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Motivation: Neutrino oscillation experiments

Monte-Carlo simulation needs input on the differential cross section to reconstruct
the energy of the neutrino from the momentum of the detected charged lepton.
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T2K: Tokai to Super-Kamiokande
E = 0.6 GeV, L/E ≈ 500 km/GeV.

We focus on quasi-elastic scattering providing 
first-principle predictions on axial form factors
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The weak axial-vector matrix element

The transition matrix element of the neutron β-decay is

with
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Axial-vector
matrix element

Neutrino-nucleon scattering processes are related to matrix elements at finite momentum transfer.

Vector contributions are well 
determined experimentally from 
lepton-nucleon scattering
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The axial and induced pseudoscalar FF

Matrix elements are decomposed into Lorentz-invariant form factors (FF)
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Axial FF Induced pseudoscalar FF

Neglecting isospin-breaking effects, transition FFs are equivalent to isovector FFs
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How to? Lattice QCD Simulations
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Analysis
• Construction of hadron correlation functions on background 

field configurations:
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Simulation
• Markov chain Monte Carlo to generate ensembles of 

gluon-field configurations {U}

Data analysis – post-processing
• Statistical analysis, resampling, derived quantities

• Excited state contamination and stochastic errors

• Continuum and infinite volume extrapolation
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2
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Ensembles
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Landscape of ensembles used for nucleon structure:
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Ensembles by ETMC
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• Three lattice spacings at physical point

• Ongoing generation of finer ensembles and larger volumes

• This talk: 3 ensembles with:  a = 0.057 - 0.08 fm

ETMC: three Nf=2+1+1 ensembles at physical pion mass

Landscape of ensembles used for nucleon structure:
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● Two-point functions

○ Ground state dominance at large-time limit
○ Error increases exponentially with 
○ Density of excited states increases with volume

Nucleon two-point functions
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with
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● Three-point functions

○ Ground state at 
○ Error increases exponentially with 
○ Statistics increased to keep errors constant

Nucleon three-point functions
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e.g.

~30M inversions!

suitable
projector
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Three-state fit

Desired matrix element:

Two-state fit

Nucleon three-point functions
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~30M inversions![C. Alexandrou, S. B., et al. “Nucleon axial, tensor, and scalar charges and σ-terms in lattice QCD”. Phys. Rev., D102(5):054517, 2020]
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The three ensembles and model averaging
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Up to 1.5fm for 
all ensembles

Model average over thousands of fits:

[E. T. Neil, J. W. Sitison, arXiv:2208.14983]
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… and at finite momentum transfer
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Three-point ground state

Two-point ground state

Pseudoscalar FF

Combined fit of all three-point functions at the same Q2
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Comparing two- and three-state fit FFs

13

● Most values compatible within 3σ

● Combined fit of Q2 and a2 dependence
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Dipole vs z-expansion
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Model average

Compatible with the 
direct approach but 
smaller error because 
all information used
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Comparison with other studies

15

● Overall good agreement between recent 
lattice results and better agreement with the 
very recent results from Minerνa
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Pseudoscalar FF and operator relations

Axial FFs are commonly studied together with the pseudoscalar FF
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Pseudoscalar FF

Two important operator relations are

i) ii) iii)

i)  The axial Ward-Takahashi identity leads to the partial conservation of the axial-vector current (PCAC)

ii)  The spontaneous breaking of chiral symmetry relates the axial-vector current to the pion field 

Induced pseudoscalar FF
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Continuum limit of (induced) pseudoscalar FFs
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● We observe significant cut-off effects on both form factors

● Combined fit of both form factor with common pole

● Data highly correlated and ratio grows linearly in Q2 
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The PCAC and PPD relations
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i)

PCAC
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The PCAC and PPD relations

19

i)

PCAC

iii)

PPD

PPD = Pion-pole dominance

Pole at
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The Goldberger-Treiman relation
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with

The slope is connected to the GT discrepancy
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And our results on ElectroMagnetic FFs
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● No sizeable cut-off effects

● Isovector combination u-d 
needed for neutron β-decay
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Isoscalar u+d combinations
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Proton and Neutron EM FFs
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Comparison with other studies
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● Good agreement for radii with PDG

● Tension of our results in magnetic moments P R E L I M I N A R Y
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Thank you for you attention!

Results on nucleon isovector axial, induced 
pseudoscalar, and pseudoscalar form factors (FF)

● Three physical point ensemble

● Thorough excited state analysis

● Combined fit of Q2-dependence
and continuum limit
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https://arxiv.org/abs/2309.05774 

https://arxiv.org/abs/2309.05774
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Backup slide - OS pion pole
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Charged pion
Connected

neutral pion
Matrix elements couples to the 
Osterwalder-Seiler (OS) pion
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Backup slide - Comparison with experiments
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