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To learn more

Lectures:

Reviews:

U. van Kolck,  Les Houches Lectures on Effective 
Field Theories for Nuclear and (some) Atomic Physics, 
arXiv:1902.03141

S. König, H.-W. Hammer, and U. van Kolck,  Nuclear 
Effective Field Theory: Status and perspectives, 
arXiv:1906.12122

U. van Kolck,  The Problem of Renormalization of 
Chiral Nuclear Forces, arXiv:2003.06721

U. van Kolck,  Naturalness in Nuclear Effective Field 
Theories, arXiv:2003.09974
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Why EFT? 
Central goal of nuclear physics:

How does nuclear structure emerge
from the Standard Model?

Phenomenological models 
for short-range physics;

three-body forces?

No renormalization!
cf. QED

Fail to account
for pion physics

Long-range physics
cf. photon exchange
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And, much more!

Next ~50 slides…

+  …
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What is EFT? 
A paradigm to describe nature

 Relevant degrees of freedom
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Seurat,

La Parade

(detail)
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What is EFT? 
A paradigm to describe nature

 Relevant degrees of freedom

choose the coordinates for the scales of the system

 All possible interactions



7

384 Mmd  6.4 MmER 1.7 MmmR 

Earth-moon-satellite system

2-body forces  2+3-body forces

change in resolution

Wikipedia

3-body force

(RENORMALIZATION GROUP)



8

What is EFT? 
A paradigm to describe nature

 Relevant degrees of freedom

choose the coordinates for the scales of the system

 All possible interactions

what is not forbidden is compulsory

 Symmetries



9

A farmer is having trouble with a cow whose milk has gone sour. 
He asks three scientists—a biologist, a chemist, and a physicist—to help him. 

The biologist figures the cow must be sick or have some kind of infection,
but none of the antibiotics he gives the cow work. 

Then, the chemist supposes that there must be a chemical imbalance affecting the production of milk,
but none of the solutions he proposes do any good either. 

ij i j
ij

u v u vα → ⋅∑  

1ijδα 1 2u vno, say,

ij i j
ij

u vδα+∑

amenable to
perturbation theory

Finally, the physicist comes in and says, “First, we assume a spherical cow…”
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What is EFT? 
A paradigm to describe nature

 Relevant degrees of freedom

choose the coordinates for the scales of the system

 All possible interactions

what is not forbidden is compulsory

 Symmetries

 Naturalness

not everything is allowed
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After scales have been identified,
the remaining, dimensionless parameters are

( )1

‘t Hooft ‘79

unless suppressed by a symmetry

simplest assumption, to be revised if necessary

Expansion in powers of

Occam’s razor:

hi

E
E

fine-tuning

e.g., cow
non-sphericity…

energy scale of
underlying theory

energy of process

(“POWER COUNTING”)



A classical example: the flat Earth
light object near surface of a large body

hiE RE m hg gm≡ 

d.o.f.: point mass

sym:
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−
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=
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parameters

(neglecting
quantum corrections…)

naturalness:

h R

2

1
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1 i

i

iM hG
R R

m
−∞

=

−   =    
   

∑

itself the first term in a low-energy EFT of general relativity… 12
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“Folk Theorem”

“The quantum field theory generated by the most general Lagrangian

with some assumed symmetries will produce

the most general S matrix incorporating quantum mechanics,

Lorentz invariance, unitarity, cluster decomposition

and those symmetries, with no further physical content.”

Euler + Heisenberg ’36
Weinberg ’67 … ’79

Wilson, early 70s
…

Weinberg ‘79

d.o.f. quantum field

What is EFT, really? 
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Issue:
QM virtual processes sensitive to high energies

– the “problem of infinities” in QFT

1. Arbitrary regularization: points  blobs of size 

1, 1c= =

[ ] [ ] [ ] [ ]1 1[ ]m E p r t− −= = = =

From here on

1−Λ

2. Renormalization: interaction strengths remove

3. Naturalness: magnitude of interactions strengths estimated by 

Residual regulator dependence no larger than next-order interactions for 1
i

1
hM− −<Λ



1
i

1
hM −− →Λ

0n≥Λ
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A quantum example: contact interaction
(3)

0( ) ( )V r C rδ=
 

Sch eq
2

(3)
0( ) ( ) (0)

