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Hadrons 
§  Quark model:  

           Mesons                       Baryons  

§  Exotic hadrons: 
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Clear exotic signature:  

  e.g. Exotic quantum numbers  

+ … 
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Notation: 
 
2S+1LJ 
      JPC 
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Conventional 
JPC: 0++, 0-+, 1--, 1++,  1+-,    
        2++, …  

Charmonium Spectroscopy 
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Direct Production 

JPC=1-- 

Initial State Radiation 

JPC=1-- 

Double Charmonium 
Production 

J/ψ, ψ(2S) 

C=+ 

Two Photon Production 

Untagged case: 
 

 JPC=0±+, 2±+ 

Charmonium Production 
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B-meson Decays 

JPC=0-+,1--,1++ 

K(*) 

pp(-bar) Annihilation 

J = 0,2 J = 1 

All quantum numbers 

Charmonium Transitions 

Λb Decays, Muoproduction 

Charmonium Production 



… 

CLEO-c 
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Experiments 



X(3872) & X(3915) 
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[PRL 91,262001(2003)]

 
B decay  
152M §  First observation:           

 B±  à K±π+π-J/ψ  

§  Mass: 3871.69±0.17 MeV/c2 

§  Very close to D0D*0 threshold 
§  Width: <1.2 MeV 

§  JPC=1++ 

§  Decay: 

§  π+π-J/ψ, π+π-π0J/ψ,      
D0D0π0, D0D*0,                    
γJ/ψ, γψ(2S)(?), π0χc1 
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[PRL93,072001(2004)]
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Y transition 

[PRD 84, 052004 (2011) Belle]

X(3872) 

pp 
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X(3872) – New Production 

1.0, 2.0, 1.9 fb�1
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NX(3872) = 50± 11
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X̃(3872)

[(3860.0± 10.4) MeV/c2, < 51 MeV]

X(3872) – New Production 



)2)) (GeV/c-µ+µ(ψJ/
H
γM(

3.8 3.85 3.9 3.95 4

2
Ev

en
ts

 / 
0.

00
6 

G
eV

/c

0
5

10
15
20
25
30
35

)2)) (GeV/c-e+(eψJ/
H
γM(

3.8 3.85 3.9 3.95 4

2
Ev

en
ts

 / 
0.

00
6 

G
eV

/c
0

10

20

30

40

50

)2) (GeV/cDD
L
γM(

3.9 3.95

)2
Ev

en
ts

 / 
(3

 M
eV

/c

0

2

4

6

8

10

12

)2) (GeV/cDD0πM(
3.9 3.95

)2
Ev

en
ts

 / 
(3

 M
eV

/c

0
2
4
6
8

10
12
14
16
18

7.4σ

3.5σ

D0D*0 

γJ/ψ

11
 

11.6 fb-1, √s=4.008-4.600 GeV 
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>5σ [PRL 122, 232002 (2019)]

B[�c1(3872)!� (3686)]
B[�c1(3872)!�J/ ] < 0.59

2.31± 0.57BaBar, LHCb, Belle: 
[arXiv: 1907.07583] 

X(3872) – Decays 

[PRL 122, 232002 (2019)]
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B[�c1(3872)!� (3686)]
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2.31± 0.57BaBar, LHCb, Belle: 
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X(3872) – Decays 

[PRL 122, 232002 (2019)]

* <0.97 90% C.L. from B decays @ Belle   [PRD 99, 111101 (2019)]

*  
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[arXiv: 1907.09149] 

* X(3872)àγψ(3686) from BESIII not included 

* 

** 

** might contain non-X(3872) contribution 

X(3872) – Decays 

B+ ! X(3872)K+
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X(3915) 
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Angular distribution! 
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M = 3926.4± 2.2± 1.2 MeV/c2

� = 3.8± 7.5± 2.6 MeV

M = 3932.6± 8.7± 4.7 MeV/c2

� = 59.7± 15.5± 3.7 MeV

M = 3963.7± 5.5 MeV/c2

� = 33.3± 34.2 MeV

3.1σ

3.4σ

6.9σ

Differ by 2.5σ 

X(3915) 

OR 

MX(3915) = 3918.4± 1.9 MeV/c2

�X(3915) = 20± 5 MeV



Y STATES 
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§  First state - Y(4260), 
discovered in ISR process at 
BaBar   
§  e+e-àγISRπ+π-J/ψ 

§  M > 4 GeV above DD threshold 
§  Not observed in inclusive hadron 

cross section 
§  Not observed in open charm pair 

cross section 
§  Confirmed by CLEO and Belle 

§  Quantum number: 1-- 
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Discovery 
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Y from ISR Process 



Above open charm threshold, 5 expected, 7 observed 

[arxiv: 1311.7594]
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Before 2015 

⇡+⇡�J/ cc̄

[PRD 91,112007 (2014)], 980 fb-1 

Y(4260): 
hint? (2.4σ) 

⇡+⇡� (2S)

Over Population 1-- States  
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[PDG 2019]
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Zc(3900)/Zc(3885) Zc(4020)/Zc(4025) 

e+e-→π+π-J/ψ

[PRL 110, 252001(2013)]

