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Mysterious gluons

• How does QCD give rise to hadrons?

• What is the origin of confinement? 

• How is the mass generated in QCD? 

• Role of gluons in hadrons

• How to access soft gluon dynamics

• Key thing to search for: hadrons explicitly 

manifest the gluonic degrees of freedom

• Gluonic excitations: Glueballs and hybrids, which 

provide critical information on the strong force and 

QCD vacuum
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Eur.Phys.J.A 60 (2024) , 173



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(2017-), 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)

Overlaps with 
chromomagnetic
operators

“Constituent gluon”
• 𝐉𝐏𝐂

𝐠
= 𝟏+−

• 𝐌𝐠~1.3 GeV



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” 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)



J/ψ → γγϕ, a s ҧs flavor filter
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BESIII PhysRevD.111.052011(2025)

From the amplitude analysis,

• η 1405 is observed, while η 1475 can not be excluded

• X 1835 → γϕ suggests its assignment of η′ excitation

• ηc → γϕ are observed. The very first radiative decay mode of ηc

• Observation of f2 1950 and f0 2200 → γϕ unfavored their glueball interpretations [PRD 108, 
014023, Sci.China Phys.Mech.Astron. 67 (2024) 11, 111012]

• No evidence of 𝐗(𝟐𝟑𝟕𝟎)/𝛈𝟏(𝟏𝟖𝟓𝟓), well consistent with the predictions for glueball/hybrid
[PRD 107, 114020, NPA 1037, 122683]

PR D97 051101 (2018) 

Fit to mass spectrum

𝜼 𝟏𝟒𝟕𝟓 13.5𝝈

X(1835)6.3𝝈

𝒇𝟏 𝟏𝟐𝟖𝟓 <5𝝈

Amplitude analysis with 
ML techniques for 
background subtraction



Search for η1 in χc1 → ηηη′
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BESIII CPC 49, 10 (2025)



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

No evidence of 
𝜋1 → 𝜂𝜋

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



Observation of π1 in χc1 → π+π−η′
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NEW arXiv:2604.12524

M = 1828 ± 8−33
+11 MeV/c2, 

Γ = 638 ± 26−86
+35 MeV/c2

B 𝜒𝑐1 → 𝜋1 1600 ±𝜋∓

× 𝐵[𝜋1 1600 ± → 𝜋±𝜂′

= 4.30 ± 0.14−1.03
+1.04 × 10−4

M = 1675 ± 9−32
+32 MeV/c2, 

Γ = 443 ± 15−56
+18 MeV/c2

B 𝜒𝑐1 → 𝜋1 1600 ±𝜋∓

× 𝐵[𝜋1 1600 ± → 𝜋±𝜂′

= 4.27 ± 0.14−1.32
+0.86 × 10−4

BW  with mass-dependent width

BW  with constant width

•𝝅𝟏 𝟏𝟔𝟎𝟎 observed>𝟐𝟏𝝈

•with a significant BW phase motion > 11𝜎

•𝐉𝐏𝐂= 𝟏−+, better than other assignments > 17𝜎

𝐩𝐨𝐥𝐞: 𝟏𝟔𝟗𝟎 ± 𝟏𝟔−𝟒𝟒
+𝟑𝟔 − 𝐢(𝟐𝟏𝟕 ± 𝟓−𝟏𝟗

+𝟕 )𝐌𝐞𝐕

𝐩𝐨𝐥𝐞: 𝟏𝟔𝟖𝟗 ± 𝟏𝟎−𝟑𝟓
+𝟑𝟑 − 𝐢(𝟐𝟐𝟎 ± 𝟕−𝟐𝟕

+𝟗 )𝐌𝐞𝐕

• Pole position is consistent with 

CLEO-c, COMPASS and JPAC



ҧ𝐜𝐜g hybrids

• Y(4230)? 
• Seem to be contradicting with the exp. observation: 
𝜎 𝐷∗ഥ𝐷 + 𝑐. 𝑐. ≫ 𝜎(𝐷∗ഥ𝐷∗)

• Transitions between 1− − and {0, 1, 2}− +

• Molecule states of 1− + and 1− − ?
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JHEP 07 (2012), 126

LQCD predicts similar supermultiplet as light hybrids

Further studied at 
BESIII and Belle II



Vector states: Y(4260) → Y(4230)

• Y(4260) firstly seen by BaBar, 
afterwards split into two states 
Y 4230 and Y 4320 by BESIII
• Inconsistent with simple cതc scenario

• Candidates for exotics:

• Hybrid (gcതc )?

• Hadronic molecule ?

• Tetraquark ?

• Seen in more than ten decay 
modes at BESIII
• With consistent mass, not width
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BaBar BESIII PRL 188(2017) 092001

BESIII, Phys.Rev.D 111 (2025) 1, L011101
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BESIII PR D 111, 112007 (2025)
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BESIII PRD 112, 032002(2025)
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• How to discriminate hybrid/molecule/tetraquark?
• η1 1855 → f1η, K1K are important

• Γπ1→b1π/Γπ1→η′π is not available yet

• Where is the 𝛈𝟏
(′)

? J/ψ → ωηη′ , ϕηη′ to access quark contents

• Why 𝜂′ is the observation channel for 𝛑𝟏 𝟏𝟔𝟎𝟎 and 𝛈𝟏(𝟏𝟖𝟓𝟓) ? U1 A
anomaly?

• Does 𝐊𝟏 exist and how to identify it?

• Where are the other JPC = 0−−, even+−, odd−+ states? Analog in ҧ𝑐𝑐 exists?

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

1−+ Hybrids



Thank you
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backup
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• Angular distribution as a function of M(ηη′)

expressed model-independently

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

amplitudes in ηη′ by:

• Narrow structure in 𝑌1
0

➢Cannot be described by resonances in 𝛄𝛈 𝛈′

• 𝛈𝟏 𝟏𝟖𝟓𝟓 → 𝛈𝛈′ needed

Observation of An Exotic 𝟏− + Isoscalar State 𝛈𝟏(𝟏𝟖𝟓𝟓)
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Data – Sideband
PWA fit projection (baseline fit)
Alternative fit without 𝜼𝟏

𝑌𝑙
0 ≡෍

𝑖=1

𝑁𝑘

𝑊𝑖𝑌𝑙
0(𝑐𝑜𝑠𝜃𝜂

𝑖 )

Without 𝜼𝟏(𝟏𝟖𝟓𝟓)

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



What about K1 ?

21

Exotic Kaons are difficult to be established, 
because they do not have exotic quantum numbers

Decay property is the key



𝜒𝑐1 → 𝐾+𝐾−𝜂′
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PhysRevD.89.074030PWA with 106 million 𝜓(3686)

Now, BESIII has 2.7 billion 𝜓(3686). An updated analysis is underworking



Vector states: at higher masses
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BESIII, arXiv: 2504.04096

BESIII, PRD 104 (2021), 052012

𝑒+𝑒− → 𝜋𝜋𝜓(3686)

𝑒+𝑒− → 𝜋𝜋ℎ𝑐 Less consistency between exclusive channels


