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I. Motivation

Quark Model
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Deep in-elastic scattering (DIS) experments and the Parton model
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However, in QCD, the current quark masses are the fundamental 
Parameters of the Lagrangian
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which should be determined theoretically rather than experimentally, 
since quarks are confined inside hadrons and are not observed as
physical particles.  



Current quark masses vs. hadron masses (PDG2012)
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M(MeV) 139.6 135.0 139.6 493.7 497.6 497.6 493.7 547.5

M(MeV) 775.5 891.7 896.0 896.0 891.7 782.7
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Open question: How do hadrons acquire their large masses ???



Wick Rotation from Minkowski Space to Euclidean Space
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II. A brief introduction to Lattice QCD



QCD on a Euclidean Space-time Grid
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• Space-time discretization Lattice spacing a
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• Taking                     as a probability distribution, an ensemble 
of configurations are generated from MC simulation.  This is the 
procedure that eat the computation resources mostly. 

becomes the much simpler arithmetic average:
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• Generally speaking, the quantites that are most commonly calculated 
are Green’s function, say, the vacuum expectation values of field 
operators defined at different space-time points.  

MC Simulation——Importance Sampling

• After the generation of configurations, the 
functional integral
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On the lattice, M is a very large matrix, such that the calculation
of its trace is very expensive in the MC simulation. A way out this 
difficulty is to take the approximation  

.][det constUM =

Theoretically, this means that we set the sea quark mass to be 
infinitely large such that they decouple from the gauge field. In
other words, we will ignore the vacuum polarization diagram, say,
the effects of sea quarks.

Quenched and Unquenched





• Ginsburg-Wilson relation---chiral symmetry on lattice
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• Chiral tranformation in the continuum
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• Chiral transfromation on the lattice
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ψψ The lattice action is invariant 
if GW relation holds for D

Chiral Fermions



• Two types of fermion actions that satisfy GW relation:

• Free of fermion doubling + chiral

• But computation is much more expensive.

overlap fermion
domain-wall fermion



Monte Carlo Simulation of Lattice QCD

Due to the similarity, we can borrow the methods of statistical 
mechanics to study lattice QCD, such as Monte Carlo simulation.



Otherwise, a unitary theory of full QCD on the lattice

Dynamical
Calculation

Observables: VEV of operators, such as Green’s functons.
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Monte Carlo simulation, importance sampling 

Present status of Lattice QCD



Probes: valence quark propagators, etc.,

Expensive

Fairly 
expensive

Manpower 
intensive

Dynamical 
configurations

Probe1 Probe2 ………

Data analysis

Lattice QCD

Facilities

Detectors

Data analysis

Experiments



Re-organization of LQCD Community

MILC: Symanzik improved gauge
(2+1) flavor staggered fermion.

CP-PACS: RG improved gauge 
(2+1) flavor clover fermion

JLQCD:  RG improved gauge 
(2+1) flavor overlap fermion

RBC&UKQCD: DBW2 gauge
(2+1) flavor domain wall fermion

ETMC: improved gauge
(2+1) flavor twisted-mass fermion

• Large LQCD Collabortions generating dynamical 
configurations

• Smaller groups for physical projects based on 
these dynamical configurations



Large scale numerical computation on 
supercomputers

Large international LQCD collaborations



Let’ start from the QCD energy-momentum density tensor,

Due to the renormalization, it is found that the tensor 
has a trace part, 

The traceless part can be decomposed as, 

X. Ji, Phys. Rev. Lett. 74, 1071 (1995)

III. Meson mass decomposition



For a meson state |p> with the normalization, 

one has,

such that,



The above expressions are general and independent of 
the scale. If we decompose further, 

Now we define,

Rearrange the QCD Hamiltonian using the equation of motion,



IV. Numerical details

• The key task is to calculated the matrix elements of these 
operators between hadron states

• One has to check the equation of motion of quarks in a hadron.

• The quark bilinears in the operators above should be renormalized.



Lattice formulation:  
overlap fermions as valence quarks; 
2+1-flavor domain-wall fermion configurations 
(generated by RBC/UKQCD Collaboration)

Overlap fermion operator for the valence quarks

Matching the continuum form:

1. Lattice setup 

Quite a lot quark masses can be calculated simultaneously.



2. Test of the equation of motion of quarks in a hadron

The classical equation of motion of quarks in the presence of a 
background color field,

For a given field { })(xUμ

This can be tested by 
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3. Non-perturbative renormalization of quark bilinears















To summarize 



4. The calculation and results



Equal mass case



Un-equal mass case

The correlation of the motion of the two quarks in a meson



The gluonic contribution to meson masses



The pseudoscalar mass decomposition in the chiral limit
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Theoretical analysis predicts, in the chiral limit 
(X.Ji, PRD52, 271(1995)), 



IV. Summary
1. Hadron mass can be decomposed into the components contributed

from quark masses, quark kenetic energy, gluon kenetic energy, 
and the QCD trace anomaly.

2. The mass components of pseudoscalar and vector mesons are 
investigated in the framework of 2+1 full QCD lattice study.

3. In the chiral limit, the lattice result is compatible with that from
theoretical analysis. Both quark components and gluon components
tend to zeor when the chiral limit is approaching.

4. In constrast to the pseudoscalar, in the chiral limit, the vector 
meson mass is contributed predominantly from the gluon conponents.

5. For S-wave mesons made up of quarks heavier than strange quark,
the total gluon component is roughly 400-500 MeV and insensitive 
to the quark masses.  



Operators defined on the lattice should be renormalized even 
though their continuum counterparts are scale independent. 

For gluonic operators, we use the glueball states to do the 
non-perturbative renormalization 
(Y.Chen et al, Phys. Rev. D 73, 014516 (2006))

Appendix: Direct calculation of gluon  
components from quenched LQCD



• Effective mass plateaus
of 1S, 1P charmonium
states.

• The quark component of the masses of 1S, 1P states.



Some information we can get:

1. The 1S and 1P charmonium mass contributed by quarks 
(including the quark mass and quark kinematic energy) 
are around 2 GeV. This implies that the gluon component of 
charmonium mass is substantially large.

2. The 1P-1S mass splittings are mainly due to the different 
contributions of gluons. 



D. The final results

• The charmonium mass components contributed by quarks 
before the renormalization. 

E_m, E_q, and E_qtot are calculated independently, and the 
relation E_qtot=E_m+E_q is reproduced.



• The final results of 1S,1P charmonium mass components. 

It is impressive that the physical mass are reasonably
established by their separate components. 
Obviously, the gluonic contribution is very large. 
The 1P-1S mass splittings come mainly from the gluonic
contribution.

??? The connection to the valence charm quark mass
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Thank You!
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