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“reduction”:

what are the
building blocks?

“emergence”:

how do the building
blocks fit together?
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“Folk Theorem” Weinberg ‘79

Framework: Effective Field Theory 

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.

independence from high-momentum/short-distance details

regulator = infinite series of interactions, with constrained coefficients
NOT

most general

renormalization

“Nonrenormalizable theories are as renormalizable as renormalizable theories”
(S. Weinberg, many times)



Standard Model as an EFT

neutrino masses, galaxy rotations and lensing, matter-antimatter asymmetry

unnaturalness, many parameters, non-unified group structure, general relativity, etc.
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“extraordinary” light particles? higher-dimensional operators

dark matter, right-handed neutrinos, axions, 

additional gauge bosons, X17…

violation of accidental symmetries, 

small corrections to nonzero quantities



The Way of EFT

QCD + QED

(+ extra light particles)
+ higher-dim

Chiral EFT

(+ extra light particles) 

match
with

lattice,
…
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SMEFT SM dim 5 dim 6 dim 9= = == + + + + +K KL L L L L

2L = 2B =

Rao + Shrock ’82

…
Weinberg ’67

Salam ’68
…                                   

1B L =  =

EWQ M:

Weinberg ‘79                                   

Weinberg ’79’80

Wilczek + Zee ’79
Abbott + Wise ’80
…

corrections to running of weak mixing angle

single-beta decay properties

neutrino properties

muon properties

muonic atoms
…

neutrinoless

double-beta decay

proton

decay
nucleon electric

dipole moments

neutron-antineutron

oscillations

nuclear 
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“Background”:
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INTERACTIONS
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Nambu ’64
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Lattice QCD
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difficulty:
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Weinberg ’79

Gasser + Leutwyler ’84

…

Gasser, Sainio + Švarc ’87

Bernard, Kaiser + Meißner ‘90

Jenkins + Manohar ’91

…

…

…

…

…

Weinberg ’90
Rho ’91

Weinberg ‘91

Ordóñez + vK ’92
Weinberg ‘92

vK ’94
…

Chiral Perturbation Theory

Non-perturbative

at leading order!



N

χ sym

(Distorted-wave)

perturbation theory
at subleading orders 

Chiral 

EFT



Pionless EFT
integrate out pions

different power counting 

Halo/Cluster EFT

adapted to lower energies (shallow nuclei, low-energy reactions) 

but no explicit constraints from chiral symmetry

integrate in tight nucleon clusters

different power counting 

…

vK ’97
Bedaque + vK ’97

…

Bertulani, Hammer + vK ’02
Bedaque, Hammer  + vK ’03

…



Alvarado + Alvarez-Ruso, Phys. Rev. D 105 (2022) 074001

Chiral EFT with Delta

Pascalutsa + Phillips ’02
…

Z. Davoudi
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Barnea et al.’15
…

but LQCD data under scrutiny

Harris et al. ’19

A peek over the hill

LO Pionless EFT



Reinert, Krebs + Epelbaum, Phys. Rev. Lett. 126 (2021) 092501

Piarulli et al., Phys. Rev. Lett. 120 (2018) 052503

pion-nucleon couplings

average 

neutral 

pion

neutral 

pion

-proton

charged 

pion
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The green valley

nuclear energies

Resumming
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subleading

corrections
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Grießhammer, McGovern, Phillips,

arXiV: 1509.09177

Nucleon
polarizabilities
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Kegel et al., Phys. Rev. Lett. 130 (2023) 152052

alpha-particle 
transition monopole form factor

regulator dependence
= model dependence 

Lynn et al., Phys. Rev. Lett. 116 (2016) 062501

neutron matter  
equation of state

different forms of
a 3-body force

which should vanish
at this order



Yang, Ekström, Forssén + Hagen, Phys. Rev. C 103 (2021) 054304

corrected power counting 

Yang et al., Eur. Phys. J. A 59 (2023) 233

LO



Through the hadronic/nuclear lens:
nuclear scattering as a tool

dark matter scattering off

deuterons and alpha particles

Filandri + Viviani, Phys. Rev. C 110 (2024) 034002

WIMP-nucleon contact interactions

Chiral

EFT
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Q f:

Through the hadronic/nuclear lens:
chiral symmetry as a filter
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De Vries, Timmermans,
Mereghetti + vK ’11

Mereghetti et al.’11

De Vries et al.‘11 
…

Chiral EFT



0 2ß decay: an example

dim 5= →L
Majorana neutrino mass 0.1 eVm :

15
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comparable to GUT scale!

coincidence?
naïve

dim analysis
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Gómez-Cadenas et al., Riv. Nuovo Cim. 46 (2023) 619
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unknown 
LO parameter
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Cirigliano, Dekens, De Vries, Graesser,
Mereghetti, Pastore + vK ’18

Cirigliano, Dekens, De Vries, Graesser,

Mereghetti, Pastore, Piarulli, vK + Wiringa ‘19

Davoudi + Kadan ’21
Davoudi et al. (NPLQCD Collab) ‘24

calculable with lattice QCD
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multi-pion E&M interactions

can in principle separate                     1,2C

charge-independence 
breaking in NN

phenomenological models

Belley et al., Phys. Rev. Lett. 132 (2024) 182502

ab initio from chiral pots

band:
estimate of 

1C

Wu, Fleming, Mereghetti + vK,
in preparation

cf. pion-nucleus scattering
…

Tsaran + Vanderhaeghen ’24

…



if
B-L
(nearly)
exact

dim 6= →L
nucleon decay into antilepton nuclear effects subleading

Oosterhof, De Vries, Timmermans + vK ‘21
U(1)  gaugeB L− ?

anomaly cancelation  → three right-handed neutrinos

Bhupal Dev, Dutta, Mohapatra + Zhang, 

JHEP 07 (2021) 166

Davidson ’79
Marshak + Mohapatra ‘80

light Z’ gauge boson



More generally,

coupling to 
hypercharge: 

mixing with Z, γ

Davoudiasl et al.,  Phys. Rev. D 108 (2023) 115018

U(1)  gauged

light  gauge bosondZ

Holdom ’86
…



Viviani, Filandri, et al., 

Phys. Rev. C 105 (2022) 014001

form-factor scale
~ 10 fm

pair invariant mass

Halo EFT

Chiral EFT

X17

Miller + Zhang, Phys. Lett. B 773 (2017) 159

8 Be

4 He



could be tackled

with Chiral EFT?

cf. neutral-pion electroproduction

on the deuteron

Chiral EFT

Ewald et al., Phys. Lett. B 499 (2001) 238

Beane, Lee + vK’ 95
Beane et al. ’97

Bernard, Krebs + Meissner ’00

…
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Conclusion

EFT: a way to track SM and BSM interactions across scales

Much work to be done to account for the BSM zoo!

SM and BSM treated consistently in hadronic/nuclear EFTs matched to LQCD

Hadrons/nuclei: a tool to separate BSM interactions

B-L physics: a special opportunity
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