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Overall	  plan	  for	  the	  3	  lecture	  series	  by	  Prof.	  James	  P.	  Vary	  
	  
1.	  Realis*c	  NN	  &	  NNN	  Interac*ons	  and	  their	  range	  of	  validity	  

	  Short	  historical	  review	  
	  Review	  of	  NN+NNN	  interac6ons	  -‐	  emphasis	  on	  Chiral	  EFT	  	  
	  Alterna6ve	  NN	  interac6on	  from	  inverse	  sca?ering	  –	  JISP16	  

	  
2.	  IR/UV	  Regulators	  and	  Renormaliza*on	  Methods	  

	  IR	  and	  UV	  proper6es	  of	  the	  Harmonic	  Oscillator	  (HO)	  
	  IR	  and	  UV	  proper6es	  of	  NN	  interac6ons	  	  
	  Okubo-‐Lee-‐Suzuki	  (OLS)	  renormaliza6on	  scheme	  in	  the	  HO	  basis	  
	  Similarity	  Renormaliza6on	  Group	  (SRG)	  method	  

	  
3.	  Recent	  results	  in	  light	  nuclei	  with	  ab	  ini*o	  no	  core	  methods	  

	  Overview	  of	  ab	  ini6o	  approaches	  (GFMC,	  CC,	  NCSM,	  NCFC)	  
	  Applica6ons	  to	  light	  nuclei	  –	  importance	  of	  NNN	  
	  Applica6ons	  to	  nuclear	  reac6ons	  –	  deferred	  due	  to	  6me	  limits	  
	  Applica6ons	  to	  non-‐perturba6ve	  solu6on	  of	  quantum	  field	  theory	  
	  Conclusions	  and	  outlook	  

	  



Overarching Problem	

	


Main hypothesis	

If the Standard Model is correct, we should be able	


to accurately describe all nuclear processes	

	


Long-term goal	

Use all fundamental interactions 	


including yet-to-be-discovered interactions 	

to describe and predict 	


experimental and astrophysical phenomena 	

	

	




Fundamental questions of nuclear physics => discovery potential 
 
  What controls nuclear saturation?  
 
  How shell and collective properties emerge from the underlying theory? 
 
  What are the properties of nuclei with extreme neutron/proton ratios? 

  Can we predict useful cross sections that cannot be measured? 

  Can nuclei provide precision tests of the fundamental laws of nature? 

  Can we solve QCD to describe hadronic structures and interactions? 

+ K-super. 
+ Blue Waters 
+ Lomonosov 
+ Tachyon-II 



ab initio nuclear theory - building  bridges 

Standard Model (QCD + Electroweak) 
 

NN + NNN interactions & effective EW operators 
 

quantum many-body theory 
 

describe/predict experimental data 
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A	  (very)	  brief	  history	  of	  NN	  
interac*ons	  

•  1935	  –	  Yukawa	  (meson	  theory)	  
•  1957	  –	  Gammel	  and	  Thaler	  (full	  theory	  of	  OPE)	  
•  1960’s	  –	  non-‐rela6vis6c	  OBEP	  (pions,	  scalar	  mesons)	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Bryan-‐Sco?	  poten6al	  (1969)	  
•  1970’s	  –	  fully	  rela6vis6c	  OBEPs	  -‐-‐	  2-‐pion	  exchange	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Stony	  Brook,	  Paris,	  Bonn	  
•  1980’s	  –	  Nijmegen	  poten6als	  (1978)	  
•  1990’s	  –	  Nijmegen	  II,	  Bonn	  poten6als	  
•  1990’s	  –	  AV18	  +	  3-‐body	  (NNN)	  poten6als	  
•  2000’s	  –	  chiral	  EFT	  poten6als	  (2-‐body	  and	  3-‐body)	  

dof/2χ ~ 10 in 1960’s;  ~ 2 in 1980’s ;  ~1 in 1990’s…. 

OPE	  =	  One	  Pion	  Exchange 	   	   	   	  AV18	  =	  Argonne	  V18	  (18	  operators)	  
OBEP	  =	  One	  Boson	  Exchange	  Poten6al 	   	  EFT	  =	  Effec6ve	  Field	  Theory	  



Can	  we	  “derive”	  the	  NN	  interac*on	  from	  QCD?	  

