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Introduction

• Precise knowledge of neutrino-nucleon scattering 
amplitudes at GeV energies is required for current 
and future neutrino oscillation experiments

• Beyond their role in neutrino-nucleus cross 
sections, these amplitudes can be used directly for 
fundamental physics 

• Nucleon-level amplitudes are free from nuclear 
modeling uncertainties.  Standard Model contributions 
are constrained from electron-proton scattering, muonic 
atom spectroscopy and muon capture, lattice QCD
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Introduction

• consider the application of (anti)neutrino-nucleon 
scattering data as a probe of new physics in 
neutrino interactions

• especially constraining in the class of models where new 
physics is suppressed by  ( lepton mass, 

nucleon mass), so electron-based measurements 
such as beta decay offer weak constraints.  

mℓ /M mℓ =
M =

• accelerator neutrino beams contain largely muon 
flavor and the lepton mass enhancement is 
naturally present.  Similar to using muonic atoms 
for proton charge radius (spectroscopy), and 
nucleon axial radius (weak capture)
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Theory framework

• Restrict attention to left-handed neutrinos (could 
generalize)

In Standard Model, at , four amplitudes ( , , 
, )

mℓ = 0 f1 f2
fA fA3

νℓγμ(1 − γ5)ℓ+ × n̄ [γμ (f̄1 + f̄2 + f̄Aγ5) − (f̄2 + 2f̄A3γ5)
Kμ

M ] p

At , four more amplitudes ( , , , )mℓ ≠ 0 f3 fP fT fR

mℓ

M
f̄T

4
νℓσμν(1 + γ5)ℓ+ n̄σμν p − νℓ(1 + γ5)ℓ+ n̄ (f̄3 + f̄Pγ5 −

f̄R

4
γμPμ

M
γ5) p
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• The number of amplitudes is fixed by helicity 
counting.  Our labeling reduces to Llewellyn Smith 
notation for 6 current-current interactions

• Two additional amplitudes are not given by current-
current

fT

fR

CT

Theory framework
f1 ↔ FV

1

f2 ↔ FV
2

f3 ↔ FV
3

fA ↔ FA

fP ↔ FP

fA3 ↔ FA
3

second-class vector CS

second-class axial

CV

CA

ν scattering beta decay
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• Compute differential cross section in terms of these 
amplitudes

dσ
dQ2 (Eν, Q2) =

G2
F |Vud |2

2π
M2

E2
ν [(τ + r2

ℓ) A (ν, Q2) +
ν

M2
B (ν, Q2) +

ν2

M4

C (ν, Q2)
1 + τ ]

Theory framework

standard inputs and errors for Standard Model , , ,f1 f2 fA fP
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• Lepton mass necessarily appears when , ,  
arise in the SM (including radiative corrections)

f3 fT fR

• This lepton mass dependence generalizes to any 
model obeying minimal lepton flavor violation 

Theory framework
νℓγμ(1 − γ5)ℓ+ × n̄ [γμ (f̄1 + f̄2 + f̄Aγ5) − (f̄2 + 2f̄A3γ5)

Kμ

M ] p

mℓ

M
f̄T

4
νℓσμν(1 + γ5)ℓ+ n̄σμν p − νℓ(1 + γ5)ℓ+ n̄ (f̄3 + f̄Pγ5 −

f̄R

4
γμPμ

M
γ5) p

ēRσμνλeΔLLQ̄LσμνλDdR

Δij ∝ δij + 𝒪[(Δm)2](λe)ij = m(i)
ℓ δij

Cirigliano et al., hep-ph/0507001

Small Standard Model contributions to , , , .  
Consider BSM constraints

f3 fA3 fT fR
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• Vector form factors

Fit procedure/
inputs

Borah et al. 2003.13640
(now available in GENIE!)

constrained using 

• electron scattering, A1, PRAD 

• low energy constraints on charge, magnetic moment, charge radius 

• complete treatment of radiative corrections 
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• Axial form factors

Fit procedure/
inputs

Meyer et al. 1603.03048

constrained using 

• ANL, BNL, FNAL deuterium bubble chamber data 

• vector form factor inputs
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• Radiative corrections

Fit procedure/
inputs

Tomalak et al. 2105.07939
Tomalak et al. 2204.11379

• Significant corrections, especially to exclusive 
observables, and to electron versus muon ratios 

• Subleading in the current analysis
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• Use MINERvA antineutrino-proton data

Fit procedure/
inputs

Nature 614 (2023) 48

• separated H from C scattering using kinematics 

• 15 bins, errors, correlations
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• Use standard inputs for dominant , , , f1 f2 fA fP

Fit procedure/
inputs

f̄ j
i (ν, Q2) =

Ref̄ j
i (0) + iImf̄ j

i (0)

(1 + Q2

Λ2 )
2

• Use dipole ansatz for BSM contributions to , , 
, 

f3 fT
fS fR

• Perform fit using errors and correlations of SM inputs, 
quote results for length of  confidence interval1σ
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Results

• Real parts

• neutrino scattering improves constraints on Re(fT), 
versus beta decay
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Results

• Imaginary parts

• neutrino scattering improves constraints on Im(fT), 
and provides comparable constraint on Im(f3) 
versus beta decay
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Results

• Translate to Lee-Yang coefficients

ReCT = − 1+14
−13 × 10−4

| ImCT | ≤ 1.3 × 10−3

| ImCS | = 45+13
−19 × 10−3

• Improvement by factor of 2.1, 3.1, 1.2 compared to 
beta decay
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Discussion/future

Other data sets

• have used MINERvA data which includes a 
complete error matrix

• lower neutrino energy of BNL deuterium data more 
sensitive to scalar interaction

• DUNE/LBNF may provide high statistics data for 
antineutrino-hydrogen

• Neutrino-nucleus interactions can be considered

Kopp, Rocco, Tabrizi 2401.07902

Alvarez-Ruso et al. 2203.11298
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Discussion/future

Lattice QCD inputs

• MINERvA data dominates error budget

• for consistent separation of SM / BSM, could use 
lattice inputs for vector, axial form factors

• interesting tension between lattice QCD and 
deuterium FA extraction

Meyer, Walker-Loud, Wilkinson 
2201.01839
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Discussion/future

Combination with collider bounds

• bounds are tighter than FASERnu for muon-flavor 
tensor interaction

• assuming only high-scale new physics, Standard 
Model Effective Theory scalar operators 
constrained by EDMs

implement MFV including neutrino mass splitting

ēRσμνλeΔLLQ̄LσμνλDdR

Δij ∝ δij + 𝒪[(Δm)2](λe)ij = m(i)
ℓ δij
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Discussion/future

• Polarization observables

• conceivable that future experiments may have 
sensitivity to e.g. final state tau lepton polarization, 
even polarized-target initial state nucleon

Alvarez-Ruso et al. 2203.11298

Borah et al. 2403.04687
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Summary

• neutrino data constrain BSM contributions to 
charged current interactions

• constraints on amplitudes stronger than precision 
beta decay for Re(CT), Im(CT), Im(CS)

• interesting studies and combinations to pursue with 
other datasets



Thank you
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