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Hadrons
Quark Model [1964 by Gell-Mann and Zweig] 

Exotic hadrons:

2

Lowest Configuration!

C. Z. Yuan, S. L. Olsen, Nature Reviews Physics 1, 480 (2019)
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Exotic Hadron Candidates 
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30+ new states have been observed, spectrum of exotic hadrons?  

More effort is needed to understand the nature of them and classify them
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Charmonium Spectroscopy
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Beijing Electron Positron Collider II and BESIII
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Charmonium Production at BESIII
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Charmonium Production at BESIII
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Charmonium Production at BESIII
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Charmonium Production at BESIII
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Charmonium Production at BESIII
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BESIII Data Samples
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BESIII Data Samples
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X(3872) [ (3872)]χc1
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2003, observed by Belle experiment in  process 

 JPC = 1++ [2013, LHCb] 

Production:  decays,  decays,  decays,  
                      collision,  collision,  collision,  
                     radiative/hadronic transition,  process 

Decay: , , , , , 

B± → K±π+π−J/ψ

B Bs Λb
pp̄ pp PbPb
e+e− γγ*

D0D̄*0 π+π−J/ψ π+π−π0J/ψ π0χcJ γJ/ψ γψ(2S)

PRL 91, 262001 (2003)

:   Nsig 36 ± 7
10.3σ

PRL 93, 072001 (2004)

PRL 110, 222001 (2013)

~25 events 
cs peaks at 4750

PRL130, 151904 (2023)

:  Nsig 79 ± 9

PRL 122, 232002 (2019)
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X(3872) Mass
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Mass very close to  mass threshold: [  MeV] 

 MeV [deuteron: 2.2 MeV]

DD̄ * (3871.69 ± 0.11)

Eb = − 0.05 ± 0.12
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X(3872)-Width

Flatté parameterization: 
 
 
 
 
FWHM:  MeV, depends strongly 
on the coupling to open-charm final state 

0.22+0.06+0.25
−0.08−0.17

10

LHCb: PRD 102, 092005 (2020)
BW Width

LHCb: PRD 102, 092005 (2020)

 MeVδM : 2.4 − 3.0
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Coupled-channel Analysis of X(3872)
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Including the  self energy term; the width of ; the 
coupled channel effect in the parameterization 

Weinberg’s compositeness: Z=1 - pure elemental state; Z=0 
-pure bound state

D*D̄ D*

Obtained  
line shape 

χc1(3872)

Parameters BESIII LHCb
g

Re[EI] (MeV) 7.10

Im[EI] (MeV) -0.13

FWHM (MeV)

Z 0.18 0.15 (0.33)

Γ[π+π−J/ψ]/Γ[D0D̄*0]

0.108 ± 0.003+0.005
−0.006

0.11 ± 0.03

0.22+0.06
−0.08

+0.25
−0.17

0.16 ± 0.010+1.12
−0.11

0.05 ± 0.01+0.01
−0.02

7.04 ± 0.15+0.07
−0.08

−0.19 ± 0.08+0.14
−0.19

0.44+0.13
−0.35

+0.38
−0.25

PRL132, 151903(2024)

 MeVMX = (3871.63 ± 0.13+0.06
−0.05)

 MeVδM ≈ 0.8  MeVδM ≈ 2
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Y States[ (mass)]ψ
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, discovered in ISR process at BaBar,  

Confirmed by CLEO and Belle 

Mass > 4 GeV, above  threshold  

Not observed in inclusive hadron cross section 

Not observed in open charm pair cross section 

Later,  was discovered at BaBar,  was discovered  
at Belle, both in  process

Y(4260) e+e− → γISRπ+π−J/ψ

DD̄

Y(4360) Y(4660)
e+e− → γISRπ+π−ψ(2S)

Y(4360)

Y(4660)
Y(4660)

Y(4360)
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Y States[ (mass)]ψ
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46 samples, ~22 fb-1

Can measure  (CS)  with high precision  Y statesσ[e+e− → hi] ⇒
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Overview of CS measurements at BESIII 
Precise cross section measurements of open charm, hidden charm, and light hadron processes
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Overview of CS measurements at BESIII 
Precise cross section measurements of open charm, hidden charm, and light hadron processes
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Precise cross section measurements of open charm, hidden charm, and light hadron processes

Overview of CS measurements at BESIII 
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Y(4230) in Open Charm Process
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0.02[0.01] 4.0[0.5] 0.29[0.10] 0.22[0.25] 8.6[1.6] 4.8[0.9]
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ΓeeB π+π−J/ψ π+π−ψ(2S)π+π−hc ωχc0 K+K−J/ψ π±(DD̄*)∓ π±(D*D̄*)∓ηJ/ψ π0Zc(3900)0

determined with BW parameterization 
consider possible interference 

⇑

⇑
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Y(4230) in Open Charm Process
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determined with BW parameterization 
consider possible interference 