	  	  
 	  What	  is	  the	  role	  of	  confinement?	  	  
 	  If	  deriva6on	  is	  successful,	  is	  this	  the	  full	  story?	  
 	  What	  about	  probing	  nuclei	  at	  ever	  higher	  energies	  	  &	  densi6es?	  

=> Need a perspective on derivations of interactions	




Thus, even the Standard Model, incorporating QCD,	

is an effective theory valid below the Planck scale	


λ < 1019 GeV/c	

	


The “bare” NN interaction, usually with derived quantities,	

is thus an effective interaction valid up to some scale, typically	

the scale of the known NN phase shifts and Deuteron properties	


λ ~ 600 MeV/c (3.0 fm-1)	

	


Effective NN interactions can be further renormalized to lower scales	

and this can enhance convergence of the many-body applications	


λ ~ 300 MeV/c (1.5 fm-1)	

	


“Consistent” NNN and higher-body forces, as well as electroweak 
currents, are those valid to the same scale as their corresponding 	

NN partner, and obtained in the same renormalization scheme.	


All interactions are “effective” until the ultimate theory 	

unifying all forces in nature is attained. 

:         ab initio renormalization schemes 
SRG:      Similarity Renormalization Group 
OLS:       Okubo-Lee-Suzuki 
Vlowk:     V with low k scale limit 
UCOM:   Unitary Correlation Operator Method 
                and there are more! 



Realistic NN & NNN interactions 
High quality fits to 2- & 3- body data 

Meson-exchange 
    NN:     AV18, CD-Bonn, Nijmegen, . . . 
    NNN:  Tucson-Melbourne, UIX, IL7, . . . 
 
Chiral EFT (Idaho)     
    NN:     N3LO 
    NNN:  N2LO 
    4N:     predicted & needed for consistent N3LO 
 
Inverse Scattering 
    NN:    JISP16 

Need 
Improved NNN 

Need 
Fully derived/coded  

NNN(N3LO) 

Need 
JISP40 

Consistent NNN  

Need 
Consistent  

EW operators 



The nuclear force in the meson picture  

Short 

Inter- 

mediate Long range 

Adapted from R. Machleidt NTSE-2013 

While Chiral EFT is a theory based on an expansion in a 
momentum scale parameter, meson-exchange models are 
based on arguments for coordinate space roles of massive  
meson exchanges. 



Effective Field Theory 

...)3()2()1( +++= NNNN LLLL ππππ

Starting point is an effective chiral πN Lagrangian: 

•  Obeys QCD symmetries (spin, isospin, chiral symmetry breaking) 
•  Develops a low-momentum interaction suitable for nuclei  
•  Should some day be connected directly to QCD? 
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Interplay between nucleonic 
and subnucleonic (quarks and 
gluons) degrees of freedom in 
few-body nuclear system! 

The heavy baryon (HB) formulation of  χPT: 



Effective Field Theory 
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Chiral symmetry of QCD (mu & md->0), spontaneously broken with pion as the  
    Goldstone boson                      
  Systematic low-momentum expansion in (Q/Λ;  Λ ~ 1 GeV; Q ≤ 135 MeV [c=1] ) 

• Power-counting   
• Chiral perturbation theory (χPT) 

  Describe pion-pion, pion-nucleon and inter-nucleon interactions at low energies 
•  Nucleon-nucleon sector - S. Weinberg (1991) 
•  Worked out by van Kolck, Kaiser, Meissner, Epelbaum, Machleidt… 

 
For more details see:  
 V. Bernard, N. Kaiser and U.G. Meissner, Int. J. Mod. Phys. E4, 193 (1995); 
D.R. Entem and R. Machleidt, Phys.Lett. B524 93 (2002); arXiv 0108057 
 

Where                    are quantities defined in terms of the pion field 
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FIG. 3: The lattice QCD result of the central (effective cen-
tral) part of the NN potential VC(r) (V eff

C (r)) in the 1S0 (3S1)
channel for mπ/mρ = 0.595. The inset shows its enlargement.
The solid lines correspond to the one-pion exchange potential
(OPEP) given in Eq.(5).

