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Reminder: Elastic Form Factors

2

Vector Interaction

⟨p + q |Jμ
V |p⟩ = ū(p + q)[F1(q2)γμ +

κ
2m

F2(q2)iσμνqν] u(p)

Reduce to charge and magnetic moment at zero momentum transfer.

Well understood: Measured using elastic electron scattering

Axial-Vector Interaction

⟨p + q |Jμ
A |p⟩ = ū(p + q)[G1(q2)γμγ5 + G3(q2)qμγ5] u(p)

Well understood at zero momentum transfer (beta decay)

How to measure at finite momentum transfer?

• Cheat: Use pion production to add the 

• Use reactions with neutrinos

γ5
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These Form Factors are being Calculated
Example: C. Alexandrou, et al., PRD 103 (2021) 034509
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XI. COMPARISON WITH OTHER STUDIES

While there are a number of lattice QCD studies on the
isovector axial and pseudoscalar form factors using sim-
ulation with heavier than physical pion masses, we restrict
our comparison here with results obtained using ensembles
at the physical point. We summarize below the setup used
by other groups to compute the isovector axial and
pseudoscalar form factors:

(i) The PNDME Collaboration [46] used a hybrid
action with Nf ¼ 2þ 1þ 1 HISQ configurations
generated by the MILC Collaboration with lattice
spacing a ≃ 0.0871 fm, lattice volume 643 × 128
and mπ ¼ 130 MeV in the sea (referred as
a09m130W) and clover improved valence quarks
with mπ ¼ 138 MeV. Three-point functions were
computed from three sink-source time separations in
the range of [1–1.4] fm. They performed the two-
state analysis using both the M1 and M2 fits
discussed in Sec. IV B. In what follows we show
their results extracted using the M2 fit since they
considered them as their final values (referred in
their work as SA4 type fit). No improvement of the
currents used is discussed in order to eliminateOðaÞ
cutoff artifacts, which would imply that they have
larger finite lattice spacing effects as compared to
our formulation.

(ii) The RQCD Collaboration [49], analyzed 37 CLS
ensembles using different lattice spacings. Two of
these ensembles were simulated using physical
pion masses. The ensembles were generated using
a tree-level Symanzik-improved gauge action and
Nf ¼ 2þ 1 clover-improved fermions. Their axial-
vector current is OðaÞ-improved using nonperturba-
tively determined coefficients. We show their results
from the physical point ensemble with the finer
lattice spacing of a ¼ 0.064 fm, volume 963 × 192
andmπ ¼ 130 MeV, referred to as E250 in Ref. [49]

for comparison. Four sink-source time separations
are computed in the range of [0.7–1.2] fm, which is
smaller than our upper range. They assume the same
first excited state in both two- and three-point
function but they include in addition the lowest
πN modeled through a two-flavor baryon chiral
perturbation theory.

(iii) The PACS Collaboration [20] used a physical point
ensemble of Nf ¼ 2þ 1 with stout-smeared OðaÞ-
improved Wilson-clover fermions and Iwasaki gauge
action with lattice spacing a ¼ 0.08457ð67Þ fm and
volume 1283 × 128. They analyzed three sink-source
time separations in the range of [1–1.36] fm, and their
final values are extracted from the plateau method.
No two-state fit approaches have been attempted. No
current improvement is discussed.

(iv) Comparisons of our results on the form factors for
the three ensembles are shown in Figs. 13, 15,
and 14 and given in Tables V, VI and VII of the
Appendix. For the comparison of the form factors,
we restrict ourselves in comparing our results for
the Nf ¼ 2þ 1þ 1 ensemble with the other col-
laborations. This is because we already compared
results on the form factors from our three ensembles.
For the derived quantities presented in Table IV
for the cB211.072.64, on the other hand, we include
in the figures also results from the other two ensem-
bles using our results from GAðQ2Þ as discussed
in Sec. IX.

