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Forms of hadrons
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üThe basic theory for strong interactions is quantum chromodynamics (QCD). Hadrons 

are the bound states of QCD

üHadrons consist of 2 or 3 quarks in conventional quark model

¸ Mesons (quark-antiquark states)

¸ Baryons (3-quark states)

üNew forms of hadrons allowed by QCDχ

¸ Multi -quark : quark number >= 4

¸ Hybrid state : the mixture of quark and gluon

¸ Glueball: composed of gluons (gg, ggg, gggg ӈ.)



Glueball
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üThe self interaction of gluons ӜӜ gauge bosons of 

strong interactions, is unique property of QCD. 

üGlueball formed by self-interacted gluons.

üMany candidates but have not been established yet!

ČDirect test of QCD

üTheoretical predictions on glueball masses from lattice 

QCD and QCD-inspired models mostly consistent

¸ Light-mass glueball with ordinary ὐ : π , ς , π  arxiv:2305.04869

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

π

ς π

dynamics of gluons 
~ 99% of proton mass



J/ʴradiative decays
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üGluon rich environment

üIsospin filter : final states dominated by I=0 processes

üSpin-parity filter : C parity must be , so ὐ π ȟπ ȟρ ȟς ȟς  ӈ

üClean environment in electron-positron collision

¸ very different from proton-antiproton collision

‌ͯ‌ ‌ͯ‌



Glueball Production in J/ʴradiative decays

QCHSC2024 | Study of X(2370) at BESIII 5

üGlueball: strongly produced in gluon-rich processes

üRich production in J/ɹ radiative decays 

¸%DM=:9DD HJG<M;LAGF J9L= AF (Ӭʴ J9<A9LAN= <=;9QK ;GMD< := @A?@=J L@9F FGJE9D @9<JGFK

Č(Ӭʴ J9<A9LAN= <=;9QK 9J= :=DA=N=< LG := 9F A<=9D HD9;= LG K=9J;@ >GJ ?DM=:9DDK. 

‌ͯ‌ ‌ͯ‌



Glueball Decays
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ü Via gluons (gluon is flavor-blind) ӜӜ flavor symmetric decays

ü No rigorous predictions on glueballsӐdecay patterns and their branching fractions

ü The decay patterns of glueballs may resemble those of the Charmonium family, as they also decay 

through gluons [PLB 380 189(1996), Commu. Theor. Phys. 24.373(1995)].

¸ e.g.: The π  glueball could have similar decays of –

ü Different energy scales between the charmonium and glueballs

¸ Different decay branching ratios 

¸ – has larger phase space region than a π  glueball with lower mass



Glueball Search 
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üMany experiments searched for glueballs over the 

past 4 decades.

üMany historical glueball candidates, but also 

some difficulties/controversies .

¸ Scalar Glueball candidate (π ): Ὢρχρπ

¸ Tensor Glueball candidate (ς ): Ὢςστπ

¸ Pseudoscalar Glueball candidate (π  ):  –ρτπυ

BES, BESII, BESIII,
Crystal barrel,
DM2,
MARK II,MARK III, ...

?



Scalar glueball candidate

QCHSC2024 | Study of X(2370) at BESIII 8

üExpected production rate of scalar glueball in J/ɹ

radiative decays

¸ὄ ϳὐ‪ᴼ‎Ὃ σȢψψ ρπ @ LQCD

üObserved ὄ ϳὐ‪ᴼ‎Ὢρχρπ is x10 larger than 

Ὢρυππ @ BESIII

üThe high production rate of ὐȾ‪ᴼ‎Ὢρχρπ and 

the suppression of ὪρχρπO––ᴂ supports that

¸Ὢρχρπ has a large overlap with glueball [PRD 106 072012(2022)]

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

║ ϳ╙ⱶᴼ♬█ ║ ϳ╙ⱶᴼ♬█

still await undisputed confirmations



Tensor glueball candidate
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PRL 111 (2013) 091601

üExpected production rate of tensor glueball

¸ὄ ϳὐ‪ᴼ‎Ὃ ρȢρ ρπ @ LQCD [PRL 111 (2013) 091601]

üObserved Ὢςστπ @ BESIII:

¸ὄ ϳὐ‪ᴼ‎ὪςστπO‎   ρȢωρ πȢρτ Ȣ
Ȣ ρπ

üDifficulty: no clear mass peak of these Ὢ mesons can 

be directly observed in ϳὐ‪ radiative decays due to 

large overlaps among various wide resonances. 

