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QCDQCD EXPLANATIONEXPLANATION OFOF NUCLEARNUCLEAR PHYSICSPHYSICS

Reward
understanding of gross features:

Why is                                            ?
How large are few-nucleon forces?
Why is isospin a good symmetry?

…

Beware
coupling constants not small

~ 10 MeV ~ 1GeVQCDMB A =

Wanted   
Dead   or Alive
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Nuclei 
within the 

Standard Model

Why bother?
the simplest complex systems

laboratories

non-perturbative
many-body
…

non-relativistic
shallow

…

neutron targets: nucleon properties
incubators for rare processes: beyond the SM
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What is Effective?E
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For Q ~ m, truncate consistently with RG invariance

so as to allow systematic improvement (perturbation theory):

“power counting”

e.g. # loops L

non-analytic,   
from loops

normalization
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Nuclear physics scales
“His scales are His pride”, Book of Job

no small coupling expansion in 

Κ,4,,~ πρ π fmmM NQCD

Κ,,/1,~ ππ mrfM NNnuc

NNa1~ℵ

perturbative QCD
Qln

~1 GeV

~100 MeV

~30 MeV

hadronic th with chiral symm

sum

sum

sum ?

Q

(according to J. Friar)

Q ℵ

nucQ M



5/3/2006 v. Kolck, Nuclear EFTs 9

Nuclear EFT
pionful EFT

• degrees of freedom: nucleons, pions, deltas (+ roper?, …)

• symmetries: Lorentz, P, T, chiral

• expansion in:

~ 2Nm m mπΔ −

non-relativistic

multipole

pion loop 

~ 3.( 5 , )N Nm m mπ′ − K
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A= 0, 1: chiral perturbation theory
Weinberg ’79

Gasser + Leutwyler ’84
…

Gasser, Sainio + Svarc ’87
Jenkins + Manohar ’91

…

1 0.3 fmQCDM ≈

1  1.4 fmmπ ≅

dense but

short-ranged

long-ranged

but sparse

nucleonnucleon

T 1 1
E QΔ

:

QCDM
Q Q

m
c F

π

ν

ν ν
ν

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

∑:

min2 2 2i i
i

A L V Aν ν= − + + Δ ≥ = −∑

# vertices
of type i

# loops
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A > 2: resummed chiral perturbation theory Weinberg ‘90, ‘91

2

1 N

QE
m

Δ
: infrared infrared 

enhancement!enhancement!

V

V A-nucleon reducible

A-nucleon irreducible

bound state at
4
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NNV

NNV
NNV=

NNV

NNT

+



5/3/2006 v. Kolck, Nuclear EFTs 12

2NV = +

+

+ ++

+

+ …+ …

+ …

higher powers of Q

3NV = + + + …+ …

+ …+

Etc.
more nucleons

Ordonez + v.K. ’92
v.K. ’94

…
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Issue: power counting (relative sizes)
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Weinberg ’90, ’91, ‘92
Ordonez + v.K. ’92

v.K. ’94
Ordonez, Ray + v.K. ‘96

...

0
4

N

f
m

M f fπ
π π

π: :

(non-perturbative pions)
fπℵ :

2

10MeV
4N

fB
m
fπ π

π
≈: :

QCDM M:

1 QCDM M:
Naïve 

Dimensional
Analysis

NLO: P-wave contacts + TPE + 3N forces via delta

LO: S-wave contacts + OPE

+ (PUNT) subLOs also iterated in Lippman-Schwinger eq.

…

similar to phenomenological potential models: at N2LO,

[ ] [ ]2 short range OPE short range OPE
AV18 non-local termsNV

+ +
+:

[ ]3 long range
TM c term TM'NV − ≡:
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Nijmegen PSA of 1951 pp data

Note: NOT your usual potential! Ordonez + v.K. ’92
(cf. Stony Brook TPE)

e.g., + + + …

chiral v.d. Waals force
6

21 for 0m
r π →: Rentmeester et al. ’01, ‘03

models with σ, ω, … 
might be misleading… 

σ ω+

2
minlong-range pot #bc

OPE 31 2026.2
OPE TPE ( ) 28 1984.7

OPE TPE ( ) 23 1934.5
Nijm78 19 1968.7

lo
nlo

χ

+
+

parameters found 
consistent with πN data!