2
E r C rψ ψ

µ
δ

 ∇
− + = 
 

 

bound state
2

0
2

E B
µ
κ

= − ≡ − <

2

0( ) (0)
2
p E p C
µ

ψ ψ
 

− = 
 





0
2 2

2 (0)( ) Cp
p

ψψ
κ

µ
=

+




( )3

0 3 2 2

exp
( ) 2 (0)

(2 )
ip rd pr C

p
ψ

π
µ ψ

κ
− ⋅

=
+∫
 



3 2
1

0 3 2 2 2 2 2
0

12
(2 )
d p pC dp

p p
µµ

π κ π κ

∞
− = =

+ +∫ ∫

F.T.→

consistency: diverges!
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( )
2 2

1 2
0 2 2 2 2 2 2

0 0 0

1 2
2

pC dp dp dp
p p

κκ κ
π

µ
κ π

µ
π κ π
µΛ Λ

−
Λ     

= = − = − +    + +  
Λ

 Λ 

Λ


∫ ∫ ∫ 

regularization

( )exp
( ) 1

r
r N

r
κ κψ
−   = +     Λ 





1
(3)

0( ) ( , ) ( ) ( )V r V r C rδ −Λ
→ Λ = Λ

  

smeared delta function

renormalization



17

Repeat for
scattering

2

0
2

E k
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≡ >

( ) 10
0 0

( ) 1 2( ) cot ( )
2

ST kk k
k k

i
iµ µ

π δ −−
= = −

1

1
0

1

2

22

2 2 2( )

2

kC i
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kk

π π
π

π κ

µ

κ

µ

µ

−

−

−

  
= − − +  

  

    
= − +

Λ

− +    
   

Λ

Λ

Λ

Λ 



 
No infinities, 

no cutoff dependence
except for terms that can
be made arbitrarily small

0
2C
µ
π
κ

→ −effectively 

1
2a−−

scattering length effective range

cutoff removed by 2
2 (3)( ) ( )V r C rδ∇∆ =

 

S matrix phase shift

2
2 2r k

effectively
2 2
2
0 4

C r
C π

µ
→



18

Naturalness:

( )hiMκ =h
0

i

2C
M
π

µ
 

=  
 


outside EFT

Fine tuning:

2
2

h0 i2C M
C

π
µ 

=  
 



( )loMκ =l
0

o

2C
M
π

µ
 

=  
 


inside EFT

etc.

perturbation theory at all orders

2
2

h0 i2C M
C

π
µ 

=  
 

 etc.

hlo iM M

amplitude nonperturbative at LO,
distorted-wave perturbation at subLOs
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−

−

2r ae−∝

( ) 12
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−
−

( ) 122 2 Rµα
−
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2E B≡ −

Toy model: 2

2

( ) 1
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R R

α θ
µ
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Ra α
α α

−
 

= − − 
 

(2 1) 2c nα π≡ +

Probability distribution Bra
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a
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2a R

2( )R P a
1e N−



( )V r

r

R

( )r rψ
2r ae−∝

2E B≡ −

Toy model:
2

2( ) 1 rV
mR R

r α θ  = − − 
 

1

2 2 1
c c

a R α
α α

−
 

= − − 
 

cα α=

In the quantum world,
one can have a b.s. with

size much larger than
the range of the force

provided
there is fine-tuning

UNITARITY LIMIT

Probability distribution Bra
a

ten
+ H

a
m

m
er ‘06

2a R

2( )R P a

2a →∞

1e N−

( ) 122 2c Rµα
−

−

( ) 122 2 Rµα
−

−

( ) 12
22 aµ

−
−

(2 1) 2c nα π≡ +

similar for any other potential:
“universality”
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non-analytic functions, 
from dynamical eq

normalization

“low-energy
constants”

renormalization-group
invariance

Λ

loM

hiM

mass 
scales

expansion
parameterorder

UV
regulator

CONTROLLED UNCERTAINTY

MODEL
INDEPENDENCE
(insensitivity to

high-mom details)

Want large
“model space”

hiMΛ >


minN LOν ν−

λ IR
regulator

loMλ <


hi

)

( ) 1

(S Q
MS

ν

ν

ν

ν

λ λ
λ +

 ∂
=  ∂  


Q

most general

( , , )d nν ν= 

“power counting”

, ,...
, ,...

...d n
d n

d n
γ ψ= ∂∑
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The world 
as an onion

(fm)r(GeV)E 2010− 1610− 310− 1

0.1

1

210

1510
1810

General Relativity + higher-curvature terms

Chiral EFT

?

