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Conventional

Multi-quark

Hybrid，GlueballGell-Mann, 1964

Zweig, 1964

Quark model

Hadrons are composed of quarks and gluon 

Probe hadron structures 

Nonperturbative QCD



Pentaquark — Pc(4450)+

LHCb, 2015
Tetraquark — Zc(3900)+

BESIII, 2013

• C.F. Qiao, L. Tang, 2014 

• H.X. Chen, W. Chen, X. Liu, Steele, S.L. Zhu, 

2015 

• Z.G. Wang, 2021 

• R.H. Wu, C.Y. Wang, C. Meng, Y.Q. Ma, K.T. 

Chao, 2023 

• ...... 

• Y. Chen, 2014 

• C. Liu, L. Liu, K.L. Zhang, 2020 

• ......

QCD sum rules

Lattice QCD

Hosaka, et al., 2016

Hadrons

3



H-dihyperon: , , 
: A deep bound state
uuddss JP = 0+

EB ≈ 80 MeV

Jaffe, 1976

Deuteron: ,  
A typical and well-established dibaryon 
molecular states

JP = 1+ EB = 2.225 MeV
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Hexaquark?

Lattice results for H-dibaryon: 
HAL QCD Collaboration: 30-40 MeV, 2011;  
NPL QCD Collaboration: 16 MeV, 2011; 
HAL QCD Collaboration: Unbound, 2019; 
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Di-baryon vs Baryon-antibaryon

VB-B̄ = (−1)G × VB-B

• : short-range repulsion 

• : strong attraction 

• Baryon-antibaryon is more likely to 

form a deep bound state than dibaryon

VB-B

G(ω) = − 1 → VB-B̄

Quarknium

c̄
c

Baryonium

p̄
p

Baryonium

q̄6
q1 q̄4

q2

q3
q̄5

baryon-antibaryon

q̄3
q1

q2

q6
q̄4

q̄5

triquark-antitriquark

Baryonium:  
Bound states or resonance formed by baryon-
antibaryon pair 
Constituents may be either color singlets 
(molecular) or color multiplets (compact).



Fermi, Yang, 1949

Potential model
 baryonium studies: 

Dalkarov, Mandelzweig and Shapiro, 1970; Buck, 
Dover, and Richard, 1979; Dover and Richard, 1979; 
Amsler, 1987; Dover, Gutsche, and Faessler, 1991

N-N̄

Deeply bound baryoniums with 
 are predictedJPC = 2++, 1−−, 0++

ASTERIX Collaboration,1990

: mostly observed in  annihilation 

• Considered as candidate for   bound 

states

f2(1565) pp̄

2++ pp̄

pp̄ → π+π−π0

6

 systemN-N̄
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: observed in  

•  

•

X(1860) J/ψ → γpp̄

M = 1859+3
−10(stat)+5

−25(sys) MeV

Γ < 30 MeV

: observed in  

•  

•

X(1835) J/ψ → γπ+π−η′￼

M = 1833.7 ± 6.1(stat) ± 2.7(sys) MeV

Γ = 67.7 ± 20.3(stat) ± 7.7(sys) MeV

Datta, Donnelll, 2003; 

Shilin Zhu, Chongshou Gao, 2006; 

Zhigang Wang, Shaolong Wan, 2007;

  baryonium interpretationp-p̄

 gluonium mixing 

Gang Hao, Congfeng Qiao, 

Ailin Zhang 2003; 

Kochelev, D.P. Min, 2005; 

Bingan Li, 2006;

Two resonances observed near  thresholdpp̄

BES, 2003 BES, 2005
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 and X(1860) X(1835)
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 as -  baryonium: 

• Dominant decay:  

• Suppressed channels: , , ,  

• No resonance or bound state in 

Y(4260) Λc Λ̄c

J/ψπ+π−

DD̄ DsD̄s J/ψK+K− ψ′￼π+π−

e+e− → γISR + p + p̄

: 

• Observed in  

• Mass:  

• Width: 

Y(4260)

e+e− → γISR + J/ψ + π+ + π−

4259 ± 8 (stat) +2
−6 (syst) MeV

88 ± 23 (stat) +6
−4 (syst)  MeV

BaBar, 2005

Congfeng Qiao, 2004

Hidden charm baryoniums



M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, 1979

• Correlation functions: first principle 

• Analytical 

• Well-defined for :  

• Hadron mass and decay

J/ψ c̄γμc

9

Observables: mass, decay constant, form factor...

QCD sum rules

Narison, 2010

QSSR  USSR↔



Π(q2)

quark-gluon level： 
operator product expansion

hadron level：observables Πphe(q2) =
λ2

H

q2−M2
H

+ ∫
+∞

smin

ρcont(s)
s − q2

ds + ⋅ ⋅ ⋅

ΠQCD(q2) = ∫
+∞

smin

ds
ρQCD(s)
s − q2

ds

Π(q2) = ∑
d

Cd(q2)⟨0 | Ôd(0) |0⟩

= C0(q2) + C3(q2)⟨q̄q⟩ + C4(q2)⟨g2
s G2⟩ + C5(q2)⟨q̄Gq⟩ + . . .