4260 

e+e-→π(D0D*) 

[PRL 112, 022001 (2014)]

4260 

e+e-→π(D*0D*) 

[PRL 112, 132001 (2014)]

4260 

[PRL 111,242001 (2013)] 

e+e-→π+π-hc

4230 
4260 
4360 

Both charged and neutral modes 
Z States from Y  
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Zc in πψ(2S) 

Z States from Y  

4.0 < m⇡+⇡� (2S) < 4.5 GeV/c2

[PRD91, 112007 (2015)]
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4230 

[PRL119, 072001 (2017)]

1+ 7σ over (0-, 1-, 2±) 

M = (3881.2± 4.2± 52.7) MeV/c2

� = (51.8± 4.6± 36.0) MeV

Pole parameter: 

Zc(3900) 
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[PRD100 012005 (2019)]
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Prompt production  
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[PRD100 012005 (2019)]
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5.4σ

M = 3902.6+5.2
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+3.3
�1.4 MeV/c2

� = 32+28
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�7 MeV

Prompt production of Y(4260), R<0.66 @95% C.L. [X(4140)~1.5] 
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Zc(3900) 

[PLB 746, 194 (2015)]

�[e+e� ! ⇡+⇡�⇡0⌘c] = (46+12
�11 ± 10) pb

�[e+e� ! ⇡Zc, Zc ! ⇡⌘c] = (48± 11± 11) pb



§  Y à Z  
§  Zc states from Y states above 4 GeV 
§  Zc cross section vs Ecms measurement 

§  Y à X 
§  e+e- àγX(3872) 
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§  Great progress in charmonium-like states 
§  Numerous X(3872) measurements: mass, quantum number, 

production and decay modes 
§  Overpopulation of 1-- states above 4 GeV 

§  Cross section measurement with much improved precision, 
Y(4260)    Y(4230); multi decay modes 

§  Light hadron final states 
§  New measurement of Z properties 
§  Building relations between exotic states 
§  Improved understanding of conventional charmonium states 

above open charm threshold, χc0(2P), χc2(2P) candidates 

THANK YOU! 
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Summary 
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X(3872) Radiative Decays 
§  Ratio of X(3872)àγψ(2S) to γJ/ψ:

§  Theoretical predictions: 
§  Pure DD* molecule: (3-4)×10-3;Charmonium: 1.2-15; Mixture: 

0.5-5 
§  Experimental measurements: 

§  BaBar: 3.4±1.4, 3.5σ  [PRL102, 132001 (2009)]

§  Belle: <2.1 @ 90% C.L.  [PRL107, 091803 (2011)]

§  LHCb: 2.46±0.64±0.29, 4.4σ  [NPB 886, 665 (2014)] 

591±48 events  36.4±9.0 events  

B+àX(3872)K+, X(3872)àγψ, ψàµ+µ- 
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X(3872) in BàX(3872)Kπ
711 fb-1 data, 2D fit 
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[PRD91, 051101(R) (2015)] 
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Z(4430) 
§  First observation: 

§  Belle, BàKπ±ψ(2S), 605 fb-1 data at ϒ(4S)  
§  Fit to the mass spectrum of  π±ψ(2S), 6.5σ

§  Not confirmed by BaBar, found data can be explained by 
K* reflections: 
§  Two dimensional analysis, 413 fb-1 data at ϒ(4S) 

[PRL100, 142001 (2008)]

[PRD79, 112001 (2009)]

[PRD80, 031104(R) (2009)]
[PRD88, 074026 (2013)]§  Updated Belle results:  

§  Two dimensional analysis using 
same data as first publication 

§  Four dimensional amplitude 
analysis, 711 fb-1 ϒ(4S), Z(4430) 
favor 1+ 

§  Larger width, higher mass 
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Confirmation of Z(4430) 

[PRL 112 , 222002] 3 fb-1 

25176±174 B0àψ’K+π-, ψ’àµ+µ- 

Four dimensional analysis: 
Φ=(M2

Kπ
, M2

ψ’π, θψ’, ϕ) 

Mass and width consistent with Belle 
latest result 
JP=1+  

Significance: >13.9σ
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Argand diagram 
resonance behavior character    

Second peak: 4239±18+45
-10 MeV/c2 

                       220±47+108
-74 MeV  
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Z(4430) in πJ/ψ
§  Belle B0àK-π+J/ψ, J/ψàl+l- 

§  711 fb-1 data at ϒ(4S), 29990±190±50 signal events 
§  Four dimensional analysis: 

          Φ=(M2
Kπ

, M2
ψπ, θψ, ϕ) 

§  Z(4200)+ observed  
§  JP = 1+  
§  Global significance: 6.2 σ   
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§  Evidence of Z(4430)+   
§  Global significance: 4.0 σ  

§  Argand diagram shows 
resonance character  
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[PRL 122 , 152002 (2019)] 



Z(4050) and Z(4250) 
B0àK+π-χc1 605 fb-1 

[PRD78, 072004 (2008)]

 >5 σ 
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