2.0 2.5 3.0 3.5 4.0
r [fm]

-4

-3

-2

-1

0

V
C
(r

) 
[M

eV
]

2π
σ + ω

Isoscalar Central Potential

Kaiser, Brockmann + Weise ’97

at least 
as good!
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Tucson-Melbourne pot with

3NV = +

+

+ …

+

+

+

e.g., 

one unknown
parameter

two unknown
parameters

v.K. ’94
Friar, Hueber + v.K. ‘99

Coon + Han ’99
...

2' 2
' 0

a a a c
c c

mπ→ = −

→ =

( )( ) ( ) 3
2 2, ' ' ' 'N q q qt a b cq q qdq qπ αβ αβγ γαβ

δ ε τ σ⎡ ⎤= + ⋅ + + − ⋅ × +⎣ ⎦
r r r r r r r rr K
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Many successes of Weinberg’s counting, e.g., in deltaless version

At N3LO, fit to 2N phase shifts comparable to those of 
“realistic” phenomenological potentials

With N3LO 2N and N2LO 3N potentials, good description of
• 3N observables and 4N binding energy
• levels of p-shell nuclei  

Entem + Machleidt ’03…
Epelbaum, Gloeckle + Meissner ’04

Epelbaum et al. ’02

Gueorguiev, Navratil, 
Ormand + Vary ’05

Binding Energy (MeV)
Exp: -64.7507(3)
Thy: -64.03*
*Convergence study not completed

No-Core Shell Model
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Is Weinberg’s power counting consistent?

No!

2
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m rA m
f

r e
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ππ

π ππ
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τ τ: K

singular
potential

not enough contact interactions for renormalization-group invariance even at LO

BUT

attractive in 
some channels
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attractive-tensor channels in LO

incorrect 
renormalization…

cutoff dependence
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( )4j ≤

( )1lM l fπ+: short-range interactions stronger than in

Weinberg’s pc for attractive tensor channels

where fewl < ( )3 3 3 3
0 2 2 2, , ?!P P F D−

3 QCDM M: indeed

on the other hand:

correct 

renormalization…

c.f. Birse ’05

centrifugal barrier

triton

Nogga, Timmermans + v.K. ’05

+ subLOs in perturbation theory

LO EFT
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Can one integrate out the delta with small error?

No!

EFT folklore: in nuclei,
2

N
N

Q m
m

E mΔ −: = can integrate out delta
with small error

Pandharipande, Phillips + v.K. ’05

+ …
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30% error

But
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1 1
2Nm mm πΔ −

:

1 1

Nm m Q mπΔ − −
:

1 1
3Nm mm Q πΔ − +

:

πN scattering: NmQ mE Δ −: :

+ …
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Q
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at threshold

while relatively large error
from the πN scattering fit

leaks into 3N force

best strategy is not
to integrate out delta
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What needs to be done:

subLOs including deltas in perturbation theory

Nogga, Timmermans + v.K., in progress
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- overkill at lower energies!

:channel1s
(real) bound state = deuteron

1 ~ 45 MeVdN Bm mπℵ ≅ <

:channel0s
(virtual) bound state

multipole expansion of meson cloud:
contact interactions among local nucleon fields

11 4.5 fm≅ℵ

e.g. NN

cf. Bethe + Peierls ‘35

*0 ~ 8 MeV
dN mm B π≅ℵ =
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pionless EFT

• degrees of freedom: nucleons

• symmetries: Lorentz, P, T

• expansion in:

,
N
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0s 1s
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Bedaque + v.K.  ’97 
Bedaque, Hammer + v.K. ’98

…

v.Oers + Seagrave ‘67

Dilg et al. ‘71predicted
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no three-body force up to 3+=ν
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21s π
λλ

4
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≡> c

limit cycle!

Bedaque, Hammer + v.K. ’99 ’00
Hammer + Mehen ’01

Bedaque et al. ’03
…
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+ four-body bound state can be addressed similarly
no four-body force at Hammer, Meissner + Platter ‘04

~ larger nuclei?

