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Neutrinos are weird.
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This is true already in the SM.
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e.g. sterile neutrinos

e.g. neutrino magnetic moments

e.g. non-standard interactions
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dim-6

νν

f f

e.g. non-standard interactions



SMEFT (Standard Model Effective Field Theory) 

	 	 	 	 	 	 	 	 = most general parameterisation of UV-scale new physics 

the most general set of higher-dimensional operators consistent with the 

SU(3) x SU(2) x U(1) symmetry of the SM 

order new operators by power of new physics scale Λ 

dim-5 

Weinberg operator ➠ Majorana neutrino masses 

dim-6 

2 499 operators
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SMEFT
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Buchmüller Wyler 1985 

Grzadkowski Iskrzynski Misiak Rosiek 2010 

Contino Ghezzi Grojean Mühlleitner Spira 2013

https://inspirehep.net/literature/218149
https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/1303.3876
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Weak Effective Field Theory
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For low-energy experiments (like neutrino experiments): 

map SMEFT onto Weak Effective Field Theory (WEFT) 
(EFT valid below the electroweak scale – SU(3) x U(1) symmetry) 

RGE running to 100 GeV 

SMEFT → WEFT matching  

RGE running 100 GeV → desired low-energy scale (typically 2 GeV) 

Nomenclature: 
WEFT = LEFT (“low-energy effective field theory") 

WEFT ≃ “non-standard neutrino interactions” (though typically not a full EFT treatment)

νν

n, p, e n, p, e

 Falkowski González-Alonso Tabrizi 2019

https://arxiv.org/abs/1910.02971
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The EFT Ladder
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≫ 100 GeV	 ➠		 SM Effective Field Theory 

	 	 	 	 	 	 	 (6 quarks, W+Z bosons, Higgs)

~ GeV  		 	 ➠		 Weak Effective Field Theory 

	 	 	 	 	 	 	 (5 quarks, Fermi interaction)

MeV–GeV  	 ➠		 Chiral EFT 

	 	 	 	 	 	 	 (nucleons, pions)

< MeV	 	   	 ➠		 pionless EFT 

	 	 	 	 	 	 	 (atomic nuclei) 

running+ 

matching

running+ 

matching

running+ 

matching



11

Weak Effective Field Theory

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations

<latexit sha1_base64="k3AON8bo4w1g5zvkTNzRCYXGlFM="></latexit>

LNC =

X

2

p

2GF ✏
q,XY

↵�

�

⌫̄↵�XPL⌫�

��

q̄�Y q
�

<latexit sha1_base64="m7rYNYqFuQnGFdPSqdww54eSwjU="></latexit>

LCC =

X

2

p

2GF ✏
qq0,XY

↵�

�

¯̀
↵�XPL⌫�

��

q̄0�Y q
�

νν

n, p, e n, p, e



11

Weak Effective Field Theory

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations

<latexit sha1_base64="k3AON8bo4w1g5zvkTNzRCYXGlFM="></latexit>

LNC =

X

2

p

2GF ✏
q,XY

↵�

�

⌫̄↵�XPL⌫�

��

q̄�Y q
�

dimensionless coefficients 

(interaction strength 

relative to SM weak interactions)

dim-6 operators 

with different Lorentz structures

<latexit sha1_base64="m7rYNYqFuQnGFdPSqdww54eSwjU="></latexit>

LCC =

X

2

p

2GF ✏
qq0,XY

↵�

�

¯̀
↵�XPL⌫�

��

q̄0�Y q
�

νν

n, p, e n, p, e



11

Weak Effective Field Theory

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations

<latexit sha1_base64="k3AON8bo4w1g5zvkTNzRCYXGlFM="></latexit>

LNC =

X

2

p

2GF ✏
q,XY

↵�

�

⌫̄↵�XPL⌫�

��

q̄�Y q
�

dimensionless coefficients 

(interaction strength 

relative to SM weak interactions)

Lorentz structure 

S=1, P=γ5, V=γμ, A=γμ γ5, T=σμν
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Contribute to neutrino matter effects 

νν

e, p, n e, p, n
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Anomalous Neutral Currents
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neutrino current

background matter 

described as classical field
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Anomalous Neutral Currents – Current Limits
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Coloma Esteban Gonzalez-Garcia Maltoni 2019

https://arxiv.org/abs/1911.09109
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Anomalous Neutral Currents – Current Limits
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Coloma Esteban Gonzalez-Garcia Maltoni 2019sensitivity to interactions 

similar in strength to 

SM weak interactions

https://arxiv.org/abs/1911.09109
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Anomalous Charged Currents
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Modified neutrino production and detection processes 

related to NC operators due to SU(2) symmetry 
consistent EFT is essential 

in oscillation experiments, NC and CC need to be considered together

𝓁ν

f f  ʹ
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Anomalous Charged Currents
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Modified neutrino production and detection processes 

related to NC operators due to SU(2) symmetry 
consistent EFT is essential 

in oscillation experiments, NC and CC need to be considered together

𝓁ν

f f  ʹ

Deep-Inelastic 

Scattering (DIS)