determined from the ρ meson mass in the chiral limit is
a−1 = 1.44(2) GeV (a ! 0.137 fm) [15], which leads to
the lattice size (4.4 fm)4. The hopping parameter is cho-
sen to be κ = 0.1665, which corresponds to mπ ! 0.53
GeV, mρ ! 0.89 GeV and mN ! 1.34 GeV. We use the
global heat-bath algorithm with overrelaxations to gener-
ate the gauge configurations. After skipping 3000 sweeps
for thermalization, 500 gauge configurations are collected
with the interval of 200 sweeps. Results for lighter and
heavier quark masses with higher statistics will be re-
ported in [13]. The Dirichlet (periodic) boundary con-
dition for quarks is imposed in the temporal (spatial)
direction. To avoid the boundary effect, the wall source
is placed at t = t0 = 5 at which the Coulomb gauge fixing
is made. The ground state saturation for t − t0 ≥ 6 is
checked by the effective mass of the two-nucleon system.

Fig. 2 shows the lattice QCD result of the wave func-
tion at the time-slice t − t0 = 6. They are normalized
at the spatial boundary #r = (32/2 = 16, 0, 0). All the
data including the off-axis ones are plotted for r ! 0.7
fm, beyond which we plot only the data locating on the
coordinate axes and their nearest neighbors. As is clear
from Fig. 2, the wave function is suppressed at short dis-
tance and have a slight enhancement at medium distance,
which suggests that the NN system has a repulsion (at-
traction) at short (medium) distance.

Fig. 3 shows the central (effective central) NN poten-
tial in the 1S0 (3S1) channel at t − t0 = 6. As for ∇2

in Eq. (2), we take the discrete form of the Laplacian
with the nearest-neighbor points. E is obtained from
the Green’s function G(#r; E) which is a solution of the
Helmholtz equation on the lattice [12]. By fitting the
wave function φ(#r) at the points #r = (10 − 16, 0, 0) and
(10− 16, 1, 0) by G(#r; E), we obtain E(1S0) = −0.49(15)
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FIG. 4: t − t0 dependence of VC(r) in the 1S0 channel for
several different values of the distance r.

MeV and E(3S1) = −0.67(18) MeV. Namely, there is
a slight attraction between the two nucleons in a finite
box. To make an independent check of the ground state
saturation, we plot the t dependence of VC(r) in the 1S0

channel at several distances r = 0, 0.14, 0.19, 0.69, 1.37
and 2.19 fm in Fig. 4. The saturation indeed holds for
t − t0 ≥ 6 within errors.

As anticipated from Fig. 2, VC(r) and V eff
C (r) have

repulsive core at r ! 0.5 fm with the height of about
a few hundred MeV. Also, they have an attraction of
about −(20−30) MeV at the distance 0.5 ! r ! 1.0
fm. The solid lines in Fig. 3 show the one pion exchange
contribution to the central potential calculated from

V π
C (r) =

g2
πN

4π

(#τ1 · #τ2)(#σ1 · #σ2)

3

(

mπ

2mN

)2 e−mπr

r
, (5)

where we have used mπ ! 0.53 GeV and mN ! 1.34 GeV
to be consistent with our data, while the physical value
of the πN coupling constant is used, g2

πN/(4π) ! 14.0.
Even in the quenched approximation, the one pion ex-
change is possible as the connected quark exchange be-
tween the two nucleons. In addition, there is in principle
a quenched artifact to the NN potential from the flavor-
singlet hairpin diagram (the ghost exchange) between the
nucleons [16]. Its contribution to the central potential

reads [18]: V η
C (r) =

g2

ηN

4π
$σ1·$σ2

3

(

mπ

2mN

)2 (

1
r
− m2

0

2mπ

)

e−mπr.

Here gηN and m0 are the ηN coupling constant and a
mass parameter of the ghost, respectively. The ghost
potential has an exponential tail which dominates over
the Yukawa potential at large distances. Its significance
can be estimated by comparing the sign and the mag-
nitude of emπrVC(r) and emπrV eff

C (r) at large distances,
because V η

C (r) has an opposite sign between 1S0 and 3S1.
Our present data shows no evidence of the ghost at large
distances within errors, which may indicate gηN % gπN .