QCD-lite+NRQCD
(2 or 3 flavors)

QCD
(6 flavors)

Electroweak Th
+ higher-dim ops

QED

Fermi Th

(SUSY)

?

GUT?

nuclear
physics

atomic
physics

molecular
physics

condensed-matter
physics and beyond

NRQED

110−

Pionless EFT

Halo/Cluster EFT

0.05
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leptons: quarks: photon: Aµ
aGµgluons:

higher-dimension interactions: 
suppressed by larger masses

unnaturally small T violation
(strong CP problem)

d.o.f.s

symmetries: e cSO(3,1) global, U (1) gauge, SU (3) gauge

910θ −<


e.g. 2
,1F W ZMG ∝

QED
+

QCD-lite

QCD + … 

Pauli
matrix
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Focus on strong-interacting sector:  four parameters

( )4 4
QCD

1 Tr
2sd x d x q i g G q G Gµν

µν
 = ∂/ + / − 
 ∫ ∫

1) 0, 0, 0u d em m θ= = = =

1x xλ−→
3

2q qλ→

G Gλ→

invariant under
scale transformations

single, dimensionless parameter

( )4
QCDexpZ DG Dq Dq i d x= ∫ ∫ ∫ ∫ 

scale invariance “anomalously broken”
by dimensionful regulator

“chiral limit”

coupling “runs”

( )1GeV 1s Qα  

(“dimensional transmutation”)

PDG



QCD
scale
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QCD140 MeVm Mπ  

Exception: pion

Mesons Baryons

(many observed states not shown!)

0S =

1S =

1 2S =

3 2S =

St
ro

ng
ly

 in
te

ra
ct

in
g 

pa
rti

cl
es

 
(h

a
d

ro
ns

)

QCD 1 GeVM 

naturalness

breakdown of naturalness? NO!
“spontaneous breaking” of chiral symmetry
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Why is the pion special?

( ) ( ) 1 Tr
2QCD L s L R s Rq i g G q q i g G q G Gµν

µν= ∂/ + / + ∂/ + / −









=

d
u

q 51
2

qγ− 51
2

qγ+

invariant under
( )expL L Lq i q→ ⋅α τ SU(2) SU(2) SO(4)L R× 

chiral symmetry

by vacuum down to SU(2) SO(3)L R+ 

isospin
broken

( )exp L Rq i q → + ⋅ α α τ
m mσ π

N Nm m
− +


(axial transformations broken)

but 

( )expR R Rq i q→ ⋅α τ
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QCDV

qq

5 1qi qγ τ

“chiral circle”

pion decay constant
(in chiral limit)

σ

π

2 0mπ =

chiral
limit

two 
isospin axis
not shown ( )2 2

QCDm Mσ =( )CD
(0)

Q 4Mfπ π=
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( )QCD
1 Tr
2sq i g G q G Gµν

µν= ∂/ + / − qm q+ +

4th component of

SO(4) vector!

( )5 ,S qi q qqγ= τ

SO(3)→SO(4)

explicit chiral-symmetry breaking

2) 0, 0, 0u dm m m e θ= ≡ ≠ = =

breaks

Weinberg ’79

empirically 5 MeVm 
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QCDV

qq

5 1qi qγ τ

two 
isospin axis
not shown

slightly-tilted chiral circle

pion decay constant

σ

π

chiral
limit

( ) 2
QCD QCD

2m Mm Mπ = 

( )2 2
QCDm Mσ =

( )QCD 4

93 MeV

Mfπ π=





away from
chiral
limit



(and               in particular)
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3)

 “soft” photons –
explicit d.o.f. in EFT

 “hard” photons –
“integrated out” of EFT

34 component of

5

0
ijk k j

i

qi q qi q
F

qi q
µ µ

µ
µ

ε γ γ τ γ τ
γ τ

 
=  − 

break SO(3) U(1)→SO(4)

2 0, 0, 0d um m m eε θ− ≡ ≠ ≠ ≠

QCD = 3 5
21 2(1 )

4qq q qAQ q F F qm me i qµν
µν γετε θ+ + − + − +

3rd component of

( )5,P q q qi qγ= τ
4th component of

SO(4) vector

SO(4) antisymmetric tensor

(linked to isospin violation)

vK ‘93
Hockings, Mereghetti + vK ‘10

isospin violation
T

SO(4) vector!same

empirically 1 3eε  

910θ −<


empirically

( )5,P q q qi qγ= τ
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4)

T-violating quark EDM and color-EDM       

Kaplan + Savage ’96
Zhu, Maekawa, Holstein, Musolf + vK ’02

De Vries, Mereghetti, Timmermans + vK ’12

higher-dimensional operators

e.g.