Quasi-Elastic 

Scattering (QES)
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Deep-Inelastic Scattering (> GeV)
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neutrino scattering on quarks 

admits description in terms of PDFs 

interesting opportunities at 
short-baseline experiments 

collider neutrino detectors

𝓁ν

f f  ʹ



neutrino scatters on nucleons 

need to map lepton–quark interactions onto lepton–nucleon interactions
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New Interactions in Quasi-Elastic Scattering (< GeV)
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scattering amplitude hadronic matrix element 

depends on hadronic form factors

“hic sunt dracones”
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Nucleon Form Factors
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three different estimates 

for the axial form factor

JK Rocco Tabrizi 

  2401.07902

form factors 

depending on GA

https://arxiv.org/abs/2401.07902
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Nuclear Effects
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initial state of struck nucleon 
(binding energy, Fermi momentum) 

multi-nucleon effects 
(e.g. two-particle–two-hole (2p2h) processes) 

final-state interactions 
(propagation of interaction products out of the nucleus)
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Nuclear Effects
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dedicated EFT 
calculations

event generators

e.g. spectral functions, shell model, 
relativistic mean-field theory, 
Green’s function MC, Fermi gas models



New Interactions in QES



New Interactions in QES

large uncertainties from axial FF 

some BSM interactions significantly 

enhanced compared to the SM 
(e.g. PP: coupling to pions) 

others strongly suppressed
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Future Sensitivity Estimates
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Future WEFT and SMEFT Constraints

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations
non-neutrino constraints from works by 

Cirigliano González-Alonso Falkowski Tabrizi, …

https://arxiv.org/abs/2509.21537
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≫ 100 GeV	➠  SM Effective Field Theory

~ GeV  	 	 ➠  Weak Effective Field Theory

MeV–GeV  	➠  Chiral EFT

< MeV		   	➠  pionless EFT
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≫ 100 GeV	➠  SM Effective Field Theory

~ GeV  	 	 ➠  Weak Effective Field Theory

MeV–GeV  	➠  Chiral EFT

< MeV		   	➠  pionless EFT

~ GeV	 	 	 ➠  Chiral EFT + QCD resonances
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BSM neutrino–nucleus cross sections in the 

QCD resonance regime 

GLoBES-EFT: fast simulation of neutrino oscillation 

experiments in SMEFT+WEFT; automated running+matching  

high-dim. parameter space calls for novel fitting techniques: 
simulation-based inference (using classical + quantum ML) 

fully differentiable simulations 

Application to real data 

http://github.com/SalvaUrrea2/GLoBES-EFT/
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New Interactions in Quasi-Elastic Scattering
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at energies < GeV: neutrino interactions dominated by quasi-elastic scattering 
(scattering on whole nucleons) 

need to map lepton–quark interactions onto lepton–nucleon interactions
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New Interactions in Quasi-Elastic Scattering (< GeV)

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations

SM contribution
SM–BSM interference contributions pure BSM contributions

neutrino scatters on nucleons 

need to map lepton–quark interactions onto lepton–nucleon interactions



for each Lorentz structure, decompose into form factors
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vector FF 
well measured in 

electron–nucleon scattering

induced scalar FF 
vanishes in the 

isospin-symmetric limit

weak magnetism FF 
(or anomalous magnetic moment FF) 

from electron–nucleon scattering

axial-vector FF 
not accessible in e–n scattering 

major source of uncertainty
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The Nucleon Axial Form Factor
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axial coupling constant (from neutron decay)

axial mass functional form motivated 

by analyticity arguments

coefficients determined 

by fit to data or lattice

cannot be measured in electron–nucleon scattering 
(because electrons scatter via photon exchange, which is a vector current) 

until about 2010: dipole ansatz 

overconstrained (experiments don’t agree on the value of mA) 

Modern approach: z-expansion
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Nucleon Form Factors
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three different estimates 

for the axial form factor

JK Rocco Tabrizi 

  2401.07902

form factors 

depending on GA

https://arxiv.org/abs/2401.07902


35

The Nucleon Axial Form Factor

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations

axial coupling constant (from neutron decay)

axial mass functional form motivated 

by analyticity arguments

coefficients determined 

by fit to data or lattice

cannot be measured in electron–nucleon scattering 
(because electrons scatter via photon exchange, which is a vector current) 

until about 2010: dipole ansatz 

overconstrained (experiments don’t agree on the value of mA) 

Modern approach: z-expansion
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induced scalar FF 

• not negligible here due to large prefactor 

• either set to zero 

• or use constituent quark model 

• both unreliable

axial-vector FF 
implies that GP inherits 

large uncertainty of GA

induced pseudoscalar FF 

• assume pion-pole dominance (PPD) 