Several comments are in order here:

N. Ishii, S. Aoki and T. Hatsuda,  
``The Nuclear Force from Lattice QCD,'’ 
Phys. Rev. Lett. 99, 022001 (2007) 

Can we obtain NN (and NNN) interactions directly from Lattice QCD? 
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Figure 14: A compilation of the scattering lengths for NN scattering in the 1S0 (left panel)
and 3S1 (right panel) calculated with Lattice QCD and with quenched Lattice QCD. The
vertical lines correspond to the physical pion mass.

Figure 15: Baryon-baryon interactions extracted from calculations at mπ ∼ 390 MeV and
in a lattice volume of 203 × 128 [117]. The top-most point of the plot-legend corresponds to
the left-most point on the plot, and the bottom- most point of the plot-legend corresponds
to the right-most point on the plot. The other points are ordered accordingly.

4 Few-Body Physics

Computing resources and lattice algorithms have reached a stage where it is now possible to consider
more complicated hadronic observables such as those in the baryon number, B > 2 sector — the domain
of nuclei. Here there are many observables about which very little (or nothing) is known experimentally
or theoretically, but which are phenomenologically important to nuclear structure and interactions and
to nuclear astrophysics. Systems containing more than two mesons are of phenomenological interest in
a number of areas from heavy ion collisions at RHIC, to the equation of state of neutron stars. In the
last few years, there has been a concerted effort to understand and develop the techniques needed for
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S. R. Beane, W. Detmold, K. Orginos  & M. J. Savage,  
``Nuclear Physics from Lattice QCD,'’ 
Prog. Part. Nucl. Phys. 66, 1 (2011); 
See Silas Beane, NNPSS2013-Lecture 3 for extrapns. 

Fig. 14  NN scattering lengths in quenched 
Lattice QCD.  Vertical lines correspond  
to the physical pion mass. 

Exp = -23.71 fm 

Exp = 5.43 fm 



Effective Nucleon Interaction  
(Chiral Perturbation Theory) 

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

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

 

Expansion parameter :  Q
!"

# 

$ 
% % 

& 

' 
( ( 

)

,  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 also 
implicit within the Harmonic Oscillator (HO) 
wave function basis (see below) 

CD CE 

D.R. Entem and R. Machleidt, Phys Rev C68, 041001(R) (2003) 



NN phase shifts up to 300 MeV 
Red Line: N3LO Potential by Entem & Machleidt, PRC 68, 041001 (2003). 

Green dash-dotted line: NNLO Potential, and  

blue dashed line: NLO Potential  

by Epelbaum et al., Eur. Phys. J. A19, 401 (2004). 
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NN phase shifts up to 300 MeV 
Red Line: N3LO Potential by Entem & Machleidt, PRC 68, 041001 (2003). 

Green dash-dotted line: NNLO Potential, and  

blue dashed line: NLO Potential  

by Epelbaum et al., Eur. Phys. J. A19, 401 (2004). 
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NN phase shifts up to 300 MeV 
Red Line: N3LO Potential by Entem & Machleidt, PRC 68, 041001 (2003). 

Green dash-dotted line: NNLO Potential, and  

blue dashed line: NLO Potential  

by Epelbaum et al., Eur. Phys. J. A19, 401 (2004). 
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N3LO 

R. Machleidt, NTSE 2013 



N3LO Potential by Entem & Machleidt, PRC 68, 041001 (2003). 

NNLO and NLO Potentials by Epelbaum et al., Eur. Phys. J. A19, 401 

(2004). 

N3LO Potential by Entem & Machleidt, PRC 68, 041001 (2003). 

NNLO and NLO Potentials by Epelbaum et al., Eur. Phys. J. A19, 401 

(2004). 

R. Machleidt, NTSE2013 

N3LO Potential by Entem & Machleidt, PRC 68, 041001 (2003). 

