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Phase shifts up to 300 MeV 
Red Line: N3LO Potential by Entem & Machleidt, PRC 68, 041001 (2003). 
Green dashed line: NNLO Potential, and  
blue dotted line: NLO Potential  
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). 





Deuteron wave functions 
of N3LO potentials 

red = Idaho, green = Bochum/Juelich 
Black lines = high-precision pots. 





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

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

? 
V_low-k 
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4NF at N3LO (leading order) 

Essentially negligible, 
as to be expected. 
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TPE-3NF 

OPE-3NF 

Contact-
3NF 

No new parameters! 

One new parameter, D. 

One new parameter, E. 

Strategy: Adjust D and E to two few-nucleon observables, e.g., the 
triton and alpha-particle binding energies. Then predict properties 

of other light nuclei. 
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Calculations by P. Navratil et al., 

LLNL 

2N (N3LO) 
force only 



2N (N3LO) 
+3N (N2LO) 

forces  

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

LLNL 

2N (N3LO) 
force only 





Courtesy of M. Viviani; 
latest data from TUNL. 



n-d at 3 MeV 

Ay puzzle at NLO and  
NNLO (2NF+3NF) 

NLO 

NNLO 
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Ishikawa & Robilotta, 
PRC 76, 014006 (2007) 

Bernard, 
Epelbaum, 
Krebs, 
Meissner, 
PRC 77, 064004  
(2008) 

In  
progress 

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) 





Go to the next order! 
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What to expect from those  
N4LO 1-loop diagrams? 

Compare to “similar” 2NF diagrams. 
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lead. vert. 

1-loop 
One ci vert. 

Corresponding 2NF contributions 

2π 3π 

Kaiser (2000) 

Kaiser (2001) 
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Bernard et al. ‘97 
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Δ-full theory 
Raises NLO, 
Better  
convergence 



The 3NF in the Δ-full theory 
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In summary: 
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