Π(q2) = i∫ d4xeiq⋅x⟨0 |T{j(x), j†(0)} |0⟩
: hadron current, describing the properties 

of hadrons（ , quark constituents）
j(x)

JPC
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Correlation functions



Poggio, Quinn, Weinberg, 1976 

Shifman, 2000; 2002

 annihilation，DIS……e+e−

Πphe(q2) =
λ2

H

q2 − M2
H

+ ∫
+∞

smin

ρcont(s)
s − q2

ds + ⋅ ⋅ ⋅

• Higher excited state should be reduced 

• Subtraction term should be excluded

ΠQCD(q2) = C0(q2) + C3(q2)⟨q̄q⟩ + C4(q2)⟨g2
s G2⟩

+C5(q2)⟨q̄Gq⟩ + . . .

• Convergence of OPE

Quark-hadron duality: ΠQCD(q2) ≃ Πphe(q2)
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Quark-hadron duality



ℬ[Π(q2)] ≡ Π(τ2) = lim
−q2, n → ∞
−q2 /n = τ2

(−q2)n+1

n! ( ∂
∂q2 )n Π(q2)

• Suppress the OPE and excited 
states contributions 

• Cancel the subtract terms 

• Minimal dependence of τ2

Mass equation: M2
H =

∫ s0

smin
s ρQCD(s) e−s/τ2 ds

∫ s0

smin
ρQCD(s) e−s/τ2 ds

G( ̂s, σ) =
1

4πσ ∫
∞

0
ds exp( −

(s − ̂s)2

4σ ) 1
π

Im Π(s)

Gaussian sum rules Bertlmann, Launer, and E. de Rafael, 1985

• Scan the hadronic spectrum, including 
resonances and excited states 

• Control the resolution of the spectral 
probe by σ

Orlandini, Steele, and Harnett, 2001; Harnett, and Steele, 
2001; Shuiguo Wen, Zhenyu Zhang, and Jueping Liu, 2010; 
Chunfeng Xian, Feng Wang, and Jueping Liu, 2014; Ho, 
Berg, Steele, Wei Chen, and Harnett, 2019

Borel transformation
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BESIII, 2024
X(1880) : M = 1882.1 ± 1.7 ± 0.7 MeV

BESIII, 2023

Bingdong Wan, ZSQ, Congfeng Qiao, 2021

 enhancement: Λ-Λ̄
M = 2356 ± 7 ± 17 MeV

"Protonium: Discovery and 
Prediction", Boqiang Ma, 2024

Light baryoniums in QCDSR
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Huaxing Chen, Dan Zhou, Wei Chen, Xiang Liu, 
Shilin Zhu, 2016; Bingdong Wan, Liang Tang, 
Congfeng Qiao, 2019;  
Xiuwu Wang, Zhigang Wang, Guoliang Yu, 2021; 
Chun Liu, 2007; Yuede Chen, Congfeng Qiao, 
Pengnian Shen, Zhuoquan Zeng, 2013; Zhe Liu, 
Hongtao An, Zhanwei Liu, Xiang Liu, 2021

 channel: 

• Inaccessible by -wave  and  structures based on QCD 
sum rules results, search in -wave  and -wave  modes 

• , higher than most XYZ states

JP = 3−

S [c̄c + ππ] [c̄cq̄q + π]
D J/ψππ P J/ψρ(ω)

M ∼ 5 GeV

Hidden charm and bottom baryoniums
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q̄3

q1

q2

q6

q̄4

q̄5

triquark-antitriquark

q̄6

q1 q̄4

q2

q3
q̄5

baryon-antibaryon

Triquark currents
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q1q2q̄3 = (q1q2) + q̄3 = (3c ⊗ 3c) ⊗ 3̄c = 3c ⊕ 6̄c ⊕ 3c ⊕ 15c

jtriquark
3̄c⊗3̄c

≃ εdecεeab[qT
1aΓ1q2b]Γ2q̄3c

jtriquark
6c⊗3̄c

≃ [qT
1aΓ1q2b]Γ2q̄3b .

jtriquark
1c⊗3c

≃ [q1aΓ1q̄2a]Γ2q̄3b

jtriquark
8c⊗3c

≃ [q1aΓ1(tA
ab)q̄2b]Γ2q3b

q1q2q̄3 = (q1q̄2) + q3 = 3c ⊗ 3̄c ⊗ 3c = 3c ⊕ 3c ⊕ 6̄c ⊕ 15c



A distinct class of baryoniums-- -  systemp Λ̄

Experimental evidence:  and  observed in  final state, 
both near the threshold

X(2075) X(2085) pΛ̄

Xuanheng Zhang, ZSQ, Congfeng Qiao, 2024

: probe for molecular or compact1+

BES, 2004; BESIII, 2023

Triquark-antitriquark in QCDSR
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Accuracy
QCD corrections: 
Albuquerque, Narison, Rabetiarivony, 2021 

Chenyu Wang, Ce Meng, Yanqing Ma, 

Kuangta Chao, 2019

LO

LO + NLO
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Outlook for QCDSR
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