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Can we build a covariant model of the nucleus at the level of quarks 
and gluons that utilizes advances in ab initio nuclear structure and 

successful phenomenology of QCD? 
 

At what scale(s) do we transition, for efficient description of data, 
from non-relativistic hadrons to quarks and gluons? 
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H.J. Pirner and J.P. Vary,  
Phys. Rev. Lett. 46, 1376 (1981); 
Phys. Rev. C. 84, 015201(2011);  
arXiv: nucl-th/1008.4962;  

Under what conditions do we require a quark-based  
description on nuclear structure? 

Probes with Q > 1 GeV/c 
Spin content of the proton 
Nuclear form factors at high Q 
DIS on nuclei: EMC, Bjorken x > 1 
Nuclear EOS at high T and/or ρ 

Quark percolation in cold and hot nuclei 

Bridge between  
       scales 



DIS from nuclei at high Q in the Quark Cluster Model (QCM) 

NN SRC approaches: 

QCM for DIS: 
    uy = ξ  
“Nachtmann 
 variable” X 

All kinematically 
accessible final 

states 
A 

u 

y 

i-q cluster 

H.J. Pirner and J.P. Vary,  
Phys. Rev. Lett. 46, 1376 (1981) 

Requires NN  
to share q 



At what scale should we separate the low-energy ab initio  
nuclear structure region from the high-energy quark structure? 
 
Given the advances in chiral effective field theory, it appears 
natural to adopt the chiral symmetry-breaking scale. 



Effective Intra-Nucleon Interactions  
(Chiral Perturbation Theory) 

 R. Machleidt,  D. R. Entem, nucl-th/0503025  

Chiral perturbation theory (χPT) allows for controlled power series expansion 

 

Expansion parameter :  Q
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,  Q*momentum transfer, 

!" +1 GeV ,  " - symmetry breaking scale

Within χPT 2π-NNN Low Energy Constants (LEC) 
are related to the NN-interaction LECs {ci}.

Terms suggested within the 
Chiral Perturbation Theory  

Regularization is essential, which 
is obvious within the Harmonic 
Oscillator wave function basis. 

CD CE 



Phys. Rev. C. 84, 015201(2011);  arXiv: nucl-th/1008.4962;  

Geometric definitions of quark clusters ~ quark percolation 

                 Coincidence? 
 
1981 fits to 3He DIS data gave 2Rc ~ 1 fm  
for optimal 6q and 9q probabilities from  
ab initio Faddeev equation solutions: 
H.J. Pirner and J.P. Vary,  
Phys. Rev. Lett. 46, 1376 (1981) 



Computational challenge to use ab initio nuclear structure 
to evaluate QCM probabilities – consider 9-quark cluster 
probability in 4He & develop geometrical constraints using: 

+ full A-body density matrix 

A = 2, 3 & 4 in detail: 
pi as function of 2Rc 



DIS in the quark cluster model (unites low and high resolution physics): 
Convolution model based on ab initio structure (assumes scale separation) 

Ab initio NRWF inputs 

H.J. Pirner and J.P. Vary,  
Phys. Rev. Lett. 46, 1376 (1981) 

Nachtmann variable: 



Distribution function for quarks in 6-quark clusters  
weighted by probability that the quark originates from 6-quark cluster (p6). 

 

Detailed model for q-el contribution – see G. Yen, J.P. Vary,  
A. Harindranath and H.J. Pirner, Phys. Rev. C 42, 1665 (1990) 
 

p6 

Counting rule: 
2(nq – 1) 

Regge behavior 

Norm dictated by 
momentum sum rule 

with Nachtmann variable (kinematic Q2 correction) 



J. P. Vary, "Quark Distributions in Nuclei from 
Lepton Experiments," in Hadron Substructure in 
Nuclear Physics, W.-Y. P. Hwang and M. H. 
Macfarlane, eds., American Institute of Physics 
Conference Proceedings No. 110 (New York) 
1984, p. 171.  

Normalized inelastic structure functions   
Of quark clusters based on counting rules 
and Regge behavior as a function of  
Bjorken x = u in the figure. 
 
Actual calculations employ measured 
nucleon inelastic structure functions to 
include resonances and other scaling 
violations. 
 