In Fig. 23, we compare our results for GAðQ2Þ using the
Nf ¼ 2þ 1þ 1 ensemble with the aforementioned lattice
QCD studies. Overall, there is a very good agreement among
all results, which indicates that lattice artifacts are small.

FIG. 22. Results for the Q2 dependence of the pseudoscalar
form factor, G5ðQ2Þ. The notation is as in Fig. 21.

FIG. 23. Lattice QCD results on the isovector axial form factor
GAðQ2Þ using simulations with physical pion masses. Results
from this work using the cB211.072.64 ensemble are shown with
red circles, from the PNDME Collaboration [46] with green
squares, from the RQCD Collaboration [49] with blue upward-
pointing triangles and from the PACS Collaboration [20] with
brown down-pointing triangles.

NUCLEON AXIAL AND PSEUDOSCALAR FORM FACTORS FROM … PHYS. REV. D 103, 034509 (2021)

034509-17

“Nucleon axial and pseudoscalar 
form factors from lattice QCD at the 
physical point”
Note that they get the correct value 
at zero momentum transfer.
Useful benchmark for testing 
precision LQCD calculations

See also A Meyer, A Walker-Loud, 
C Wilkinson, Annu. Rev. Nucl. Part. 
Sci. 2022. 72:205–32
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Example with Neutrino Beams
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T. Cai, et al. (MINERvA), Nature 614 (2023) 48

• 

• Plastic scintillator target

• Fold in the calculated 

neutrino spectrum

ν̄μp → μ+(n)

50 | Nature | Vol 614 | 2 February 2023

Article

where FA(0) = −1.2723 ± 0.0023 is derived from neutron decay measure-
ments35. We define r r≡ $ %A A

2 .

Experiment description
The CCE process on hydrogen was measured with the MINERvA11 detec-
tor in a νµ beam produced at the NuMI neutrino beamline34 at Fermilab 
with an average energy of 5.4 GeV. Antineutrino interactions are 
selected by requiring a µ+ and detected neutron signatures in the MIN-
ERvA detector.

MINERvA is a segmented scintillator detector with hexagonal planes 
constructed from strips of triangular cross-section assembled into 
planes perpendicular to the νµ beam, and is described in more detail in 
the Methods. This analysis reconstructs neutrino interactions in the 
active tracker region of the detector, which consists of the scintillator. 
The scintillator strips point in either the vertical (X) or one of the ±60° 
(U,V) directions. This region is fully active, consisting of 128 tracker 
planes stacked in alternating patterns of XUXV. The alternating orien-
tation enables extraction of a three-dimensional position from the 
strips when charged particles traverse two or more consecutive planes. 
Muons produced from charged-current neutrino interactions in the 
MINERvA detector may exit from the rear and enter the MINOS near 
detector (ND)36, which is located immediately downstream of the MIN-
ERvA detector. The MINOS ND is a fully magnetized scintillator and 
steel detector that determines the muon’s charge and momentum by 
measuring its curvature and range.

Only muons in the energy range 1.5 GeV < Eµ < 20 GeV with an open-
ing angle θµ < 20° with respect to the neutrino direction are selected 
because they can be efficiently measured by the MINOS ND. The vertex 
is defined to be the beginning of the muon track. Energy deposits from 
other charged particles, such as protons and π±, can be reconstructed 
into tracks if they span at least four planes. Photon pairs from π0s can 
be reconstructed from their electromagnetic showers.

Although neutrons are not directly observable from ionization as 
charged particles, they produce secondary particles with observable 
energy deposits when they elastically, quasi-elastically or inelas-
tically scatter in the detector. The dominant interactions produce 
low-energy protons, which can be observed37. Neutrons also scatter 
undetectably, for example by inelastically knocking out neutrons 
from carbon nuclei or elastically scattering from carbon, in ways that 
change the neutron direction and energy. Monte Carlo simulation 
studies of single-neutron transport in the MINERvA detector show 
that the angle between the reconstructed and true neutron directions 

follows the sum of two exponential distributions, with 68% of the 
candidates within 12°.

