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Scales in strong interactions 



q Nucleon mass – dominates the mass of  visible world: 

Higgs mechanism is not enough!!! 

How to quantify and verify this, theoretically and experimentally? 

q How does QCD generate the nucleon mass? 

“… The vast majority of  the nucleon’s mass is due to quantum 
fluctuations of  quark-antiquark pairs, the gluons, and the energy 
associated with quarks moving around at close to the speed of  light. …” 

The 2015 Long Range Plan for Nuclear Science 

REACHING FOR THE HORIZON  

“Mass without mass!” 

The proton mass? 



The proton mass? 

Input 

q Hadron mass from Lattice QCD calculation: 

How does QCD generate this?  The role of  quarks vs that of  gluons? 

If  we do not understand proton mass, we do not understand QCD 



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

https://phys.cst.temple.edu/meziani/proton-mass-workshop-2016/ 

²  Lattice QCD 
²  Mass decomposition – roles of  the constituents 

²  Model calculation – approximated analytical approach 

How to answer the “big” questions? 



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

²  Lattice QCD 
²  Mass decomposition – roles of  the constituents 

²  Model calculation – approximated analytical approach 

How to answer the “big” questions? 

http://www.ectstar.eu/node/2218 



Theory and Experimental Summaries  



The proton mass: from models to QCD 

q Dynamical scale: 

q Bag model: 

² Minimize               :  Mp ⇠ 4

R
⇠ 4

0.88fm
⇠ 912MeVKq + Tb

²  Bag energy (bag constant B): Tb =
4

3
⇡R3 B

² Kinetic energy of  three quarks: Kq ⇠ 3/R

A dynamical scale,              , consistent with   ⇤QCD
1

R
⇠ 200 MeV

²  Asymptotic freedom             confinement:  

q Constituent 
quark 
model: 

²  Spontaneous chiral symmetry breaking: 

Massless quarks gain ~300 MeV mass 
when traveling in vacuum 

Mp ⇠ 3me↵
q ⇠ 900 MeV

q  Lattice QCD: ² With “heavy” (or slow moving) quarks 
Energy concentrated in the gluon junction! 

Gluon radius  <  Charge Radius 

Mass scale:   Lattice space – “a”  

EIC! 



Scales in QCD 

C. Roberts 



Scale invariance of  QCD (classical) 



Trace anomaly – a quantum scale in QCD 



Mass of  hadrons 



Light quarks and confinement 



Dyson-Schwinger (I) 



Dyson-Schwinger (II) 



Holographic QCD 



Holographic QCD 



Holographic QCD 



Proton mass decompositions 



Proton mass decompositions 

q Sum rules for Proton Mass: 
Sum rules are only useful if  individual terms can be measured independently 

² Hadron state: 

With the normalization:   

² Hamiltonian: 
hP |HQCD|P i = (E2/Mp)(2⇡)

3�3(0)

= Mq +Mg +Mm +Ma

Quark Energy Gluon Energy Quark Mass Trace Anomaly  

Relativistic motion Quantum fluctuation 
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“Traceless” term “Trace” term 

² QCD energy-momentum tensor: 

Tµ⌫ = Tµ⌫ + dTµ⌫ No          term!  gµ⌫hP |Tµ⌫ |P i = PµP ⌫/Mp



Proton mass decompositions 

q  Identities: 
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q  Traceless terms: 
T
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Total momentum fraction carried 
by the quarks - reasonably known! 
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q  Trace terms: 
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Hadron masses (lattice) 



Quark mass contributions (lattice) 



Pion-nucleon σ-terms: ChPT 



Pion-nucleon σ-terms: dispersion theory 



Threshold photoproduction of  J/ψ on nucleons 

J/Ψ, Υ, … 



Existence of  J/ψ-nuclear bound states? 



Forward J/ψ-p scattering (I)  



Forward J/ψ-p scattering (II)  



Approved J/ψ experiments at JLab  



Moving forward 

q  A proton mass “White Paper”  
      – summary of  this workshop and thoughts on future efforts 

²  Three-pronged approach to the “Proton Mass” 

Mass decomposition – roles of  quarks and gluons 

Lattice QCD effort 

Approximated analytical approach 

² Outstanding questions and challenges 

²  Future efforts – Homework 

q  Plan/Proposal: 
²  Every speaker/participant submits ONE page summary of  his/her 
     work on the “proton mass”  and thoughts for the future work 

²  Summary of  current understanding in QCD 

² With the ONE-page inputs, the organizers draft the “White Paper”, and 
send it to all participants for improvements 



“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? 

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 … 

Thanks you! 



Backup slides 



Partonic interpretations 



Quark OAM – different definitions 



Nucleon spin (Lattice) 


