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Mysterious gluons

ÅHow does QCD give rise to hadrons?

ÅWhat is the origin of confinement? 

ÅHow is the mass generated in QCD? 

ÅRole of gluons in hadrons

ÅKey thing to search for: hadrons explicitly 

manifest the gluonic degrees of freedom

ÅGluonic excitations: Glueballs and hybrids , which 

provide critical information on the strong force and 

QCD vacuum
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Glueballs

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

self- interactions
ÅUnique particles formed by gauge bosons (force)
ÅEssential for understanding of confinement and mass 

dynamical generation

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

3

arXiv:2305.04869

Yang-Mills glueballs on lattice
(quenched and unquenched)

PRD 73 014516 (2006) 

YM mass gap,
a $1M problem

Definitive manifestation for d.o.f of glueball
Ą

Instead of a pure gauge glueball, 
looking for a particle whose properties are 
dominated by glueballs 



ÅSupernumerary states w.r.t. quark model

ÅA priori, mixed with nearby ἹἹ

ÅDetailed and accurate information about 
couplings to production and decay 
channels is required

ÅStrongly produced in gluon -rich processes

ÅDecay: gluon is flavor -blind

Å35σ singlet

ÅNo rigorous predictions on decay patterns

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)] 
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Charmonium decays:

ἸἸannihilation:

pp double -Pomeron exchange:

gluon -rich processes

Glueball hunting for over 40 years



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 5
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Scalar glueball candidate: production properties
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ÅScalar glueball is expected to have a large 

production in ἔȾ radiative decays: 

ÅLQCD: ɜ*Ⱦʕᴼɾ' Ⱦɜ σȢψω ρπ

Åɜ*Ⱦʕᴼɾ' Ⱦɜ φȢςω ρπ

ÅObserved "*ȾʕᴼɾÆρχρπis x10 larger 

than Æρυππ

üBESIII: Ἦ largely overlapped with 

scalar glueball

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

Branching fractions ρπ

ὐȾ‪ᴼ‎Ὢρυππ ὐȾ‪ᴼ‎Ὢρχρπ

‎ὑὑ

‎––

‎““

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



Scalar glueball candidate: decay properties
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*with chiral suppression
PRL 95 172001ι PRL 98 149103

Expectation:

Measured:

New inputs from ἔȾ ᴼ ᴂ

ÅSignificant Æρυππ
"ÆρυππOʂʂᴂ

"ÆρυππOʌʌ
ρȢφφȢ

Ȣ ρπ

ÅAbsence of Ἦ
"Æρχρπᴼʂʂᴂ

"Æρχρπᴼʌʌ
ςȢψχρπ ͽωπϷ#Ȣ,Ȣ

üSupports to the hypothesis that Æρχρπ
overlaps 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]



Identification of scalar glueball with 
coupled -channel analyses based on BESIII data 
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Eur.Phys.J.C82, 80 (2022)Phys.Lett.B 816, 136227 (2021) 
Eur.Phys.J.C 83 1125(2023) 

Æρχρπlargely overlapped with scalar glueball
Production rate: υȢψρ ρπ
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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)

ÅPuzzles remain in low mass region

ÅProduction

ÅLQCD: ɜ*Ⱦʕᴼɾ' Ⱦɜ ςȢσρ πȢωπ ρπ , at the 
same level as 0 -+ mesons

ÅDecays

ÅPossible guidance: OZI suppressed decays of Ἣ

Å3ʛ.ᴼσ0is a good place to look for 

Å3ʛ.ᴼς0is forbidden

Å3ʛ.ᴼσ0can via S-wave, while 3.or 5. is suppressed
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Where is the 0-+ glueball

ʂᴼσ0in PDG

ÅNo dominant decay
ÅFlavor symmetric



ÅDiscovered by BESIII in ἔȾ ᴼ in 2011

ÅConfirmed by BESIII in *Ⱦʕᴼɾʂʌʌȟ ἕἕand ἕἕ

ÅNot seen in *Ⱦʕᴼɾʂʂʂ[BESIII PRD 103 012009 (2021) ]. Upper 

limits of BF are well consistent with predictions of π glueball
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BESIII PRL 106 072002(2011) 

BESIII EPJC 80 746(2020) 

The nature of ╧( )
ἔȾ ᴼ

ἔȾ ᴼ ἕἕ

BESIII PRL 117 042002  (2016)

ÅMass consistent with LQCD prediction for glueball

BESIII PRL 115 091803(2015) 

ἔȾ ᴼ ἕἕ



ÅSpin-parity determined to be 
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The nature of ╧( )
BESIII PRL 132, 181901(2024 )