Cross-section extraction
The CCE cross-section is measured in bins of Q2. Control samples, events 
with neutrons pointing away from the predicted direction, provide 
data-driven constraints on the background models as a function of 
Q2. The reconstructed neutron directions from the signal events cen-
tre around the predicted direction from the µ+ reconstruction with 
deviations due to the angular resolution. Additional nuclear effects 
alter the initial neutron directions when the neutron is produced by 
the charged-current quasi-elastic (CCQE) neutrino interaction on 
a bound proton in the carbon nucleus. Fermi motion in the carbon 
nucleus imparts each bound nucleon with a random initial momentum 
resulting in the neutron direction further deviating from the two-body 
calculation. Although the CCQE cross-section is a function of FA as well, 
measurements of electromagnetic form factors even in nuclei as light 
as 4He have shown that nuclear effects obscure the relationship and 
make extractions of FA from measurements CCQE on 12C (refs. 38–40) 
susceptible to uncertain nuclear physics. Additionally, multinucleon 
knockout, such as two-particle-two-hole (2p2h) reactions, and second-
ary interactions of outgoing neutrons before exiting the nucleus are 
also present in carbon. The latter phenomena, collectively termed the 
final-state interactions (FSI), can change the direction and energy of 
the neutron, and can produce additional final-state particles, includ-
ing pions produced through the excitation and subsequent decay of 
nucleons in the nucleus.

On the basis of the detected final-state particles, events are divided 
into those with only nucleons in the final state (QELike) and those with 
mesons present (non-QELike). Although the CCE signal is an exclusive 
subset of QELike, the carbon CCQE, 2p2h and resonant pion production 
events may experience FSI and land in either category. Both the signal 
and the background processes are simulated using a realistic Monte 
Carlo simulation of the detector based on the GEANT4 (ref. 41) simula-
tion toolkit. The input model for neutrino-nucleus interactions is based 
on GENIE42 with theory and data-driven modifications43–48. Finally, the 
Fermi gas initial state model used by GENIE has been reweighted into 
a spectral function (SF)49,50 for a more realistic description of nucleus 
initial states51.

Samples with predominantly QELike(non-QELike) events are selected 
by requiring ≤1(>1) energetic shower(s) in the detector. Each sample 
is subdivided according to the neutron candidates’ opening angles to 
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Fig. 2 | Fitted event distribution and ratio in the signal region. Event rate 
(left) and ratio to the post-fit model (right). The vertical error bars around the 
data points and the error band around the model prediction account for 
statistical uncertainty (stat. unc.) based on the standard deviation of a 

Poisson distribution. Note that the (0,0.0125) (GeV/c)2 and (6.0,10) (GeV/c)2 
bins are not reported due to low statistics. DIS refers to deep inelastic 
scattering.
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where FA(0) = −1.2723 ± 0.0023 is derived from neutron decay measure-
ments35. We define r r≡ $ %A A

2 .

Experiment description
The CCE process on hydrogen was measured with the MINERvA11 detec-
tor in a νµ beam produced at the NuMI neutrino beamline34 at Fermilab 
with an average energy of 5.4 GeV. Antineutrino interactions are 
selected by requiring a µ+ and detected neutron signatures in the MIN-
ERvA detector.

MINERvA is a segmented scintillator detector with hexagonal planes 
constructed from strips of triangular cross-section assembled into 
planes perpendicular to the νµ beam, and is described in more detail in 
the Methods. This analysis reconstructs neutrino interactions in the 
active tracker region of the detector, which consists of the scintillator. 
The scintillator strips point in either the vertical (X) or one of the ±60° 
(U,V) directions. This region is fully active, consisting of 128 tracker 
planes stacked in alternating patterns of XUXV. The alternating orien-
tation enables extraction of a three-dimensional position from the 
strips when charged particles traverse two or more consecutive planes. 
Muons produced from charged-current neutrino interactions in the 
MINERvA detector may exit from the rear and enter the MINOS near 
detector (ND)36, which is located immediately downstream of the MIN-
ERvA detector. The MINOS ND is a fully magnetized scintillator and 
steel detector that determines the muon’s charge and momentum by 
measuring its curvature and range.