⇑

⇑
Y(4260) has fine structures 

Mass around 4220 MeV, width around 50 
MeV;   
varies in different modes  need more 
sophisticated model 

It has decay modes, hidden charm and 
open charm final states: , , , 

, , , , , 
, , , 

⇒

ωχc0 ππJ/ψ ππhc
ππψ(2S) πππηc KK̄J/ψ ηJ/ψ π+D0D*−

π+D*0D̄*− γX(3872) ηhc πZc(3900)
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Observation of Y(4500)

 MeV/  
 MeV 

A 5S-4D mixing state (J. Z. Wang et al. PRD99, 114003 

(2019) [Width 2  larger] 

A heavy-antiheavy hadronic molecule (X. K. Dong et al. 
Prog. Phys. 41, 65 (2021)) 

A  state from LQCD (T. W. Chiu et al. PRD73, 094510 
(2006)) 

Assuming structures in  and  are the 
same, ~102, 
inconsistent with hidden-strangeness tetraquark 
nature (F. Z. Peng et al. PRD107, 016001 (2023))

M = 4484.7 ± 13.3 ± 24.1 c2

Γ = 111.1 ± 30.1 ± 15.2

σ

csc̄s̄

KKJ/ψ πD*D̄*
B[Y → πD*D̄*]/B[Y → KK̄J/ψ]

18

K+K−J/ψ
CPC46, 111002 (2022)
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BW2:  MeV/ ,  MeVM = 4469.1 ± 26.2 ± 3.6 c2 Γ = 246.3 ± 36.7 ± 9.4
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π+π−ψ(2S)

PRD104, 052102 (2021)

PRL131, 191901 (2023)

ΛcΛ̄c

New Decay Modes of Y(4660)

19

π+π−ψ2(3823)

PRL 129, 102003 (2022)

Mass:  MeV 

Width:  MeV

4647.9 ± 8.6 ± 0.8

33.1 ± 18.6 ± 4.1
Mass:  MeV 

Width:  MeV

4651.0 ± 37.8 ± 2.1

155.4 ± 24.8 ± 0.8 Second hadronic transition decay 
mode since its discovery
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15 data samples corresponding to a total integrated lum. of 6.6 fb-1 from =4.53 to 4.95 GeVs

Y(4660) in  and DsDs1(2536) DsD*s2(2573)

20

Partial reconstruction

7.2σ

15σ

4.3σ
2.7σ

DsDs1(2536)
DsD*s2(2573)

PRL 133, 171903 (2024)

R1 R2

Mass  
(MeV/c2) 4584[14, 68] 4749.9[8.2, 6.7]

Width (MeV) 57[12, 211] 24.9[8.0, 7.8]

 e+ e−  ψ/Y

 DsJ

 D−
s

 K+K−π−, K0
SK

 K−

 D̄(*)0

R1 R2

Mass  
(MeV/c2) 4603.1[3.9, 0.8] 4720[13, 2]

Width (MeV) 45.2[5.7, 0.7] 50[12, 1]

Mass and width consistent with ISR studies at Belle, but cs much smaller 

Mass:  MeV 
Width:  MeV

4651.0 ± 37.8 ± 2.1
155.4 ± 24.8 ± 0.8

Mass:  MeV 
Width:  MeV

4647.9 ± 8.6 ± 0.8
33.1 ± 18.6 ± 4.1

ππψ(2S)

ππψ2(3823)

Y(4660)

PDG
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The  process was observed by CLEO at =4.17 GeV [ ] 

The cross section of  was measured by BESIII at  from 3.9 to 4.6 GeV, two 
resonant structures was observed 

New data (27 data samples) between =4.18 to 4.95 GeV has been collected by BESIII

e+e− → π+π−hc s 10σ

e+e− → π+π−hc s

s

21

PRL118, 092002 (2017)

PRL118, 092002 (2017)

PRL107, 041803 (2011) 

arXiv: 2504.04096
⇒⇒

CPC38, 043001 
(2014)

PRL 111, 242001 (2013) 

Precise Measurement of σ[e+e− → π+π−hc]
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Test of resonance structures:  

Starting with two coherent BWs, add one more BW, two 

more BWs, one more BW and a continuum termt 

Check significance of each addtional term 

Baseline model:  

Significance of the third resonance:  

Significance of addtional contribution smaller than  

σdressed = |BW1 + BW2eiϕ2 + BW3eiϕ3 |2

5.4σ

1σ

22

Precise Measurement of σ[e+e− → π+π−hc]
arXiv: 2504.04096

PRD99,  114003 (2019)PRD100,  074016 (2019)
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Test of resonance structures:  