ἔȾ ᴼ ἕἡἕἡ
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The nature of ╧( )

ÅDecay modes 8ςσχπO

ʂʌʌȟʂ++ȟ++ʂȟ

++ʌȟʂʌʌ/Á ωψπʌ, 

in analog to ʂ with an 

OZI-suppressed style

Åi.e. flavor symmetric 

AND narrow partial 

widths

BESIII arXiv:2605.26495
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The nature of ╧( )
BESIII arXiv:2605.26495

ÅAccording to the measured product branching fractions, "*Ⱦʕᴼɾ8ςσχπis 

estimated to be greater than ρ ρπ
ÅLQCD prediction: "ὐȾ‪ᴼ‎Ὃ ςȢσρπȢωπ ρπ [1], which can be 

increased to ςͯ ςπ ρπ [2] via Ὃ –mixing with a very small mixing angle 

ςЈ υЈ[3]

Å –ôs width is enlarged by the mixing with glueball [2] [1] PR D100, 054511 (2019)

[2] PLB 827 136960(2022)

[3] arXiv:2605.01757



*Ⱦʕᴼɾɾה, a ÓӶÓflavor filter
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BESIII PhysRevD.111.052011(2025)

PR D97 051101 (2018) 

ăFit to mass spectrum

Ɫ 13.5Ɑ

X(1835)6.3 Ɑ

█ <5Ɑ

Amplitude analysis with 
ML techniques for 
background subtraction

From the amplitude analysis,

Å ʂρτπυis observed, while ʂρτχυcan not be excluded

Å 8ρψσυOɾהsuggests its assignment of ʂexcitation

Å ʂᴼɾהare observed. The very first radiative decay mode of ʂ

Å Observation of Æρωυπand ÆςςππOɾה

unfavored their glueball interpretations [PRD 108, 014023, Sci.China Phys.Mech.Astron . 67 (2024) 11, 111012 ]

Å No evidence of ἦ Ⱦ , well consistent with the predictions for glueball/hybrid
[PRD 107, 114020 , NPA 1037, 122683]



*Ⱦʕᴼɾɾa Îὲflavor filter ,‫
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BESIII Preliminary

[PRD 111, 052011 (2025)][this analysis]

The suppression of 8ςσχπO‎‰and ‎‫indicate low quark content



Story thus far for X(2370)

VA pseudoscalar 

VMass consistent with LQCD prediction for π glueball

VLargely produced in the gluon -rich *Ⱦʕradiative decays

VFlavor symmetric decay modes and narrow partial widths

V8ςσχπOɾהand ɾʖdecays are highly suppressed
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Stay tuned



Light hadrons with exotic quantum numbers

ÅFinding unambiguous 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, AMBER

ÅἸἸannihilation: Crystal Barrel, OBELIX, PANDA

ÅPhotoproduction: GlueX(2017-), CLAS



Predictions
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PRD 88 094505(2013)

Decay width of hybrid “

On lattice,
ÅMeson excitations similar to quark model
ÅHybrid supermultiplet: , , , 
ÅLightest spin-exotic state in LQCD: ÈÙÂÒÉÄ

Mass of hybrid

PRD 103, 054502(2021)

Overlaps with 
chromomagnetic
operators

ɎFrqvwlwxhqw joxrqɏ
Å ἔἜἍ

Ἧ

Å ἙἯ~1.3 GeV



Spin-exotic mesons
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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–“““

ÅCandidates over 3 decades
Åʌ ρτππ, ʌ ρφππ, ʌ ςπρυ(needs 

confirmation), all isovetors

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

[PRL 122, 042002 (2019), EPJ C 81, 1056 (2021]ζ



Studies of ʌ in ʔ ᴼʌʌʂ
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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



Observation of ʌ in ʔ ᴼʌʌʂ
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BESIII arXiv:2604.12524

- ρψςψψ -Å6ȾÃ, 

ɜ φσψςφ -Å6ȾÃ

"… ᴼ“ ρφππ“ᶸ

ὄ“ ρφππO “–

τȢσπ πȢρτȢ
Ȣ ρπ

- ρφχυω -Å6ȾÃ, 

ɜ ττσρυ -Å6ȾÃ

"… ᴼ“ ρφππ“ᶸ

ὄ“ ρφππO “–

τȢςχ πȢρτȢ
Ȣ ρπ

BW  with mass -dependent width

BW  with constant width

ÅⱫ observed> Ɑ

Åwith a significant BW phase motion > 11„

ÅἔἜἍ= ȟbetter than other assignments > 17„

ἸἷἴἭȡ ἱ ἙἭἤ

ἸἷἴἭȡ ἱ ἙἭἤ

ÅPole position is consistent with 

CLEO-c, COMPASS and JPAC
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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



