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How to quantify and verify this, theoretically and experimentally? 



Hadron Mass from Lattice QCD 

Input 

q Hadron mass from Lattice QCD calculation: 

A major success of  QCD – is the right theory for the Strong Interaction!

How does QCD generate this?  The role of  quarks vs that of  gluons? 
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q Mass – intrinsic to a particle: 

= Energy of  the particle when it is at the rest 

² QCD energy-momentum tensor in terms of  quarks and gluons 

²  Proton mass: 

q Spin – intrinsic to a particle: 

= Angular momentum of  the particle when it is at the rest 

² QCD angular momentum density in terms of  energy-momentum tensor 

²  Proton spin: 

⇠ GeV
X. Ji, PRL (1995) 



Hadron Spin 

q  Proton’s spin:  

q  Current understanding:  

Proton Spin 

1

2
=

1

2
�⌃+�G+ (Lq + Lg)



Hadron Spin 

q  Proton’s spin:  

q  Current understanding:  

Proton Spin 

1

2
=

1

2
�⌃+�G+ (Lq + Lg)

Quark helicity  
Best known  

⇠ 30%

Spin “puzzle” 



Hadron Spin 

q  Proton’s spin:  

q  Current understanding:  

Proton Spin 

1

2
=

1

2
�⌃+�G+ (Lq + Lg)

Gluon helicity 
Start to know 

⇠ 20%(with RHIC data)

Quark helicity  
Best known  

⇠ 30%

Spin “puzzle” 



Hadron Spin 

q  Proton’s spin:  

q  Current understanding:  

Orbital Angular Momentum 
of  quarks and gluons 

Little known 

Proton Spin 

1

2
=

1

2
�⌃+�G+ (Lq + Lg)

Gluon helicity 
Start to know 

⇠ 20%(with RHIC data)

Quark helicity  
Best known  

⇠ 30%

Spin “puzzle” 



Hadron Spin 

q  Proton’s spin:  

If  we do not understand proton spin, we do not understand QCD 
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Lattice QCD calculation 
Martin Savage (U of Washington) 

David Richards (Jlab) 
q Excited Meson Spectrum - Exotics: 



Lattice QCD calculation 
Martin Savage (U of Washington) 

David Richards (Jlab) 
q Heavy mesons: 

Predictions 



Lattice QCD calculation 
Martin Savage (U of Washington) 

David Richards (Jlab) 
q Summary: 



Decomposition – Sum Rules 

q Roles of  quarks and gluons? 
² QCD energy-momentum tensor: 

²  Invariant hadron mass (in any frame): 

hp|Tµ⌫ |pi / pµp⌫ hp|Tµ⌫ |pi(gµ⌫) / pµp⌫(gµ⌫) = m2

with 

m2 / hp|T↵
↵ |pi

At the chiral limit, the entire mass is from gluons! 
Kharzeev @ Temple workshop 

Stan Brodsky (SLAC) 
Xiangdong Ji (Maryland) 
Dima Kharzeev (Stony Brook) 
Keh-Fei Liu (Kentucky) 

Tµ⌫ = Tµ⌫ + dTµ⌫

Traceless term:  Tµ⌫ ⌘ Tµ⌫ � 1

4
gµ⌫T↵

↵

Trace term:  dTµ⌫ ⌘ 1

4
gµ⌫T↵

↵

T↵
↵ =

�(g)

2g
Fµ⌫,aF a

µ⌫ +
X

q=u,d,s

mq(1 + �m) q q

�(g) = �(11� 2nf/3) g
3/(4⇡)2 + ...QCD trace anomaly 

�(g)

2g
hp|F 2|pi



Decomposition – Sum Rules 

q Sum rule for the mass: 
² Hadron state: 

² Hadron mass: 

with 

Stan Brodsky (SLAC) 
Xiangdong Ji (Maryland) 
Dima Kharzeev (Stony Brook) 
Keh-Fei Liu (Kentucky) 

² Hamiltonian: 

With the normalization:   

X. Ji, PRL (1995) 
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Decomposition – Sum Rules 

q Sum rule for the mass: 
² Hadron state: 

² Hadron mass: 

with 

Stan Brodsky (SLAC) 
Xiangdong Ji (Maryland) 
Dima Kharzeev (Stony Brook) 
Keh-Fei Liu (Kentucky) 

² Hamiltonian: 

With the normalization:   

X. Ji, PRL (1995) 

Update on  
lattice effort 

K.-F. Liu 



Approximated Analytical Calculations 

q  “Bag” model: 
Xiangdong Ji (Maryland), … 
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²  Fermion mass generation: 



Approximated Analytical Calculations 

q  “Mass without mass”: 
Craig Roberts (Argonne), … 

²  Fermion mass generation: 

Bowman et al 

Bhagwat & Tandy / Roberts et al 

Lattice and SDE results 
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²  Lots competitions (reaction mechanisms): 
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Measurements 

q Experiments: 
Zein-Eddine Meziani (Temple) 
S. Stepanyan (JLAB) 



“Summary” 

q  Three-pronged approach to explore the origin hadron mass 

² What can lattice QCD do to explore the role of  “individual” constituent 
in making up the proton mass? 

Thank you! 

q  The proton mass closely connected to quantum anomalies 

Non-perturbative QCD generates a new scale:  

lattice QCD 
mass decomposition – roles of  the constituents 
approximated analytical approach 

q  Questions: 

² What can the mass decomposition teach us? 

² How well can we control the approximation of  the analytical or 
model approaches 

² … 



Lattice QCD calculation 
Martin Savage (U of Washington) 

David Richards (Jlab) 
q Nuclei from QCD: 

Extensive study of  s-shell nuclei and hypernuclei, and 
baryon-baryon interactions at SU(3) symmetric point 
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