ϳὐ‪ᴼ‎ɮɮ

PRD 93 (2016) 112011

It is desired to study more decay modes

https://doi.org/10.1103/PhysRevLett.111.091601


Pseudoscalar glueball candidate
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üPseudoscalar meson spectrum

¸ Only –and –ᴂ (& radial excitations) from quark model

¸ A promising window to search for extra states

üExpected mass @LQCD: 2.3~2.6 GeV

¸2@= >AJKL ?DM=:9DD ;9F<A<9L=ӆ ʦӦ1440) (split into –ρτπυand 
–ρτχυ), whose mass is incompatible with LQCD

¸ Little experimental information above 2 GeV

üWhere is Pseudoscalar glueball?

¸ The π  glueball could have similar decays of –

¸ 3 pseudoscalar final state is a good place to search for

5  typical  Ɫ╬ᴼ ╟  decay  modes in PDG ӜӜ 
5  ӑGoldenӒmodes  in  glueball searches



BESIII data collections
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5GJD< D9J?=KL (Ӭʴ <9L9 K9EHD= ӆ ỷ10 billion.
Å Well defined initial and final states
Å Low background
Provide a good opportunity to search for glueball!

BEPCII and BESIII
The Experimental facility



Study of ╧  at BESIII
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ὢςσχπ 
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üFirst observation by BESIII of the ὢςσχπin ὐȾ‪ᴼ‎““–ᴂ 

 

üConfirmed by BESIII in ὐȾ‪ᴼ‎ὑὑ–ᴂ (new mode), ‎““–ᴂ

RPL 106 (2011) 072002 

╧ ╧ ╧

M(MeV/c 2) ũ(MeV) Sig.

X(1835) ρψσφȢυ σȢπ Ȣ
Ȣ ρωπȢρ ωȢπ >20ů

X(2120) ςρςςȢτ φȢχ Ȣ
Ȣ ψσ ρφ 7.2ů

X(2370) ςσχφȢσ ψȢχ Ȣ
Ȣ ψσ ρχ 6.4ů

Eur. Phys. J. C 80, 746 (2020) PRL 129 (2022) 042001 

╧

╧

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.072002
https://link.springer.com/article/10.1140/epjc/s10052-020-8078-4
https://doi.org/10.1103/PhysRevLett.129.042001


ὢςσχπ ӜӜ good candidate of π  glueball
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üIts mass is consistent with LQCD prediction on the lightest π  glueball

üObserved in the best place to search for the π  glueball:

¸ Produced in the gluon-rich J/ɹ radiative decays

¸ Flavor symmetric decay modes of ““–ᴂand ὑὑ–ӜӜfavorite decay modes of π  glueball 

ČDetermination of its spin-parity is crucial



Spin-Parity determination of the ὢςσχπ in ὐȾ‪ᴼ‎ὑὑ–ᴂ
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Advantages of this channel: 

ü~10B clean ὐȾ‪ events

üAlmost no background:

¸ Possible dominant background processes of ὐȾ‪ᴼ“ὑὑ–ᴂ and ὐȾ‪ᴼὑὑ–ᴂ are forbidden by 
exchange symmetry and C-parity conservation.

üHigh efficiency and precise resolution of charged particles and photons: 

¸ good reconstruction for ὑ and –

¸ good reconstruction for –ᴂ for two dominant decay modes of –ᴼ‎““  and –ᴼ““–

Journal: Phys. Rev. Lett. 132 (2024) 181901



Selection for ὐȾ‪ᴼ‎ὑὑ–ᴂȟ–ᴼ““–
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üSignal selection:

¸At least 3 charged pairs + 3 photons

¸Constraint kinematic fit with energy-momentum conservation

¸ὑ  reconstruction: ὓ ὓ ω -Å6ȾÃ 

¸– reconstruction:  ὓ Ɫ ὓ ρπ -Å6ȾÃ 

üBackground veto:

¸“ veto: ὓ ὓ ςπ -Å6ȾÃ

Clean ╚╢ and Ɫ Signal

╚╢ Ɫᴂ



Selection for ὐȾ‪ᴼ‎ὑὑ–ᴂȟ–ᴼ‎““
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üSignal selection:

¸At least 3 charged pairs + 2 photons

¸Constraint kinematic fit with energy-momentum conservation

¸ὑ  reconstruction:  ὓ ὓ ω -Å6ȾÃ 

¸– reconstruction: ὓ ὓ ρυ -Å6ȾÃ 

üBackground veto:

¸“ /– veto: ὓ ὓ ςπ -Å6ȾÃ, ὓ ὓⱢ σπ -Å6ȾÃ

Clean ╚╢ and Ɫ Signal

╚╢ Ɫᴂ



Background estimation
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ü Negligible mis-combination for ὑ reconstruction ( <0.1%)

ü No background from ὐȾ‪ᴼ“ὑὑ–ᴂ: further validation directly from data

ü Little background from non-–ᴂprocesses: estimated directly from –ᴂmass sideband region:

¸ No peaking background 

¸ Non-–ᴂbackground fraction:   1.8% for –ᴼ““–; 6.8% for –ᴼ‎““

Spin-Parity determination benefits from low background level 

ⱢᴂⱢᴂ



Mass spectra after final selection
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ü Similar structures  in –ᴼ““– and –ᴼ‎““  

modes

¸ Evident Ὢωψπ in ὑὑ  mass threshold

¸ A clear connection between the Ὢωψπ and ὢςσχπ

üὪωψπ in selection with ὓ╚╢╚╢
ρȢρ GeV/╬

¸ Clear signal of the ὢςσχπ and –

¸ Reduce PWA complexities from additional intermediate 
processes

Ὢωψπ

PRL 132 (2024) 181901



Partial wave analysis (PWA)
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üPWA is a key tool to hadron spectroscopy

¸ Input: four-momenta of the final-state particles

¸ Measure the resonancesӐspin-parity , resonance parameters, production and decay properties, ӈ

üPWA of ὐȾ‪ᴼ‎ὑὑ–ᴂ is performed using covariant tensor formalism  [1] . The signal 

amplitudes are parametrized as quasi-sequential two-body decays:

¸ὐȾ‪ᴼ‎ὢȟὢᴼὣⱢȟὣᴼ╚╢╚╢ or ὢᴼὤ╚╢ȟὤᴼ╚╢Ɫᴂ

V ὑ  and –ᴂ constructed with daughter particles as they are unstable  states

¸Differential cross section is observable: ȟ‚‫‌ Вὃ

üAn unbinned maximum likelihood fit is performed on the data. 

???

╚╢

╚╢

Ɫᴂ

╧

[1] Zou & Bugg, Eur. Phys. J. A 16, 537ӛ547 (2003)



PWA Fit

QCHSC2024 | Study of X(2370) at BESIII 21

üBest fit can well describe the data including resonances (>5ʯӧӆ

ὢρψσυ, ὢςσχπ, ὢςψππ, –

¸ Spin-parity of the ὢςσχπ is determined to be π  with significance 
larger than 9.8ʯ OӄJӄLӄ GL@=Jὐ  assumptions

¸ὢςψππ: a broad structure for the effective contributions from possible 
high mass resonances

PRL 132 (2024) 181901



PWA Validations
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üIntermediate process: significance <3ʯ 9F< AEH9;L AK A?FGJ=<

¸ὐ  and decay modes for each components: Ὢρυππ–ᴂ, Ὢρςχπ–ᴂ, ὑz ρτρπὑ ,  ὑᶻρτσπὑ , 
ὑᶻρτσπὑ , ὑz ρφψπὑ , ὑὑ –ᴂ, ὑὑ –ᴂ, ὑ–ᴂὑ , ὑ–ᴂὑ

üAdditional resonance checks: significance <5ʯ

¸ No evidence of the ὢςρςπ in the ὑὑ  mass threshold region for ὐȾ‪ᴼ‎ὑὑ–ᴂ only

¸ The significance of ὢςφππOὪωψπ–ᴂ is 4.2ʯ

¸ Impact from the ὢςρςπ and ὢςφππ is considered as systematic uncertainty

üThe ὢςψππ with a mass of 2799 MeV and width of 660 MeV:

¸ Used to described effective contributions from high mass region

¸ Strongly reply on the description of Ɫ╬ lineshape:  different variations are included into the 
systematic uncertainty

¸ Statistical uncertainties of the ╧  mass and width are included in the systematic 
uncertainties on the ὢςσχπ measurements



Results
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╧  measurements:

ü ὐ π with significance > 9.8ʯ

ü ὓ ςσωυίὸὥὸȢ ίώίὸȢ -Å6Ⱦὧ

ü ῲ ρψψ ίὸὥὸȢ ίώίὸȢ -Å6

ü ὄ ϳὐ‪ᴼ‎ὢςσχπẗὄὢςσχπOὪωψπ– ẗὄὪωψπ

ᴼὑὑ ρȢσρȢ
Ȣ ίὸὥὸȢ Ȣ

Ȣ ίώίὸȢ ρπ

PRL 132 (2024) 181901
LQCD prediction on lightest pseudoscalar glueball:

ü ὐ π

ü ὓ ςσωυρτ-Å6Ⱦὧ

ü ὄ ϳὐ‪ᴼ‎Ὃ ςȢσρ πȢψπ ρπ

PRD 100 (2019) 054511

üThe measurements agree with the predictions on lightest pseudoscalar glueball 

¸ The spin-parity of the ὢςσχπ is determined to be π  for the first time

¸ Mass is consistent with LQCD predictions

¸ The estimation on ὄ ϳὐ‪ᴼ‎ὢςσχπ and prediction on ὄ ϳὐ‪ᴼ‎Ὃ  are at the same level



ὢςσχπ seen in ὐȾ‪ᴼ‎ὑὑ–
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üIn the 2D scatter plot of ὓὑὑ  vs. ὓὑὑ–,  qualitatively , we can clearly 

observe same decay patterns between the ὢςσχπ and – if phase space allows

üThe similarity between the ὢςσχπ and – decay modes supports the glueball 

interpretation of the ὢςσχπ

With 1.31B J/ɣ events

Å In the upper ὓὑὑ  mass band of 1.5-1.7 GeV range, 
clear signals of both ὢςσχπ and –.

Å In the lower ὓ ὑὑ  mass band of Ὢωψπ, no ὢςσχπ, 
nor –.

Journal: Phys. Rev. Lett. 115 (2015) 091803



Observation of new decay modes of ὢςσχπ 

QCHSC2024 | Study of X(2370) at BESIII 25

ü New decay modes

üὢςσχπ has been observed  in above  typical  –ᴼσὖdecay  modes. (Good similarities with –)

ü Upper limits of ὄὢςσχπO‎‰ and ὄὢςσχπO–––ᴂ are well consistent with the predictions of 

π  glueball.

Decay mode Significance Ref

““–ᴂ φȢτ„ RPL 106 (2011) 072002 

ὑὑ– seen PRL 115 (2015) 091803

ὑὑ–ᴂ ψȢσ„ EPJC 80, 746 (2020)

Ὢωψπ– [1] ρρȢχ„ PRL 132 (2024) 181901

ὑὑ“ ḻυ„
ICHEP2024

BESIII Preliminary
““– ḻυ„

ὥ ωψπ“ [2] ḻυ„

‎‰ No evidence arXiv:2401.00918

–––ᴂ No evidence PRD 103 (2021) 1, 012009

[1] ὪωψπO ὑὑ
[2] ὥ ωψπO “–

Summary of decay modes of ὢςσχπ 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.072002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.091803
https://link.springer.com/article/10.1140/epjc/s10052-020-8078-4
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.181901
https://indico.cern.ch/event/1291157/contributions/5898135/attachments/2900283/5087134/BJLiu_ICHEP2024_final.pdf
https://arxiv.org/abs/2401.00918
https://doi.org/10.1103/PhysRevD.103.012009


Summary
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üGlueballs are important predictions from QCD: 

¸ Unique particles formed  by gluons (force carriers) due to self-interactions of gluons

üThe ὢςσχπ is observed in the gluon-JA;@ (Ӭʴ J9<A9LAN= <=;9Qӆ

¸ὐ  determined to be π

¸ Measurements and predictions on mass and production rate are consistent within uncertainties

¸ flavor symmetric decay modes meet expectation

ӜӜThe ὢςσχπ is a glueball-like particle

üLooking forward to further experimental + theoretical efforts, which are essential to 

improve our understanding of this particle.



Thanks!



