟ8O

9ʂȟ9O ++ and *Ⱦʕᴼɾ8ȟ8O :+ȟ:O +ʂ

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 ὢςσχπin *Ⱦʕᴼɾʂ++
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BESIII PRL 132 181901(2024) 

Åἦ ἻἔἜἍ with 9.8 

ÅProduct branching fraction: 

"*Ⱦʕᴼɾ8ςσχπ"8ςσχπOʂ++ "ÆωψπO ++

ρȢσρπȢςςȢ
Ȣ ρπ

Spin-parity Determination of ὢςσχπin *Ⱦʕᴼɾʂ++

Nominal fit solution 
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BESIII PRL 115 091803(2015)

clear ἦ AND Ἣsignals

no ἦ OR Ἣsignal

Similar decay patterns of the ἦ and Ἣ

ἦ seen in *Ⱦʕᴼɾ++ʂ



What we have learned before
-- from MarkIII, BES, Crystal barrel, OBELIX, WA102, GAMS, E852, é
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f (1920)2

f (1810)2

f (1980)2

x(2230)

f (2350)2
f (2200)2

f (2050)2

1.8

2.2

100

200

300

M

G

G.I.-States

0 ?++

2.0

Scalarσ1 nonet in quark model, Ἦ& Ἦᴂ

Exp: overpopulation

LQCD : ground state 0 + glueball ~1.7 GeV;

ɜ*Ⱦʕᴼɾ' Ⱦɜ σȢψω ρπ

Tensor: 2 nonets( 3P2,3F2), complicated
Exp: large uncertainty

LQCDχ2++ (2.3~2.4 GeV);
ɜ*Ⱦʕᴼɾ' Ⱦɜ ρȢρς ρπ

Pseudoscalar: & ᴂ/Ɏvlpsohɏ

Exp: lacking of info. above 2 GeV ; puzzles ʂρςωυ? 
ʂρτπυȾρτχυ?

LQCDχ 0-+ ( 2.3~2.6 GeV)

ἔȾ ᴼ ἑ Ⱦ◄▫◄╪■Ȣ

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

mixing schemes 



Landscape of glueballs has been updated 
zlwk EHVLLLɋv lqsxwv
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Scalarσ1 nonet in quark model, Ἦ& Ἦᴂ

Exp: overpopulation

LQCD : ground state 0 + glueball ~1.7 GeV;

ɜ*Ⱦʕᴼɾ' Ⱦɜ σȢψω ρπ

Tensor: 2 nonets( 3P2,3F2), complicated
Exp: large uncertainty

LQCDχ2++ (2.3~2.4 GeV);
ɜ*Ⱦʕᴼɾ' Ⱦɜ ρȢρς ρπ

Pseudoscalar: & ᴂ/Ɏvlpsohɏ

Exp: lacking of info. above 2 GeV; puzzles ʂρςωυ? 
ʂρτπυȾρτχυ?

LQCDχ 0-+ ( 2.3~2.6 GeV)
ɜ*Ⱦʕᴼɾ' Ⱦɜ ςȢσρψπ ρπ

Vf 0(1710) is largely overlapped 
with the scalar glueball, 
according to its production and 
decay properties

VLarge production rate of 
f 2(2340) in ἔȾ radiative decays

VNon -observation of 

VInsights of Ⱦ

Vἦ : a good candidate with 
analogy decay pattern as Ἣ



Scalar glueball candidate: decay properties
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*with chiral suppression

PRL 95 172001ι PRL 98 149103

Expectation:

Measured:

New inputs from *Ⱦʕᴼɾʂʂᴂ

ÅSignificant Æρυππ
"ÆρυππOʂʂᴂ

"ÆρυππOʌʌ
ρȢφφȢ

Ȣ ρπ

ÅAbsence of Ἦ
"Æρχρπᴼʂʂᴂ

"Æρχρπᴼʌʌ
ςȢψχρπ ͽωπϷ#Ȣ,Ȣ

üSupports to the hypothesis that Æρχρπoverlaps 
with the ground state scalar glueball

ÅScalar glueball expected to be suppressed
"'ᴼʂʂȾ"'ᴼʌʌ πȢπτ

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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ὥ ρψρχ
Isovectorpartner of Ὢρψππ?

Ὢρψππ

PRD 87, 032008(2013)

PRD105, L051103 (2022)ὪρχρπȾὪρχωπ?

PRL129, 182001 (2022)

"ᴼ*ȾʕÆ

PLB 797 (2019) 134789

selectiveforÓÓ

More scalars

[Shulei ôs talk]



Two photon couplings
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‎‎O ““
Belle PRD78(2008)052004

‎‎O ὑὑ
Belle PTEP2013(2013)12,123C01

BESIII preliminary

ὪρχρπȩὪρψππȩ

Ὢρυππȩ

Proper assignment requires more sophisticated model



Å‎‎O –““
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Belle PRD 86 052002(2012) 



Amplitude analysis
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ÌÎὒ ÌÎὖὶέὦ‚ȟ‌

ὖὶέὦ‚ȡ‌
ȟ

᷿ ȟ
ȟ‚‫‌ = ȿВὃ ȿdifferential cross section,

‚(the four-momenta of the final-state particles), 

‭‚ efficiency

ὄ ὗ is Blatt-Weisskopf centrifugal barrier for *Ⱦʕᴼɾ8

Perform an un-binned  log-

likelihood fit (fit the data event-wise 

to high-dimensional distributions 

using complex weights) to make 

our model for ‫agree with the 

experimental distribution by varying 

the ‌
For ὐȾ‪radiative decays

e.g. *Ⱦʕᴼɾπ ȟπ ᴼÆʂȟÆʌʌ

Amplitude analysis is a key tool of hadron spectroscopy to disentangle contributions from 

individual resonances and to extract the resonance's spin-parity, mass, width and decay 

properties

[Eur. Phys. J. A 16, 537]



BESIII@BECPII

39BESIII collaboration: ~600members from 17countries ε89 institutions

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