• leads to 

<latexit sha1_base64="qajqs7mVoxKB7HFZuC++89Ez4Pk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARWgo1KVLdCEUXumzBXqBNw2Q6aYdOLsxMhBL6EG58FTcuFHHrwp1v46SNoK0HBj7+/xzOnN8JGRXSML60zMrq2vpGdjO3tb2zu6fvH7REEHFMmjhgAe84SBBGfdKUVDLSCTlBnsNI2xlfJ377nnBBA/9OTkJieWjoU5diJJVk66Ubu15o9CtFeAkTNIrQs3sh7VfgKUwMWPoRiraeN8rGrOAymCnkQVp1W//sDQIcecSXmCEhuqYRSitGXFLMyDTXiwQJER6jIekq9JFHhBXPjprCE6UMoBtw9XwJZ+rviRh5Qkw8R3V6SI7EopeI/3ndSLoXVkz9MJLEx/NFbsSgDGCSEBxQTrBkEwUIc6r+CvEIcYSlyjGnQjAXT16GVqVsVsvVxlm+dpXGkQVH4BgUgAnOQQ3cgjpoAgwewBN4Aa/ao/asvWnv89aMls4cgj+lfXwD+4+Zzg==</latexit>

GP (Q
2) = GP (0)m

2

⇡
/(Q2 +m2

⇡
)

<latexit sha1_base64="yLxLkwysDayPnjpdW30tWSl4Etg="></latexit>

G̃P (Q
2) = �

4M2

N

Q2 +m2
⇡

GA(Q
2)



for each Lorentz structure, decompose into form factors

38

New Interactions in Quasi-Elastic Scattering

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations

<latexit sha1_base64="W7QgPzgVTx/P+gIzdjOWyPNgKTY="></latexit>

hp(pp)|q̄u�µqd|n(pn)i = ūp(pp)
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tensor FF 
complicated parameterisation 

with coefficient from lattice QCD
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Fermi gas models 

• describe nucleons as free, 

non-interacting particles in a 

potential well 

• local Fermi gas: take into 

account density profile ρ(r) 

• still state of the art in many 

event generators

Green’s function 

Monte Carlo methods 

• make ansatz for ground state 

wave function and 

Hamiltonian 

• evolve in imaginary time 

➠ converges to ground state

Nuclear Shell Models 

• nucleons occupy energy levels 

in suitably chosen potential 

• analogous to atomic shell 

models 

• computationally challenging 

for large nuclei

Relativistic Mean Field 

Theory 

• nucleons interact via 

meson fields 

• meson fields are treated as 

classical background fields

Spectral functions 

• factorization (struck nucleon) 

⊗ (remnant nucleus) 

 

• spectral function describes 

momentum distribution of 

struck nucleon 

• used like a PDF 

• determined e.g. in electron–

nucleon scattering
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Image: Frick Gad Müther 2001

https://arxiv.org/abs/nucl-th/0111043v1
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Falkowski González-Alonso JK 

Soreq Tabrizi, arXiv:2105.12136

conservative scenario 

flux uncertainties 30% / 40% / 50% 

for νe / νμ / ντ

optimistic scenario 

flux uncertainties 5% / 10% / 15% 

for νe / νμ / ντ

theoretically straightforward: 

ν scattering described in terms 

of PDFs 

though flux uncertainties 

remain a problem 

competitive with rare meson 

decays in some channels 

https://arxiv.org/abs/2105.12136


42

FASER Sensitivity

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations

 Falkowski González-Alonso JK 

Soreq Tabrizi, arXiv:2105.12136

https://arxiv.org/abs/2105.12136
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DUNE will be probing new physics at the TeV scale 

Caveats 
WEFT must be embedded in UV-complete theory like SMEFT 

WEFT constraints (“NSI formalism”) neglect relations between operators in SMEFT 

for comparison with other experiments: WEFT–SMEFT matching, RGE running

https://arxiv.org/abs/2509.21537
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https://arxiv.org/abs/2509.21537
https://arxiv.org/abs/2509.21537
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https://arxiv.org/abs/2509.21537
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GLoBES-EFT 
fast simulation of neutrino oscillation 

experiments including new physics 

implements QES cross sections including 

new physics 

either WEFT or SMEFT parameterisation 

automatic SMEFT–WEFT matching 

automatic renormalisation group 

running

https://arxiv.org/abs/2509.21537
https://github.com/SalvaUrrea2/GLoBES-EFT
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Are New 𝓞(0.01  GF) Couplings Realistic?
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standard lore: because of SU(2)L invariance, new neutrino interactions are 

accompanied by similar couplings of charged leptons ➠ strong constraints 

but not always: consider charged SU(2)L singlet φ+ 

coupling can arise naturally from TeV-scale new physics

<latexit sha1_base64="wROjoJC68SSl9cWal4ekh/CR7xE="></latexit>

L �
⇠↵�

2
L̄
c,↵
a ✏abL

�
b �

+

<latexit sha1_base64="4WjJndISP9VhoQGTf/kTa9M9ui4="></latexit>

LEFT �
⇠↵�⇠��⇤

4m2

�

⇥

L̄
c,↵
a ✏abL

�
b

⇤⇥

L̄
c,�
a ✏abL

�
b

⇤

e
−

να e
−

νβ

φ

Crivellin Kirk Manzari Panizzi arXiv:2012.09845

https://arxiv.org/abs/2012.09845