Note the hierarchy even without the 
A-dependent cluster probabilities (pi) 



J.P. Vary, Proc. VII Int’l Seminar on High Energy Physics Problems,  
"Quark Cluster Model of Nuclei and Lepton Scattering Results,"  
Multiquark Interactions and Quantum Chromodynamics, V.V. Burov, Ed.,  
Dubna #D-1, 2-84-599 (1984) 186 [staircase function for x > 1] 
 
See also: numerous other conference proceedings 

Characteristic predictions of the Quark Cluster Model (QCM) for DIS 

QCM Staircase Function 
for x > 1 

Depth of EMC dip in QCM is  
correlated with step heights 



Nucleon	  momentum	  distribu0ons	  in	  
the	  Deuteron	  with	  Reid	  So6	  Core	  
(RSC)	  and	  Bonn	  	  
	  
Note	  strong	  tensor	  dominance	  in	  the	  
region	  of	  250	  <	  k	  <	  600	  MeV/c	  	  	  
	  
Note	  large	  differences	  between	  RSC	  
and	  Bonn	  above	  the	  chiral	  symmetry	  
scale	  	  	  	  	  	  	  	  where:	  

G.	  Yen,	  J.P.	  Vary,	  A.	  Harindranath	  and	  	  H.J.	  Pirner,	  
Phys.	  Rev.	  C	  42,	  1665	  (1990)	  



G.	  Yen,	  J.P.	  Vary,	  	  
A.	  Harindranath	  and	  	  
H.J.	  Pirner,	  Phys.	  Rev.	  	  
C	  42,	  1665	  (1990)	  

SLAC	  DIS	  data	  from	  
Deuterium	  compared	  with	  
model	  inelas0c	  structure	  
func0on	  including	  
Quasi-‐elas0c	  knockout,	  
nucleon	  excita0ons	  
and	  realis0c	  momentum	  
distribu0ons	  (Bonn)	  



SLAC	  DIS	  data	  from	  
Deuterium	  compared	  with	  
model	  inelas0c	  structure	  
func0on	  including	  
Quasi-‐elas0c	  knockout,	  
nucleon	  excita0ons,	  
6-‐quark	  clusters	  (5.4%)	  
and	  realis0c	  momentum	  
distribu0ons	  (Bonn)	  

Beyond	  q-‐el	  dominance:	  
DIS	  from	  6-‐q	  cluster	  dominates	  
for	  Q2	  =	  4-‐6	  GeV2	  where	  the	  
QCM	  describes	  the	  data	  well	  

G.	  Yen,	  J.P.	  Vary,	  	  A.	  Harindranath	  and	  H.J.	  Pirner,	  	  
Phys.	  Rev.	  	  C	  42,	  1665	  (1990)	  



Ref:  M. Sato, S.A. Coon, H.J. Pirner and J.P. Vary, Phys. Rev. C33, 1062(1986) 

 

Heavy nucleus avg ! = 0.548 " ˜ p 3 = 0.779

Use scaling with density to estimate pi 
based on ab initio correlated basis function solutions for 4He 

* 

* See my workshop talk last week => ab initio alpha clustering in 9Be  
  i.e.  9Be ~ two alphas bound by a neutron torus 



9Be Translationally invariant gs density 
Full 3D densities = rotate around the vertical axis 

Total density  Neutron – Proton density 

Shows that one neutron provides a “ring” cloud  
around two alpha clusters binding them together 

C. Cockrell, J.P. Vary, P. Maris, Phys. Rev. C 86, 034325 (2012); arXiv:1201.0724   
C. Cockrell, PhD, Iowa State University 
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Comparison between Quark-Cluster Model and JLAB data 

Data:       K.S. Egiyan, et al., Phys. Rev. Lett. 96, 082501 (2006) 
Theory:   H.J. Pirner and J.P. Vary, Phys. Rev. Lett. 46, 1376 (1981) 
               and Phys. Rev. C 84, 015201 (2011); nucl-th/1008.4962;  
               M. Sato, S.A. Coon, H.J. Pirner and J.P. Vary, Phys. Rev. C 33, 1062 (1986) 





p6(A)/p6(D) 
0.11/0.04 = 2.8 
0.17/0.04 = 4.3 
0.08/0.04 = 2.0 
0.13/0.04 = 3.3 
0.14/0.04 = 3.5 
0.15/0.04 = 3.8 
0.15/0.04 = 3.8 
0.17/0.04 = 4.3 