Observation of An Exotic ρ Isoscalar State ʂ ρψυυ

ÅAn isoscalar , , has been observed in 
ἔȾ ᴼ ᴂ(>19 Ɑ)
- ρψυυω -Å6ȾÃ, ɜ ρψψ ρψ -Å6ȾÃ

"*Ⱦʕᴼɾʂ ρψυυOɾʂʂ ςȢχπ πȢτρȢ
Ȣ ρπ

ÅMass consistent with hybrid on LQCD

Å ᴂin P -waves uniquely indicates exotic 
quantum numbers

ÅOpens a new direction to completing the picture of 
spin -exotics
ÅInspired many interpretations: 

Hybrid/ ++Molecule/Tetraquark?
24

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



Search for ʂ in ʔ ᴼʂʂʂ
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BESIII CPC 49, 10 (2025)



PWA results of ╙ȾⱶᴼⱷⱢⱢ

Data Fit result

Ɫ

Ɫ
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BESIII preliminary

OZI filter to access quark contents



Resonance ╙╟╒ Decay mode Sig.(Ɑ) Br

Ὢρυππ π ––ᴂ 14.5 τȢτπ πȢπψȢ
Ȣ ρπ

Ὢςπςπ π ––ᴂ 21.4 ςȢπρ πȢπςȢ
Ȣ ρπ

Ὢρυφυ ς ––ᴂ 8.6 ρȢχρ πȢπυȢ
Ȣ ρπ

Ὢρψρπ ς ––ᴂ 12.4 τȢπσ πȢπψȢ
Ȣ ρπ

Ὢςπρπ ς ––ᴂ 6.1 ςȢστ πȢπφȢ
Ȣ ρπ

Ὢςστπ ς ––ᴂ 8.4 υȢσς πȢρπȢ
Ȣ ρπ

– ρψυυ ρ ––ᴂ 23.7 ρȢρυ πȢπρȢ
Ȣ ρπ

Ὤ ρτρυ ρ –‫ 16.7 ςȢπω πȢπφȢ
Ȣ ρπ

Ὤ ρυωυ ρ –‫ 16.3 χȢςψ πȢρπȢ
Ȣ ρπ

Ὤ ρωφυ ρ –‫ 19.7 χȢτσ πȢρπȢ
Ȣ ρπ

‫ρφυπ ρ –‫ 18.8 ρȢυω πȢπςȢ
Ȣ ρπ

‫ρωφπ ρ –‫ 20.0 χȢτψ πȢρρȢ
Ȣ ρπ

Ὤ ρωφυ ρ ᴂ–‫ 14.6 ςȢςχ πȢπφȢ
Ȣ ρπ

ρ ὴὬίὴ ρ ᴂ–‫ 16.6 ςȢρυ πȢπςȢ
Ȣ ρπ

PWA results of ╙ȾⱶᴼⱷⱢⱢ
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BESIII preliminary

For comparison,
ὄὐȾ‪ᴼ‎– ρψυυ

ẗὄ– ρψυυO––
ςȢχπ πȢτρȢ

Ȣ ρπ
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ÅHow to discriminate hybrid/molecule/tetraquark?
Åʂ ρψυυOÆʂ, ++are important

Åɜ ᴼ Ⱦɜ ᴼ is not available yet

ÅWhere is the ? 

ÅWhy – is the observation channel for and ? 5 !
anomaly?

ÅDoes ἕ exist and how to identify it?

ÅWhere are the other * π ȟÅÖÅÎȟÏÄÄstates? Analog in Ӷὧὧexists?

ÅNew results via various probes are eagerly awaited

ρ Hybrids



Summary

ÅBESIII has a rich and fruitful program of light meson spectroscopy

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

ÅUpgrade accomplished

Åfl σͽЍί=4.7 GeV

Å ίO υȢφὋὩὠ

ÅCGEM inner tracker

29Thank you for your attention



backup
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ὥ ρψρχ
Isovectorpartner of Ὢρψππ?

Ὢρψππ

PRD 87, 032008(2013)

PRD 104 , 072002(2021)ὪρχρπȾὪρχωπ?

PRL129, 182001 (2022)

"ᴼ*ȾʕÆ

PLB 797 (2019) 134789

selectiveforÓÓ

At least 2 scalars around 1.7 GeV

EPJ C83,1125

Ὢρψππᴼה‫
Ὢρχρπᵅ–– 35σ suppression


