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LOW ENERGIESLOW ENERGIES
LowLow--energy QCDenergy QCD

•• QCD  for u and d quarks:QCD  for u and d quarks:
approx. approx. chirallychirally symmetricsymmetric

•• Spontaneously broken:Spontaneously broken:

•• Goldstone bosons: 3 Goldstone bosons: 3 pionspions
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Effective Field Theory (EFT)Effective Field Theory (EFT)
•• Effective DOF: Effective DOF: PionsPions and Nucleonsand Nucleons

•• Heavy mesons frozen, static sources, Heavy mesons frozen, static sources, 
“contact interactions”“contact interactions”

•• All relevant symmetries; particularly,All relevant symmetries; particularly,
spontaneously broken Ch. Sym.spontaneously broken Ch. Sym.

•• LagrangianLagrangian: : nonnon--linear realizationlinear realization

NNNeff LLLL ++= πππ



Power CountingPower Counting
(Weinberg, van (Weinberg, van KolckKolck))

ChiralChiral Perturbation TheoryPerturbation Theory

•• Organize contributions in terms of Organize contributions in terms of 

•• For just two nucleons:For just two nucleons:
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Hierarchy
of

Nuclear Forces



How to define a potential?

“Weinberg
Power

Counting”



History of History of chiralchiral NN potential NN potential 
developmentdevelopment

•• 1994/96:1994/96: Ordonez, Ray & van Ordonez, Ray & van KolckKolck
N2LON2LO potential in rpotential in r--spacespace

•• ...    …   …   …...    …   …   …

•• 2003: 2003: EntemEntem & & MachleidtMachleidt
N3LON3LO potential in momentum spacepotential in momentum space

•• 2005: 2005: EpelbaumEpelbaum et al.et al.
N3LON3LO potential in momentum space potential in momentum space 



Phase shifts up to 300 MeV
Red Line: N3LO by Entem & Machleidt

NLO



Variations of the Cutoff
(500-600 MeV)



N3LO by Entem & Machleidt





Deuteron Wave Functions
Red Line: N3LO



SummarySummary
Status of NN at low energiesStatus of NN at low energies

•• Substantial progress in the past decade in terms of EFTSubstantial progress in the past decade in terms of EFT
for which this series of workshops has played a for which this series of workshops has played a 
stimulating and crucial rolestimulating and crucial role

•• A A quantitativequantitative QCDQCD--based theory;based theory;
quantitative NN potentials quantitative NN potentials -- at N3LOat N3LO

•• TwoTwo-- and manyand many--body forces on an equal footing;body forces on an equal footing;
at 3NF N2LO known, at N3LO under constructionat 3NF N2LO known, at N3LO under construction

•• But there are But there are Open Questions:Open Questions:

RenormalizationRenormalization



“I about got this one renormalized”



THE SINGLE MOST IMPORTANT THE SINGLE MOST IMPORTANT 
OPEN QUESTION OPEN QUESTION 

Weinberg countingWeinberg counting
oror

NoggaNogga counting?counting?
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INTERMEDIATE ENERGIESINTERMEDIATE ENERGIES
above about 0.4 above about 0.4 MeVMeV

•• Too high for Too high for ChPTChPT

•• Too low for Too low for perturbativeperturbative QCD (QCD (pQCDpQCD))

•• Lattice QCD  Lattice QCD  
… not very practical… not very practical

•• Build a model Build a model ––
a relativistic meson model (Franz Gross)a relativistic meson model (Franz Gross)
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Meson model for intermediate energiesMeson model for intermediate energies

π ρ σ ω η δ

π ρ

π ρ

π ρ

π ρ

∆ ∆∆



NN Phase shifts up to 1 NN Phase shifts up to 1 GeVGeV



Phase shifts, cont’d



Summary up to about 1 Summary up to about 1 GeVGeV

Relativistic Meson Model Relativistic Meson Model 
quite adequate!quite adequate!

How about energies above 1 
GeV?



Energy regime above 1 GeV.Energy regime above 1 GeV.

___ Total cross-section, ------- Total elastic cross-section

• Experimental data total cross-section, □ Experimental data total elastic cross-section
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Fixing the elastic cross-section 

The basic mathematical structure for one meson 
exchange is:

S: total energy squared in       
the C.M.
J: spin of the exchange particle 
t: square of four-momentum 
transfer 

2
α

α mt
sV

J

−
∝

The vector mesons ρ and ω have J=1 which creates 
a rising cross-section with S, which is the basic 
reason for the rising cross-sections in the 
previous figure.



In the spirit of In the spirit of ReggeRegge theory:theory:
divide out the wrong s dependencedivide out the wrong s dependence
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Fixing the inelastic total cross-section 

For Tlab>1GeV the lack of inelasticity is not unexpected since 
other processes come into play which are not included in the 
present model.

It would be inefficient to take into account all the meson-
nucleon resonances which open up above 1GeV since there are 
many.

Since the inelastic cross-section is smooth and does not show 
any structures, a picture of many overlapping resonances and 
inelastic channels emerges. This suggests that further 
inelasticity can described by a smooth optical potential
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The modified meson model
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more Spin
Correlation
Coefficients

Green Data
by EDDA Group
COSY, Juelich

Germany



Summary for intermediate Summary for intermediate 
energiesenergies

•• Total cross sections easy to explain.Total cross sections easy to explain.
•• Spin observables: Big Problems!Spin observables: Big Problems!
•• Meson models inadequate above 1 Meson models inadequate above 1 GeVGeV..
•• PerturbativePerturbative QCD (QCD (pQCDpQCD)?)?

pQCDpQCD predicts vanishing Analyzing Power, but predicts vanishing Analyzing Power, but 
we observe large spin effects up to high we observe large spin effects up to high 
energies!energies!
NonNon--perturbativeperturbative, but we do not know how to , but we do not know how to 
model itmodel it



Analyzing Powers at 
11.75, 18.5, and 28 

GeV/c
(Alan Krisch & Co, 1980’s)



Spin correlation 
coefficient

2 to 18.5 GeV/c
NNA



Summary up to intermediate energiesSummary up to intermediate energies
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?? Theoretical curve: Regge/Pomeron theory, not QCD

Low-momentum transfer!



Does Does pQCDpQCD ever apply?ever apply?



Fermilab’s TeVatron: Jet Production



RHIC and NA



RHIC:        production in           at0π pprr

GeVs 200=



““pp2pp” proposal for RHICpp2pp” proposal for RHIC

Measure polarized pp elastic Measure polarized pp elastic 
between 50 and 500 between 50 and 500 GeVGeV



SummarySummary
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?? pQCD!?



Conclusion 1Conclusion 1

In contrast to common In contrast to common 
perception:perception:
The NN interaction at low The NN interaction at low 
energies is understood best!energies is understood best!



Conclusion 2

The questionThe question
“Nuclear Forces and QCD: “Nuclear Forces and QCD: 

Never the Twain Shall Meet?”Never the Twain Shall Meet?”
can rightfully be raised atcan rightfully be raised at

all energiesall energies..



…… and the ultimate conclusionand the ultimate conclusion

The world behind the fence of your The world behind the fence of your 
backyard is backyard is 
attractive, attractive, 
but not under control,but not under control,
quite like …quite like …




