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Probe low energy d.o.f. of QCD 

Meson Spectroscopy 

Current and upcoming experimental efforts 

Quark-antiquark pair: 

Parity:     P = (-1)(L+1) 

Charge Conj Sym:   C = (-1)(L+S) 

JPC = 0- + , 0+ + , 1- - , 1+ + , 1+ - , 2- - , 2+ + , 2- +, … 

n 2S+1LJ 

Exotics (JPC = 1 
- +, 2 

+ -, ...)?    –    can’t just be a       pair 

e.g. hybrids, multi-mesons 

L 

L 
½ 
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J = L  S 
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CLAS12 BESIII KLOE2 ... 
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JLab 
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2m  E 

Extract phase shift at discrete pcm  
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Map out phase shift   
resonance parameters (mass, width) 2m  E 

Extract phase shift at discrete pcm  

Cubic box with periodic b.c.s:   discrete spectrum 

No clear evidence for multi-hadron states with ops   

Need ops that ‘look like’ multi-hadrons 

Lüscher: (elastic) energy shifts in 
finite volume  phase shift 



Isospin-2  

18 
arXiv:1203.6041 – Jo Dudek, Robert Edwards, CT 



Isospin-2  

19 

+ similar diagrams 

arXiv:1203.6041 – Jo Dudek, Robert Edwards, CT 



Isospin-2  

20 

+ similar diagrams 

arXiv:1203.6041 – Jo Dudek, Robert Edwards, CT 

Large basis of ops 



Isospin-2  

21 

+ similar diagrams 

arXiv:1203.6041 – Jo Dudek, Robert Edwards, CT 

Dynamical (unquenched) [Nf = 2+1]  

as  0.12 fm, finer in t (as/at  3.5) 

Three volumes: 163, 203, 243  (Ls  1.9 – 2.9 fm) 

M   400 MeV 

Large basis of ops 
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Lüscher Method and  I=2  

Nucl. Phys. B354, 531 (Elastic) energy shifts in finite volume  phase shift 



23 

Lüscher Method and  I=2  

Nucl. Phys. B354, 531 (Elastic) energy shifts in finite volume  phase shift 

Matrices in space of l contributing to irrep 



24 

Lüscher Method and  I=2  

Nucl. Phys. B354, 531 (Elastic) energy shifts in finite volume  phase shift 

 I=2 scattering: l = 0, 2, 4, ... 

Matrices in space of l contributing to irrep 

JP  = 0+, 2+, 4+, ... 



25 

Lüscher Method and  I=2  

Nucl. Phys. B354, 531 (Elastic) energy shifts in finite volume  phase shift 

 I=2 scattering: l = 0, 2, 4, ... 

Matrices in space of l contributing to irrep 

JP  = 0+, 2+, 4+, ... 

A1
+ (l = 0, 4, ...), T2

+ (l = 2, 4, ...), E+ (l = 2, 4, ...), T1
+ (l = 4, ...)  



26 

Lüscher Method and  I=2  

Nucl. Phys. B354, 531 (Elastic) energy shifts in finite volume  phase shift 

 I=2 scattering: l = 0, 2, 4, ... 

Matrices in space of l contributing to irrep 

JP  = 0+, 2+, 4+, ... 

A1
+ (l = 0, 4, ...), T2

+ (l = 2, 4, ...), E+ (l = 2, 4, ...), T1
+ (l = 4, ...)  

Assume l > 4  0 in this energy range 



27 

Lüscher Method and  I=2  

Nucl. Phys. B354, 531 (Elastic) energy shifts in finite volume  phase shift 

 I=2 scattering: l = 0, 2, 4, ... 

Matrices in space of l contributing to irrep 

JP  = 0+, 2+, 4+, ... 

A1
+ (l = 0, 4, ...), T2

+ (l = 2, 4, ...), E+ (l = 2, 4, ...), T1
+ (l = 4, ...)  

Assume l > 4  0 in this energy range 

System at overall non-zero momentum 



28 

Lüscher Method and  I=2  

Nucl. Phys. B354, 531 (Elastic) energy shifts in finite volume  phase shift 

 I=2 scattering: l = 0, 2, 4, ... 

Matrices in space of l contributing to irrep 

JP  = 0+, 2+, 4+, ... 

A1
+ (l = 0, 4, ...), T2

+ (l = 2, 4, ...), E+ (l = 2, 4, ...), T1
+ (l = 4, ...)  

Assume l > 4  0 in this energy range 

System at overall non-zero momentum 

More pcm points BUT reduced sym so more mixing 



 I=2 spectra 

29 

arXiv:1203.6041 

M  400 MeV 



 I=2 spectra 

30 

arXiv:1203.6041 

M  400 MeV 



 I=2 spectra 

31 

arXiv:1203.6041 

M  400 MeV 



 I=2 phase shift: L = 0 

32 
arXiv:1203.6041 M  400 MeV 



 I=2 phase shift: L = 0 

33 
arXiv:1203.6041 M  400 MeV 



 I=2 phase shift: L = 0 

34 
arXiv:1203.6041 M  400 MeV 



 I=2 phase shift: L = 0 

35 
arXiv:1203.6041 M  400 MeV 



 I=2 phase shift: L = 2 

36 
arXiv:1203.6041 M  400 MeV 



 I=2 phase shift: L = 2 

37 
arXiv:1203.6041 M  400 MeV 



 I=2 phase shift: L = 4 

38 
arXiv:1203.6041 M  400 MeV 



 I=2 phase shift 

39 
arXiv:1203.6041 M  400 MeV 



Excited charmonium spectrum 

40 

arXiv:1204.5425 – Liuming Liu, Graham Moir, Mike Peardon, Sinéad Ryan, CT, Pol Vilaseca;  
Jo Dudek, Robert Edwards, Bálint Joó, David Richards 
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Exotics 
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Exotics 

X(3872)? 

arXiv:1204.5425 243,  M   400 MeV 
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Exotics 

Large overlap with op  [Di, Dj]  F 

arXiv:1204.5425 243,  M   400 MeV 
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arXiv:1204.5425 243,  M   400 MeV 

c.f. light mesons [PR D84, 074023 (2011)] 
and baryons [arXiv:1201.2349] 

       in L=0, with gluonic 1+- 

       in L=1, with gluonic 1+- 

Y(4260)? 
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•   Other scattering channels – resonances, decays, ... 

•   Isoscalars mixing with glueballs; 0++ channel 

•   Radiative transitions 

•   Lighter pion masses, larger volumes, lattice spacing, ... 

Outlook 
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