NNLO and NLO Potentials by Epelbaum et al., Eur. Phys. J. A19, 401 

(2004). 
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Phenomenological NN interaction: JISP16  
J-matrix Inverse Scattering Potential tuned up to 16O 

A. M. Shirokov, J. P. Vary, A. I. Mazur and T. A. Weber Phys. Letts. B 644, 33 (2007) 

  Finite rank separable potential in HO representation for each partial wave 
  Fitted to available NN scattering data and Deuteron properties 
  Use unitary transformation to tune off-shell interaction to  
           binding energy of 3He 
           low-lying spectrum of 6Li (JISP6 precursor of JISP16) 
           binding energy of 16O 
  Good fit to a range of light nuclear properties 
  Very soft potential compared to other NN potentials 
  Non-local potential (by construction) 
  Details, including JISP16 subroutine,  available at  

http://nuclear.physics.iastate.edu/ 
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Reference web sites:     
“Nijmegen” phase shifts        http://nn-online.org/ 
“SAID” phase shifts               http://gwdac.phys.gwu.edu/ 

Adapted from A.M. Shirokov, et al., Phys Rev C70, 044005 (2004)  





JISP16, NCSM-2013*      8.369(1)#   7.668(5)#      28.299(1)#        28.8(1)*                31.49(6)* 

#P. Maris, J.P. Vary and A.M. Shirokov, Phys. Rev. C79, 014308 (2009) 
*P. Maris and J.P. Vary, Int. J. Mod. Phys. E., (in press).  



Comments on need for NNN potentials 

•  Binding energies of A=3-4 nuclei can be calculated exactly in non-relativistic QM 
(NRQM). Realistic local NN potentials underbind A=3 by ~500keV and A=4 by 2-4 
MeV. Compared to total interaction energy, <GS| V |GS>, these are 2-6% effects.	


•  Nearly exact results for 5<A<16 nuclei these days  indicate spin-sensitive observables 
(splitting of spin-orbit partners in odd nuclei, ground state spin of 10B, magnetic 
transitions, neutrino cross sections, etc.) require more than realistic local NN potential.	


References:	

A. Nogga, H. Kamada and W. Gloeckle, Phys. Rev. Lett. 85, 944(2000).	

J.L. Friar, et al., Phys. Rev. C 59, 53(1999).	

B.S. Pudliner, et al., Phys. Rev. Lett. 74, 4396(1995).	

D.R. Entem, et al., Phys. Rev. C 68, 064001 (2002).	
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The 3NF 

at NNLO; 

used so far. 

Now, showing only 

3NF diagrams. 



N-d Ay calculations by Witala et al. 

R.	  Machleidt,	  NTSE-‐2013	  



The	  Ay	  puzzle	  suggests	  re-‐examina6on	  of	  the	  current	  status	  of	  chiral	  EFT:	  
	  
•  Is	  there	  a	  need	  to	  be?er	  tune	  the	  LEC’s?	  
•  Do	  we	  need	  to	  go	  to	  N4LO	  to	  resolve	  it?	  
•  Is	  there	  an	  alterna6ve	  scheme,	  such	  as	  the	  Delta-‐full	  theory,	  that	  is	  be?er?	  



Optimization of Chiral interactions at NNLO 	  

NNLO(POUNDerS)	  
NNLO(EGM	  450/500)	  
Nijmegen	  PWA	  

A.	  Ekström	  et	  al,	  Phys.	  Rev.	  Le?.	  110,	  192502	  (2013)	  

cD	   cE	  

cD-‐cE	  fit	  of	  the	  3H/3He	  binding	  
energy	  and	  the	  3H	  half	  life	  	  
(From	  P.	  Navra6l	  and	  S.	  Quaglioni)	  
	  
cD	  =	  -‐0.39	  	  +/-‐	  0.07,	  	  
cE	  =	  -‐0.398	  +0.015/-‐0.016	  

Eg.s.	   <rp>1/2	   Eg.s.	   <rp>1/2	   Eg.s.	   <rp>1/2	  

NN	   -‐8.25	   1.60	   -‐7.50	   -‐27.59	   1.43	  

NN+NNN	   -‐8.48	   1.58	   -‐7.73	   1.76	   -‐28.46	   1.42	  

Exp	   -‐8.48	   1.60	   -‐7.72	   1.77	   -‐28.30	   1.47	  

Gaute	  Hagen	  NTSE-‐2013	  



… and then there 

Is also the  

!-full theory … 

… but we have no 

time left for that. 

R.	  Machleidt,	  NTSE-‐2013	  



Ques6ons?	  


