






This was just the history in a nutshell. 
The history was, of course, much richer. 
Let me show this for the last decade. 
It is best to distinguish between  

•  phenomenological    and 

•  “first principal” 

approaches. 















The chiral EFT approach 
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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). 



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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How does this compare to  
conventional meson theory? 





The nuclear force in the meson picture  

Short 
Inter- 
mediate Long range 
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Question: When everything is so equivalent to 
conventional meson theory, why not continue to 
use conventional meson theory? 



So, chiral EFT wants to be a theory. 
How true is that? 



If EFT wants to be a theory,  
it better be renormalizable. 

The problem in all field theories are 
divergent loop integrals. 

The method to deal with them in field 
theories: 

1. Regularize the integral (e.g. apply a 
“cutoff”) to make it finite. 

2. Remove the cutoff dependence by  
      Renormalization (“counter terms”). 





Counter 
terms 

  perturbative renormalization 
   (order by order) 



Counter 
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In diagrams: T = + + + … 



 Non-perturbative renormalization 



Very recently, a systematic investigation  
of this kind has been conducted by us  
at NLO and NNLO using Weinberg Counting, i.e. 

2 contacts in each S-wave 
(used to adjust scatt. length and eff. range), 

1 contact in each P-wave 
(used to adjust phase shift at low energy).  



Note that the real thing are DATA (not phase shifts),  
e.g., NN cross sections, etc. Therefore better:  
Look for cutoff independence in the description of the data. 

Notice, however, that there are many data (about 6000 NN 
Data below 350 MeV). Therefore, it makes no sense 
to look at single data sets (observables). Instead, one should 
calculate 

with N the number of NN data in a certain energy range. 

χ 2 =
zi
theory − zi

exp( )2
Δzi

exp( )2i=1

i=N

∑



The plateaus improve with increasing order. 



Renormalization Summary 



Chiral three-nucleon forces  
(3NF) 

On another topic: 
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The 3NF 
at NNLO; 

used so far. 



The 3NF 
at NNLO; 

used so far. 

Now, showing only 
3NF diagrams. 



The Ay puzzle is NOT solved 

by the 3NF at NNLO. 

Analyzing 
Power 

Ay 

p-d 

p-3He 

2NF 
only 

2NF+3NF 
Calculations by 
the Pisa Group 

2NF 
only 

2NF+3NF 





The 3NF 
at NNLO; 

used so far. 

Back to the 
drawing board. 



The 3NF 
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The 3NF 
at NNLO; 

used so far. 

Small?  

Apps of N3LO 3NF: 

Triton: Skibinski et al., 
PRC 84, 054005 (2011). 
Not conclusive. 

Neutron matter: 
Hebeler, Schwenk  
and co-workers, 
PRL 110, 032504 (2013). 
Not small!(?) 

N-d scattering (Ay): 
Witala et al. 
Small! 



N-d Ay calculations by Witala et al. 



The 3NF 
at NNLO; 

used so far. 

Small?  

Apps of N3LO 3NF: 

Triton: Skibinski et al., 
PRC 84, 054005 (2011). 
Not conclusive. 

Neutron matter: 
Hebeler, Schwenk  
and co-workers, 
PRL 110, 032504 (2013). 
Not small!(?) 

N-d scattering (Ay): 
Witala et al. 
Small! 



The 3NF 
at NNLO; 

used so far. 

Small?  



The 3NF 
at NNLO; 

used so far. 

Small?  
1-loop graphs: 5 topologies 

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



The 3NF 
at NNLO; 

used so far. 

Small?  
1-loop graphs: 5 topologies 

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



The 3NF 
at NNLO; 

used so far. 

Small?  

Large?! 

Many new isospin/spin/momentum  
structures. 
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The 3NF 
at NNLO; 

used so far. 

Small?  
3NF contacts 

at N4LO  
Girlanda, Kievsky, Viviani, PRC 84, 014001 (2011) 

Spin-Orbit 
Force! 



A realistic,  
investigational 
approach: 

•  use Δ-less 

•  skip N3LO 3NF 

•  that may already 
   solve some of your  
   problems. 

•  include NNLO 3NF 

•  at N4LO start with  
   contact 3NF, use 
   one term at a time, 
   e.g. spin-orbit 



… and then there 
Is also the  

Δ-full theory … 



… and then there 
Is also the  

Δ-full theory … 

… but we have no 
time left for that. 







… and continue to always 
listen 

To Hildegard! 

Happy Birthday, James! 