  
 
 
 
 

*M. Sato, S.A. Coon, H.J. Pirner and J.P. Vary, 
Phys. Rev. C33, 1062(1986) 

QCM 
ab initio  

wavefunctions 
+ simple scaling* 

Fe/C = 1.17 

4He/3He = 1.55 



DIS in the quark cluster model: 
Low Q2 – quasi-elastic “dip” 

Data:               SLAC 
Calculations:   QCM 
Note: steps less defined due to  
Nachtmann scaling violations 

quasi-elastic dip 
with strong 

Q2-dependence 



Quark Cluster Model 
selected references 

H.J. Pirner and J.P. Vary,  
"Deep-Inelastic Electron Scattering and the Quark Structure of 3He,"  
Phys. Rev. Lett. 46, 1376 (1981) 
 
J.P. Vary, Proc. VII Int’l Seminar on High Energy Physics Problems,  
"Quark Cluster Model of Nuclei and Lepton Scattering Results,"  
Multiquark Interactions and Quantum Chromodynamics, V.V. Burov, Ed.,  
Dubna #D-1, 2-84-599 (1984) 186 [EMC region + staircase function] 
 
J. P. Vary, S. A. Coon, and H. J. Pirner,  
"Charge Form Factor of 3He in a Quark Cluster Model,"  
in Few Body Problems in Physics, Vol. II, B. Zeitnitz, ed., Elsevier, 1984, p. 683. 
 
J. P. Vary, "Quark Distributions in Nuclei from Lepton Experiments,"  
in Hadron Substructure in Nuclear Physics, W.-Y. P. Hwang and M. H. Macfarlane, eds.,  
American Institute of Physics Conference Proceedings No. 110 (New York) 1984, p. 171.  
 
J. P. Vary, S. A. Coon, and J. H. Pirner,  
"Charge Form Factors and Quark Clusters,” in Hadronic Probes and Nuclear Interactions,  
AIP Conf. Proc. No. 133, J. R. Comfort, W. R. Gibbs and B. G. Ritchie, eds., (AIP, New York, 1985).  
 
M. Sato, S.A. Coon, H.J. Pirner and J.P. Vary,  
"Quark Cluster Probabilities in Nuclei,"  
Phys. Rev. C 33, 1062 (1986) 
 
A. Harindranath and J. P. Vary,  
"Quark Cluster Model Predictions for the Nuclear Drell-Yan Process,"  
Phys. Rev. D 34, 3378 (1986) [staircase function for x > 1 in Drell-Yan] 
 
G. Yen, J. P. Vary, A. Harindranath, and H. J. Pirner,  
"Quark Cluster Model for Deep-Inelastic Lepton-Deuteron Scattering,”  
Phys. Rev. C 42, 1665 (1990) 
 
H.J. Pirner and J.P. Vary,  
“Boundary between hadron and quark/gluon structure of nuclei,”  
Phys. Rev. C 84, 015201 (2011); nucl-th/1008.4962 
  





Comparison of quark percolation with RHIC data 

Data:      A. Andronic, P. Braun-Munzinger and J. Stachel, Nucl. Phys. A 772, 167 (2006) 
Theory:  H.J. Pirner and J.P. Vary, Phys. Rev. C 84, 015201 (2011); nucl-th/1008.4962  
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   4!
   dN/dy

 

!h (fm"3 )      µ #  (GeV)
0.17                 0
0.46                 0.12
0.46 (incl $'s)  0.12

µb (GeV)

 !h (fm!3)     µ" (GeV)

Full 
percolation 

Partial  
percolation 

Nuclear saturation 
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Comparison of quark percolation with Hypernuclear binding data 

Data:      E. Hungerford and L.C. Biedenharn, Phys. Lett. B 142, 232 (1984)  
Theory:  H.J. Pirner and J.P. Vary, Phys. Rev. C 84, 015201 (2011); nucl-th/1008.4962  

Energy shift: ΔE ~ p12 * 2 * (Quark Shell spacing)  
                          ~ 0.007 * 2 * (75 – 150 MeV)  
                          ~ 1 – 2 MeV   