Starting with two coherent BWs, add one more BW, two 

more BWs, one more BW and a continuum termt 

Check significance of each addtional term 

Baseline model:  

Significance of the third resonance:  

Significance of addtional contribution smaller than  

σdressed = |BW1 + BW2eiϕ2 + BW3eiϕ3 |2

5.4σ

1σ

22

Precise Measurement of σ[e+e− → π+π−hc]
arXiv: 2504.04096

Cannot be described by two coherent BWs

PRD99,  114003 (2019)PRD100,  074016 (2019)

No obvious resonance structure is found at around , in tension with tetraquark explanation  

In  mixing scheme, ,  states are located in this mass region, only three are observed in this 

mode

ψ(4660)

S − D 4S − 3D 5S − 4D

EPJC 78, 29 (2018)

PRD99,  114003 (2019)
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Observation of Y(4710)/Y(4790)

23
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(2023)

Precise c.s. measurement 
stat. only

D*s D̄*s

> 6σ 4.2σ
KSKSJ/ψ

Y(4710):  MeV/  
          MeV

(4704 ± 52 ± 70) c2

(183 ± 114 ± 96)

PRD 107, 092005 (2023)

K+K−J/ψ

Y(4710):  MeV/  

        MeV

(4708+17
−15 ± 21) c2

(126+27
−23 ± 30)

> 5σ

PRL131, 211902 (2023)
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More theoretical and experimental efforts: a better model describing all decay channels; precise 
measurement of the cross section line shape 
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4260

e+e− → π+(D*D̄*)−

25

Four-Quark Matter: Zc

e+e− → π+π−hc

4230 
4260 
4360

Zc(4020)/Zc(4025)

Zc(3900)/Zc(3885)

e+e− → π+π−J/ψ

4260
e+e− → π+(DD̄*)−

4260

Zc(4430)

PRL110, 252001 (2013), PRL110, 252002 (2013) PRL112, 022001 (2014)

PRL111, 242001 (2013) PRL112, 132001 (2014)

Produced in  
annihilation or -flavor 
hadron decays 

Typically in h+charmonium 
final states 

Intrinsic nature unclear, 
exotic states? kinematic 
effects?

e+e−

b



Yuping Guo @ 第二十届全国中高能核物理大会

Strange Partner of Zc
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PRL 127, 082001 (2021)
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PRL126, 102001 (2021)

: 

• JP=  

•  MeV/  

• =  MeV

Zcs(4000)

1+

m = 4003 ± 6+4
−24 c2

Γ 131 ± 15 ± 26

: 

•  MeV/  

• =  MeV

Zcs(3985)
m = 3985+2.1

−2.0 ± 1.7 c2

Γ 13.8+8.1
−5.2 ± 4.9

Studies in  system from  decay and  system from  annihilation are neededDsD* + D*s D B K+K−J/ψ e+e−

B+ → J/ψϕK+
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Strange Partner of Zc
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: 

• JP=  

•  MeV/  

• =  MeV

Zcs(4000)

1+

m = 4003 ± 6+4
−24 c2

Γ 131 ± 15 ± 26

: 

•  MeV/  

• =  MeV

Zcs(3985)
m = 3985+2.1

−2.0 ± 1.7 c2

Γ 13.8+8.1
−5.2 ± 4.9

Studies in  system from  decay and  system from  annihilation are neededDsD* + D*s D B K+K−J/ψ e+e−

B+ → J/ψϕK+

2.3σ

K+K−J/ψ PRL131, 211902 (2023)

 

at 90% C. L.

R ≡
B[Zcs(3985) → KJ/ψ]

B[Zcs(3985) → (D̄0D*s + D̄*0Ds)]
< 0.03

 MeV/  

 MeV

m = 4044 ± 6 c2

Γ = 36 ± 16
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Pentaquark State
Pentqquark in open 
charm modes 

Prompt production 

 

 

No significant 
pentaquark, call for 
larger dataset 

Λ0
b → Λ+

c D̄(*)0K−

Λ0
b → Σ(*)++

c D(*)−K−
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A lot of progress has been made in the experimental study of hadron spectroscopy and exotic 
hadrons 

Many candidates with exotic characteristics have been observed:  

: tetraquark with a ; : pentaquark with a ; : vector states with ; : others 

Some are close to the threshold  are good candidates for molecules, and full spectroscopy should be investigated  

“Overpopulation problem” in vector states  

 Abnormal production/decay properties  

More results are expected in the near future with larger statistics, opportunities and challenges 

BESIII [just finished upgrade, 3x luminosity optimized at 4.7 GeV] 

Belle II [1% of target luminosity collected so far] 

LHCb [larger statistics, better calibration, higher trigger efficiency]

ZQ QQ̄ PQ QQ̄ Y JPC = 1−− X

⇒

28
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Thank You!

Summary