P-violating four-quark operators

( )2
,

2
W ZQ M

( )22
TQ M
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real nuclei

pQCD

~NNM fπ

Q

~ 1 GeV

Pionless
EFT

mπ

pert
pion

partly pert pion

Halo/Cluster
EFT

lattice nuclei

~ 100 MeV

= 140 MeV
?

Chiral
EFT

physmπ

?

Rotation/Vibration
EFT

eventually nowadays

QCD , ,4 NM f mππ 

Th
e 

N
uc

le
ar

 E
FT

 L
an

d
sc

ap
e
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Chiral EFT 
( ~ 3 )N Nm m mπ′ −

p
N

n
 

=  
  0

++

+

−

 ∆
 
∆ ∆ =  ∆

  ∆ 

( )
( )

1

2

0
3

2

2i

π ππ
π π π
π π

+ −

+ −

 +   
   = = − −       

 

π

21
4

D
f f
µ

µ
π π

   
≡ − +   
   

D
2π π

2 f
iDµ µ µ

π

 
≡ − ⋅ × 

 
τ Dπ



chiral
covariant
derivatives

pion

fermions

4 3 34's, 's, 's,S P F+ chiral invariants

Weinberg ’68
Callan, Coleman,
Wess + Zumino ‘69

Non-linear
realization of

chiral symmetry

p
N

n
′ ′ =  ′ 

see for example Weinberg’s
Quantum Theory of Fields, vol 2

D hilo QCQ M Mm Mπ≡ ≡ 

d.o.f.s

symmetries:

nucleons, pions, photon + Deltas + Roper?( ~ 2 )Nm m mπ∆ −

Q∝

D
2

QCm m Mπ∝ 

CD
2

Qm Mmπε ε∝ 

2 4e π∝

CHIRAL SYMMETRY WEAK PION INTERACTIONS

Aµ

e L RSO(3,1) global, U (1) gauge, SU (2) SU (2) global×

gauge
covariant
derivative

D QAei µµ µ∂≡ −
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( )

( )

( )

2
2 2

2

0 02 2

0

2 2
2 2

EFT

2

2

1 1( ) 1 1
2 2 2 4

1 ( ) ( ) 1 ...
4 2 2 4

...

( ) 1 ... H.c.
2

A

A

S

N

N

T

gN i N

i

h S N

C N

m

N

m

N

f

f

C

f

f f

m m

f

µ π
π π

π π π

π

χ

σ

σ

+

+

+

+ +

∆

   
= − + − − +   

   
  

+ − ⋅ × + + + ⋅⋅ −

+

∂

+ +  
   
 + ∆ ∂



∇

+ ∆ 
 

+ ∆ ⋅⋅ + + 

∂ ∂ ∇

− −

−

∇


−

π ππ π

πτ π π τ π

T π

 



















( )2
N +

…

…

…

Form of pion interactions
determined by 
chiral symmetry

naturalness ( ), 1A Ag h =

( ), 4S T NC m fππ=

( )QCD 4f Mπ π= ( )CD
2

Qm m Mπ =

( )QCDNm M=

…

…

low-energy constants
to be fitted to QCD

or experimental data
…
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A= 0, 1: Chiral Perturbation Theory
Weinberg ’79

Gasser + Leutwyler ’84
…

Gasser, Sainio + Švarč ’87
Bernard, Kaiser + Meißner ‘90

Jenkins + Manohar ’91
…

T1 1
E Q∆


NTπ = + + +  …+

Weinberg ’66
…

e.g.

QCDM
Q Q

m
c F

π

ν

ν ν
ν

   
       

∑

min2 2 2 2
2

i
i

i

fA L d Aν ν = − + + + − ≥ = − 
 

∑

sum over vertices
# loops

non-relativistic

multipole

pion loop QCD

,
4

NQ
Q Q

Q

m
m

M
f

ρ

ππ







 expansion in 

QCD1 0.3 fmM ≈

1  1.4 fmmπ ≅

dense but
short-ranged

long-ranged
but sparse

slow-moving
nucleon

# fermion fields
# derivatives/pion masses

+  …
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A > 2: resummed Chiral Perturbation Theory Weinberg ‘90 ‘91

2
1 N

QE
m

∆


infrared 
enhancement!

