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a systematic description of the Standard Model
and its extensions in processes with typical momentum  

QCD 1 GeVQ M< 



“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.

Weinberg ‘79

 effective degrees of freedom
 symmetries

phenomenology
(experiment vs models)

Effective Field Theories 

QCD hiM M→more generally:

stock
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Weinberg ’90’91
Ordóñez + vK ’92

…



Crucial elements

estimated with 
what remains

‘t Hooft ’79
Veltman ‘80
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hiMΛ→finite parameters

loQ M “NATURALNESS”

loops bare parametersrenormalization

power counting

Gell-Mann, Low ’54
…

Wilson ’70
…
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Nuclear Effective Field Theories

Hammer, König, vK, Rev. Mod. Phys. 92 (2019) 025004

chiral-symmetric
QCD scale

typical
momentum

chiral-symmetry breaking scale pion mass

 nucleons, pions, Deltas, …
 softly broken χ symmetry

lo , ,...NM m m mπ ∆ −

 nucleons
 softly broken isospin

lo ,.2 .3 .N tM m B

 nucleons, alpha particles, …
 no flavor symmetry

( )lo ,...Nc Nc cM B Bµ −

today
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vK ’97’99
Kaplan, Savage,

Wise ’98
…

Bedaque, 
Hammer, 
vK ’99’00

…

Bazak, Kirscher, 
König, Pavón,
Barnea, vK ’19

…

isospin-symmetric

LO

NLO

N2LO

isospin-violating

2N

König,
Grießhammer,
Hammer, vK ’16
…

?

3N …

*Λ

position of the cycle:
one parameter

periodicity

0n se πΛ → Λ

RG
limit cycle!

cf. Wilson ‘71
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 correlations, e.g.
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discrete scale invariance!Pionless EFT
interactions
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Pionless EFT
interactions

discrete scale
invariance!

distorted-wave
perturbation

theory



Barnea, Contessi, Gazit, Pederiva + vK ’15
Kirscher, Barnea, Gazit, Pederiva + vK ’15

Contessi, Lovato, Pederiva, Roggero, Kirscher + vK ’17
Bansal et al. ‘18                                   

Z. D
avoudi

Unphysical quark masses
three parameters at LO: 3 1

1 0
, ,

S S∗Λ ℵ ℵ

For NPLQCD input (however…),
qualitatively similar to physical pion mass,

just more bound by a factor ~5

Proof of
principle for
extending

QCD to
larger nuclei

LO

Matching to
QCD

see
Parreño’s talk



Physical quark masses (near two-body unitarity)

(0)
(0)

3 ( )( )
3A

A BB
A

κ ∗∗ =
ΛΛ

geometric towers of states (Efimov ’71, Hammer + Platter ’07, …)

ground states:

universal numbers for four-component fermions

one parameter at LO: ∗Λ

König, Grießhammer, Hammer + vK ’17
…

discrete scale invariance

König, Grießhammer, Hammer, vK, Phys. Rev. Lett. 118 (2017) 202501

LO

NLO

3A =

3 1κ ≡

Rupak, Vaghani, Higa, vK, Phys. Lett. B 791 (2019) 414
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Tjon line

varying *Λ

LO

incomplete
NLO

Physical quark masses (near two-body unitarity)
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ΛΛ

geometric towers of states (Efimov ’71, Hammer + Platter ’07, …)

ground states:

universal numbers for four-component fermions

(0)
4 3.5κ 

one parameter at LO: ∗Λ

König, Grießhammer, Hammer + vK ’17
…

discrete scale invariance

König, Grießhammer, Hammer, vK, Phys. Rev. Lett. 118 (2017) 202501
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alpha-particle first excited state

Emergence of 
light nuclear structure

from
two-body unitarity

NLO



Bosons at two-body unitarity

(0)
(0)

3 ( )( )
3A

A BB
A

κ ∗∗ =
ΛΛ

geometric towers of states (Efimov ’71, Hammer + Platter ’07, …)

ground states:

universal numbers for bosons

one parameter at LO: ∗Λ

v Stecher ‘10
Nicholson ‘12

Gandolfi, Carlson, Vitiello + vK ’17
…

discrete scale invariance

increasing ΛLO

( )1 3 2 31N N Nκ κ η − −
∞
 = + + 

saturation!