Beijing Electron Positron Collider (BEPCII)
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Å 2004: started BEPCII/BESIII construction
Å Double rings
ÅὉ ςȢπͯ τȢφτȢω KAF;=ҐҎҏҗ 'Å6
Å Designluminosity:  ρ ρπὧά ί

(reached 2016 @Ὁ σȢχχ'Å6)
Å 2008: test run
Å 2009~ today: BESIII physics runs

BESIII detector 

~240m Linac~200m

World unique ὩὩ  accelerator in charm physics energy region



BESIII detector
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Time Of Flight (TOF)
„ φψὴί (barrel)
„ φπὴί (endcap)

Multilayer Drift Camber (MDC)
„Ⱦὴ 0.5% @1GeV (1T)

„  ͯρσπ ‘ά

 ὨὉȾὨὼͯφϷ

Nucl. Instr. Meth. A614, 345 (2010) 

Electromagnetic Calorimeter (EMC) 
„ȾὉ 2.5% @ 1 GeV (barrel) 
„ȾὉ υϷ @ 1 GeV (endcap)

„ φͯάά @ 1 GeV 

Muon Counter
„KH9LA9Dςὧά

Totally about 50 fb-1 integrated luminosity. Data sets 
collected so far include:

10×109 J/ eɹvents
2.7×109 ɹ Ӧ2S) events
20 fb-1 ɹ Ӧ3770)



Glueball Decays
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üThe decay modes of glueballs may resemble those of the Charmonium family decays, 

as both can only decay via gluons.

From Kuang-Ta Chao 1995 Commu. Theor. Phys. 24.373

From Tao Huang,  Kuang-Ta Chao et al.  PLB 380 (1996) 189-192



Lattice QCD predictions for glueball masses and BR:
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üπ  ground state: 1.5-1.7 GeV/c2; ὄ ϳὐ‪ᴼ‎Ὃ σȢψ πȢω ρπ .

üς  ground state: 2.3-2.4 GeV/c2; ὄ ϳὐ‪ᴼ‎Ὃ ρȢρ πȢς ρπ .

üπ  ground state: 2.3-2.6 GeV/c2 ; ὄ ϳὐ‪ᴼ‎Ὃ ςȢσρπȢψπ ρπ . 

PhysRevD.87.054036
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ongoing

PRD 73 (2006) 014516

ὢςσχπobserved

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.014516


Pseudoscalar glueball candidate
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üⱢ( ) / Ɫ( ) puzzle

¸ʦ(1440), split into –ρτπυand –ρτχυ, first discovered by MARK II in 
1980s. Lots of studies at MARK II, MARK III, DM2 and BES. 

¸ Believed as the first glueball candidate due to its large production rate in ὐ
Ⱦ‪ radiative decays and lack of reliable LQCD predictions in 1980s

¸ No longer to be believed as π  glueball candidate due to its large different 
mass from LQCD prediction.

MARK IIPLB 97, 329 (1980) 

üRecent BESIIIӐs study in ὐȾ‪ᴼ‎ὑὑ“

¸ Consistency between MI and MD results

¸ Dominated by 0 -+

¸ Two BWs around 1.4 GeV is needed

JHEP 03 121(2023)
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PWA of ὐȾ‪ᴼ‎‎‰
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ü,G =NA<=F;= >GJ L@= ʤӦҏҐҗғӧӅ ʤӦҏҒҕғӧӅ ʤҏӦҏҖғғӧӅ9F< 6ӦҐґҕҎӧ AF L@=ʠ  ̡system.



Confirmation of the ὢςσχπ in ὐȾ‪ᴼ‎ὑὑ–ᴂ 
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üὐȾ‪ᴼ‎ὑὑ–ᴂ channel was analyzed with ~1.31B ὐȾ‪ events

Observation:  X(2370) new decay mode of ὑὑ–ᴂ 

Eur. Phys. J. C 80, 746 (2020)

üCombined following channels

¸ ὐȾ‪ᴼ‎ὑ ὑ –ᴂand ὐȾ‪ᴼ‎ὑὑ–ᴂ

¸ –ᴼ‎““  and –ᴼ““–

üConfirmation of the ὢςσχπ with 8.3ʯ

¸ -  ςστρȢφ φȢυÓÔÁÔȢ υȢχÓÙÓÔȢ -Å6Ⱦὧ

¸ ɜ ρρχρπÓÔÁÔȢ ψÓÙÓÔȢ -Å6

https://link.springer.com/article/10.1140/epjc/s10052-020-8078-4


╧  seen in ὐȾ‪ᴼ‎ὑὑ–
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üMass spectra

Â

PRL 115 (2015) 091803

With 1.31B J/ɣ events

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.091803


╧  observed in ὐȾ‪ᴼ‎ὑὑ–ᴂ
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PWA projections