A-nucleon
reducible

potential:
A-nucleon 
irreducible

(0)T = + +  …(0)V = +

(0)T
(0)V

(0)V

(0)V
(0)V

3

2
4 4 4 11

4
1

N

N N N

Q
f f Q f Q

f

m
m m mπ π π

π

π π π
π

   + +        −  
 

  


Lippmann-Schwinger eq.
 Schrödinger eq.

bound state or resonance at

Q fπ

QCD

22

10 MeV
Nm M

QE fπ

≈

 

subleading orders: expansion in QCDQ M

leading order:

4
Nm Q
π

= reducible
loop
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Weinberg ‘90’91’92
Ordóñez + vK ‘92

vK ’94
…

Friar ’97lo
ng

-ra
ng

e
po

te
nt

ia
l

Qhi CDM M

LO

NLO

NNLO

NNNLO

NNNNLO

in popular use



Weinberg’s prescription

 Naturalness under the assumption that reducible loops 
do not require further renormalization

adopted almost exclusively by nuclear physicists;
successful phenomenologically

 Schrödinger eq. solved exactly for truncated potential
even at subLO



39M. Piarulli et al., PRL 2018 

EFT-inspired potential

phenomenological force

Example
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Weinberg’s prescription

 Naturalness under the assumption that reducible loops 
do not require further renormalization

adopted almost exclusively by nuclear physicists
successful phenomenologically

 Schrödinger eq. solved exactly for truncated potential
even at subLO

Problems with

Reducible loops do require further renormalization
 enhanced contact interactions

Loss of renormalizability
 perturbation in subleading interactions necessary

mostly only at high orders

THE FRONTIER

Oscar Edmund Berninghaus
A wagon train…

only
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Pionless EFT 

hi3lo N BQ mM m Mπ≡ ≡ 

 Integrate out pions + Deltas (+ Roper?) from Chiral EFT
 Chiral symmetry plays no role

+ +  …  ++ +  … +  …

+

++

+  …+ +  …  +

+  …  +

+  …

etc.
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LO

NLO

NNLO

po
te

nt
ia

l
vK ‘97

Bedaque, Hammer 
+ vK ’98

Bazak, Kirscher, König,
Pavón Valderrama,

Barnea + vK ‘19 

hiM mπ
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 Fully renormalized with existing power counting

 Convergent within range of applicability

 Equivalent to effective-range expansion in two-body system

 Approximate discrete scale invariance in more-body systems 

-- “Efimov physics”

 Can be matched to lattice QCD at unphysically large quark masses

 Applicable to any short-range interaction, e.g. atomic systems

-- “universality”
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Z. Davoudi

Example
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halo/cluster
states

n

p

1
h cR R mπ

−>

11 3
c cR A mπ

−


p
n

n
p

core

p

ntypical
nucleus

1
QCDM −

11/3
ccR A mπ

−


11
QCDMmπ

− −


p
n

n
p

valence
nucleon 

p

n

V4, , , 1 GeQCD NM m m fρ ππ 

140 MeVQCDm Mmπ  

Chiral EFT
Pionless EFT

Halo/Cluster EFT

4 He
1.5 fmR ≈

6 He
2.4 fmR ≈

e.g.
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Halo/Cluster EFT 
1 /31 1

co h il h cQ AR mMM R π
−− −≡ ≡  

cannot resolve details of the core  core as a point d.o.f.

+  … +  …

etc.

bound state: same as Pionless EFT
resonance: two parameters at LO,

unitarity term perturbative
for shallow resonance 

+ addition expansion in inverse number
of core nucleons for heavy halos

Forssén, Phillips, Ryberg + v.K. ‘19 

Bertulani, Hammer + v.K. ’02
Bedaque, Hammer + v.K. ’03

Power counting
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Example

NLO

LO

Zhang et al. PLB 2015

2
1 2 ( )( ) exp

2
EE

E E
eZ Z Sσ µ 

≡ −  
 

7 8Be Bp γ+ → +astrophysical
S-factor
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Conclusion 

a general framework

for theory construction

a paradigm

in nuclear physics

 encodes QCD (more generally, B/SM)
 incorporates hadronic physics
 generates nuclear structure

 same method across scales
 model independent
 controlled expansion

the frontier: 

many bodies & lattice QCD
 interplay with ab initio methods
 new EFTs

EFT
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