Gandolfi, Carlson, Vitiello, vK, Phys. Rev. Lett. 119 (2017) 223002

saturation

( ) 2
3

1
32R mB −≡

Emergence of 
quantum liquid

from
two-body 
unitarity



Physical quark masses (near two-body unitarity)

geometric towers of states (Efimov ’71, Hammer + Platter ’07, …)

ground states:

universal numbers for four-component fermions

one parameter at LO: ∗Λ

discrete scale invariance

8A =
(0) (0)
8 4κ κ≈

( )4
1 22mB − Λ

consistent
with 8Be

Dawkins, Carlson, vK, Gezerlis, Phys. Rev. Lett. 124 (2020) 143402
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Emergence of 
nuclear clustering

from
two-body unitarity

LO



16A =12A =

6A =LO

exp threshold

imp LO (x = 1)

imp LO (x = 0.9)

imp NLO (x = 0.9)

imp NLO (x = 1) ( )(1)
6 31.57 0.02 0.3 MeVE = − ± ±

( )(1)
12 97.3 0.1 5 MeVE = − ± ±

( )(1)
16 155.6 0.3 20 MeVE = − ± ±

(exp)
6 31.994 MeVE = −

(exp)
16 127.619 MeVE = −

(exp)
12 92.162 MeVE = −

Contessi, Schäfer, Gnech, Lovato, vK,
arXiv:2505.09299

th threshold exp threshold

uncertainty
from residual 

cutoff dependence
at NLO



nuclear structure from one essential, three-body parameter!?

https://ne.phys.kyushu-u.ac.jp/sem
inar/M

icroW
orld3_E/3Part3_E/3P34_E/nuclear_fusion_E.htm

NLO

Summary
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www.environmental-finance.com/
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https://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3_E/3Part3_E/3P34_E/nuclear_fusion_E.htm
https://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3_E/3Part3_E/3P34_E/nuclear_fusion_E.htm
https://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3_E/3Part3_E/3P34_E/nuclear_fusion_E.htm


→Electroweak form factors

→Radiative capture/fusion

→Photo/electrodisintegration

→Compton scattering

→Neutrino scattering

→etc.

Chen, Rupak, Savage ’99
Phillips, Rupak, Savage ’00
…

Butler, Chen ’00
…

Christlmeier, Grießhammer ’08
Ryezawa et al. ‘08
…

Example
Deuteron electrodisintegration

Ryezayeva et al., Phys. Rev. Lett. 100 (2008) 172501

Chen, Rupak, Savage ’99
Kong, Ravndal ‘99
…

Grießhammer, Rupak ‘02
…

N2LO

External probes



unitarity limit

140 MeVmπ 

Beane, Bedaque, Savage + vK ’02
Beane + Savage ’03

Epelbaum + Meißner ‘03
…                                             

a →∞real world

deuteron
binding
energy

Where is QCD?

space of
EFT coefficients

QCD

nonrelativistic
quark model

Skyrme
model

Unitarity: how? 

A
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∗Λ

1 aℵ≡

analogous to
Feshbach
resonance

B mπ→

Wikipedia

Universality but no chiral symmetry…

Chiral EFT, LO

( )QCDm Mπ
∗ Bea

ne,Bed
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ue,Sa

va
ge, vK, N

ucl. Phys. A
700

(2002) 377



Conclusion 

Light-medium binding energies are
within ~15% of experiment at NLO

More observables? Heavier nuclei? Higher orders?

Systems at unitarity are discrete-scale invariant

and depend on essentially one (three-body!) parameter       

Bosons saturate and form a quantum liquid

Multi-component fermions tend to cluster

Origin of two-body unitarity in QCD? 

Several nuclear EFTs of QCD have been formulated

www.environmental-finance.com/

Wikipedia
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