Overview of selected predictions of QCM 
 
1.  DIS at X > 1 staircase 
    - EMC effect is a feature of the QCM & correlated with staircase 
2.  Drell-Yan staircase at x2 > 1  
3.  “Subthreshold” particle production  
4.  Contributions to nuclear form factors at high Q2 

5.  Percolation in Relativistic HI collisions & EOS at high density and temperature 
6.  Shifts in hypernuclear states  
  



•  Central	  problems	  in	  hadron	  physics:	  
–  Structure	  of	  hadron	  -‐>	  Parton	  distribu0on?	  	  
–  Spin	  structure	  of	  hadron	  -‐>	  Where	  does	  proton	  spin	  come	  from?	  
	  

•  These	  problems	  involve	  the	  non-‐perturba0ve	  aspects	  of	  QCD	  
	  	  	  	  	  	  	  	  	  	  	  not	  well	  understood	  so	  far	  
	  

•  	  Lacce	  QCD	  set	  up	  in	  imaginary	  0me	  
–  	  	  	  	  	  	  limited	  ability	  in	  extrac0ng	  hadron	  structure	  

•  A	  reliable	  non-‐perturba0ve	  approach	  in	  real	  0me	  needed.	  
•  Basis	  Light-‐Front	  Quan0za0on	  (BLFQ)	  approach!	  

–  Solve	  quantum	  field	  theory	  in	  the	  Hamiltonian	  framework	  	  
–  See	  talk	  by	  Xingbo	  Zhao	  at	  this	  workshop	  on	  Basis	  Light	  Front	  Quan0za0on	  

(BLFQ)	  	  [See	  Refs:	  	  J.	  P.	  Vary,	  	  H.	  Honkanen,	  Jun	  Li,	  P.	  Maris,	  S.	  J.	  Brodsky,	  A.	  
Harindranath,	  G.	  F.	  de	  Teramond,	  P.	  Sternberg,	  E.	  G.	  Ng,	  C.	  Yang,	  “Hamiltonian	  
light-‐front	  field	  theory	  in	  a	  basis	  func0on	  approach”,	  Phys.	  Rev.	  C	  81,	  035205	  
(2010);	  	  H.	  Honkanen,	  P.	  Maris,	  J.	  P.	  Vary	  and	  S.	  J.	  Brodsky,	  “Electron	  in	  a	  
transverse	  harmonic	  cavity”,	  Phys.	  Rev.	  Leq.	  106,	  061603	  (2011)]	  

	  	  	  	  	  	  	  

Beyond	  Model	  Building	  



QED & QCD	


QCD	


Light Front (LF) Hamiltonian defined by its	

elementary vertices in LF gauge	




                                            Dream project 
   Covariant QCM consistent with ab initio structure theory and QCD 
 
               Every ingredient is computationally challenging! 
 
 Chiral NN + NNN Hamiltonian (complete through N3LO) 
 Many-body solutions for A up to ~ 20 (GFMC, NCSM, CC, . . .) 
 Cluster probabilities from these solutions (Monte Carlo integrations) 
 Derivation of free-space and in-medium cluster structure functions from 

QCD (LGT, BLFQ, . . .) 



   Outlook for a unified low and high resolution nuclear physics 
 
Many challenges remain and are being addressed: 
 
Improved accuracy in the ab initio Hamiltonians and the Many-Body methods 
Proper accounting for cluster, other collective phenomena, continuum effects, . . . 
Advances in non-perturbative solutions of QCD (Lattice, BLFQ) 
Improve efficiency in use of supercomputer facilities (GPUs, . . . ) 
 
Promising new developments: 
 
Forefront experimental facilities –  FRIB, TJLAB 12 GeV upgrade, JPARC, FAIR, . . .  
Leadership class computational faciltiies – discoveries enabled by simulations 
Next generation Chiral interactions (pionful, deltaful,…)  
Improving many-body theory (GFMC, NCSM, CC, lattice EFT, . . . ) 
Teams: physics + applied math + computer science have proven invaluable  
 
=> Joint theory and experimental efforts for additional dividends 
 
Exciting era of predictive and testable science is just beginning – portends using 
nuclei as laboratories for tests of non-perturbative strong interaction physics  
and physics beyond the standard model (neutrinoless double beta decay,  
dark matter detection, . . . ) 
 


