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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 Potential by Entem & Machleidt, PRC 68, 041001 (2003). 
NNLO and NLO Potentials by Epelbaum et al., Eur. Phys. J. A19, 401 
(2004). 



Applications of the  
chiral NN potential 

at N3LO 



Chiral NN potential at N3LO 
underbinds by ~1MeV/nucleon. 
(Size extensivity at its best.) 

Nucleus ΔE / A [MeV] 
4He 1.08 (0.73FY) 
16O 1.25 
40Ca 0.84 
48Ca 1.27 
48Ni 1.21 





… including the  
chiral 3NF 

at N2LO 

For medium-mass nuclei, 
see talks by 
Papenbrock; 
Roth et al.; 
and others. 



“No-Core Shell Model “ 
Calculations by P. Navratil et al., 

LLNL 
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The Ay puzzle is NOT solved 

by the 3NF at NNLO. 
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Power 
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2NF+3NF 
Calculations by 
the Pisa Group 



The currently popular scheme: 
2NF at N3LO 
3NF at NNLO 

No 4NF 





So, let’s take a close look at the development 
of chiral 3NFs. 



The 3NF 
at NNLO; 

used so far. 



Ishikawa & Robilotta, 
PRC 76, 014006 (2007) 

Bernard, 
Epelbaum, 
Krebs, 
Meissner, 
PRC 77, 064004  
(2008); PRC 84, 
054001 (2011). 

The 3NF at N3LO explicitly 
One-loop, leading vertices 



The ring diagrams 
From: Bernard, Epelbaum, Krebs, Meissner, 
PRC 77, 064004 (2008) 



Proton-deuteron elastic scattering 
Black line: 2NF only 

Red dashed line: 2NF + 3NF(N2LO+2πN3LO) ≈ 2NF + 3NF(N2LO) 

From: 
Ishikawa & 
Robilotta, 
PRC 76, 014006 
(2007) 



Triton calculation with long-range 
N3LO 3NF exists: 
Skibinski et al., PRC 84, 054005 (2011). 
Strong cutoff dependence of results. 
For best fit NN potential, N3LO 3NF 
contributions about -0.1 MeV.  
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What to expect from those  
N4LO 1-loop diagrams? 

Compare to “similar” 2NF diagrams. 
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A variation of the theory is possible: 
Introduce Δ degrees of freedom 
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Bernard et al. ‘97 
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So, with Δ’s you have to go “only” to N3LO 
(to catch the large 3NFs), 
But notice that there are many more diagrams 
At N3LO with Δ’s as compared to Δ-less. 
So, it’s not necessarily simpler. 

Notice further that in the Δ-full theory the 2NF 
Gets also more complicated. 







Summarize: Δ-full vs. Δ-less (2NF and 3NF). 







What’s the better approach is a matter 
of  taste 

• Bochum (E. Epelbaum & H. Krebs) 
pursues Δ-full 

• Idaho (R. M. & D. R. Entem) Δ-less 



Small?  

The 3NF 
at NNLO; 

used so far. 

Large!! 



The Δ-less N4LO (ν=5) 3NF in more detail: 
Tree diagrams and 1-loop graphs 

1-loop graphs: 5 topologies 

2PE              2PE-1PE              Ring        Contact-1PE     Contact-2PE 

Pisa 

e_i 



The N4LO 3NF 2PE diagrams 



The N4LO 3NF 2PE-1PE diagrams 

Many new isospin/spin/momentum structures, 
some similar to N3LO 2PE-1PE 3NF. 

Still a lot to come in the 3NF business. 

Stay tuned! 





Some after-thoughts 



“There will be many new 3NFs …” 

How many? 

How not to get crushed  
by the Dinosaur? 

Too many?! 
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Small?  
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1-loop graphs: 5 topologies 

2PE              2PE-1PE              Ring        Contact-1PE     Contact-2PE 

3NF contacts 
at N4LO  
(Pisa) 

3NF contacts 
at N4LO  

Girlanda, Kievsky, Viviani, PRC 84, 014001 (2011) 

Spin-Orbit 
Force! 



To avoid 
the Dinosaur/ 
the nightmare/ 
the Pandora’s Box, 
take a pragmatic 
Approach: 



The 3NF 
at NNLO; 

used so far. 

•  use Δ-less 
•  include NNLO 3NF 
•  skip N3LO 3NF 
   (small in Δ-less!) 
•  at N4LO start with  
   contact 3NF, use 
   one term at a time, 
   e.g. spin-orbit 
•  that may already 
   solve your  
   problems. 

A working model: 



A working 3NF model 
(to be used on an “investigational” basis) 

+ N4LO 3NF Contacts  

NNLO 3NF 

Spin-Orbit 
Force! 