1−=ν

No-Core Shell Model!

up to now: 
give’m a (preferably, EFT) potential, and they will
run the RG in a harmonic-oscillator basis of frequency    
to a restricted space of 
alternative: 
start with EFT in restricted space; 
fit parameters for various       and        in few-nucleon systems; 
and predict larger nuclei

Ωh maxN

Barrett, Vary + Zhang ’93
…

Ωh
max2N n l N= + ≤

Vary + v.K., in progress
Stetcu, Barrett +v.K., in progress

IR UV cutoffs
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0

Stetcu, Barrett +v.K., in progress0s

( )(0)
0 maxC N Ωh fitted to scattering length
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1s

( )(1)
0 maxC N Ωh fitted to scattering length
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=100
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What needs to be done:

0’) Other methods to extract phase shifts, 

which work at smaller         and larger

1) Introduce 3N force

2) Solve three-, four- (…-) nucleon systems 

and determine LO (NLO, …) parameters

3) Predict larger systems

4) Introduce pions and go back to 1)

maxN Ωh

Stetcu, Barrett +v.K., in progress
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“ ”

- many-body systems get complicated rapidly
+ (continuing) focus on simpler halo nuclei

one or more loosely-bound nucleons (near driplines)

N cNN cm mE E Mℵ≡ ≡=

e.g.

He4

He5

*

*

 8 MeV
20 MeV

 28 MeV
B

E B B
B
α

α α α
α

≅ ⎫
= − ≅⎬≅ ⎭

~ 1 MeVnE

He6

resonance at

p
n

n
p

n

n1 ℵ

1 cM

2/3p

core excitation energynucleon separation energy

2 ~ 1 MeVnE
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halo EFT

• degrees of freedom: nucleons, cores

• symmetries: Lorentz, P, T

• expansion in: non-relativistic

multipole

simplest formulation: auxiliary fields for core + nucleon states

e.g. He4

NHe4 +

ϕ fieldscalar   α

⎪
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⎪
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⎨
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α
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3

1

 field 3/2-spin1
 field 1/2-spin1

 field 0-spin0

2
3

2
1

2
1

Tp
Tp

ss

~ cQ Mℵ=

,
,

N c

c

m mQ QQ
M Q mπ

⎧
= ⎨
⎩ L
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Bertulani, Hammer + v.K. ’02
Bedaque, Hammer + v.K. ’03

spin transition
operator
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• three-body bound states:
e.g.

• Coulomb interaction:
e.g.

• reactions:
e.g. γ  B  Be  87 +→+p

( )nn     He b.s.  He 46 ++=
( )nnp      b.s.  H3 ++=

γ       +→+ dnp Chen et al.  ’00

c.f.

c.f.

Bedaque, Hammer + v.K. ’99

Hammer + v.K., in progress

4 4 He He  p p+ → +
c.f.        p p p p+ → +

Bertulani, Higa + v.K., in progress

Kong + Ravndal ’99

What needs to be done:



5/3/2006 v. Kolck, Nuclear EFTs 41

Speculations
QCD

EFT

lattice simulations

Few-nucleon
systems

o emergence of new fine-tuning scale (halos)
o emergence of new phenomena (limit cycles, shells, …)
o incorporated by fitting parameters

NCSM,…

o emergence of new d.o.f.s
o same symmetries,  but some accidental (isospin)
o calculated parameters

Many-nucleon
systems

o Shell Model as EFT?
o Walecka Model as EFT? 
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Role of RIA-like machines?
Early to say…
Possibilities:

Pionful EFT

Pionless EFT constrain fine-tuned parameters

Halo EFT

precise form of 3N (and 4N?) forces (cf. IL 269…)
(related) role of delta?

constrain nucleon-core parameters
size of few-body forces

life on the edge:
key word: fine-tuning

Shell (?) EFT test it

+ applications
symmetry tests
astrophysical reactions

(e.g., Ramsey-Musolf’s talk)
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Conclusion

EFT the framework to describe nuclei within the SM
is consistent with symmetries

incorporates hadronic physics

has controlled expansion

many successes so far, but still much to do

grow to larger nuclei!



5/3/2006 v. Kolck, Nuclear EFTs 44


	Nuclear�Effective Field Theories ��U. van Kolck�University of Arizona����Supported in part by US DOE and Sloan Founda
	Outline
	Conclusion