Only muons in the energy range 1.5 GeV < Eµ < 20 GeV with an open-
ing angle θµ < 20° with respect to the neutrino direction are selected 
because they can be efficiently measured by the MINOS ND. The vertex 
is defined to be the beginning of the muon track. Energy deposits from 
other charged particles, such as protons and π±, can be reconstructed 
into tracks if they span at least four planes. Photon pairs from π0s can 
be reconstructed from their electromagnetic showers.

Although neutrons are not directly observable from ionization as 
charged particles, they produce secondary particles with observable 
energy deposits when they elastically, quasi-elastically or inelas-
tically scatter in the detector. The dominant interactions produce 
low-energy protons, which can be observed37. Neutrons also scatter 
undetectably, for example by inelastically knocking out neutrons 
from carbon nuclei or elastically scattering from carbon, in ways that 
change the neutron direction and energy. Monte Carlo simulation 
studies of single-neutron transport in the MINERvA detector show 
that the angle between the reconstructed and true neutron directions 

follows the sum of two exponential distributions, with 68% of the 
candidates within 12°.

Cross-section extraction
The CCE cross-section is measured in bins of Q2. Control samples, events 
with neutrons pointing away from the predicted direction, provide 
data-driven constraints on the background models as a function of 
Q2. The reconstructed neutron directions from the signal events cen-
tre around the predicted direction from the µ+ reconstruction with 
deviations due to the angular resolution. Additional nuclear effects 
alter the initial neutron directions when the neutron is produced by 
the charged-current quasi-elastic (CCQE) neutrino interaction on 
a bound proton in the carbon nucleus. Fermi motion in the carbon 
nucleus imparts each bound nucleon with a random initial momentum 
resulting in the neutron direction further deviating from the two-body 
calculation. Although the CCQE cross-section is a function of FA as well, 
measurements of electromagnetic form factors even in nuclei as light 
as 4He have shown that nuclear effects obscure the relationship and 
make extractions of FA from measurements CCQE on 12C (refs. 38–40) 
susceptible to uncertain nuclear physics. Additionally, multinucleon 
knockout, such as two-particle-two-hole (2p2h) reactions, and second-
ary interactions of outgoing neutrons before exiting the nucleus are 
also present in carbon. The latter phenomena, collectively termed the 
final-state interactions (FSI), can change the direction and energy of 
the neutron, and can produce additional final-state particles, includ-
ing pions produced through the excitation and subsequent decay of 
nucleons in the nucleus.

On the basis of the detected final-state particles, events are divided 
into those with only nucleons in the final state (QELike) and those with 
mesons present (non-QELike). Although the CCE signal is an exclusive 
subset of QELike, the carbon CCQE, 2p2h and resonant pion production 
events may experience FSI and land in either category. Both the signal 
and the background processes are simulated using a realistic Monte 
Carlo simulation of the detector based on the GEANT4 (ref. 41) simula-
tion toolkit. The input model for neutrino-nucleus interactions is based 
on GENIE42 with theory and data-driven modifications43–48. Finally, the 
Fermi gas initial state model used by GENIE has been reweighted into 
a spectral function (SF)49,50 for a more realistic description of nucleus 
initial states51.

Samples with predominantly QELike(non-QELike) events are selected 
by requiring ≤1(>1) energetic shower(s) in the detector. Each sample 
is subdivided according to the neutron candidates’ opening angles to 
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uncertainties at all Q2. Systematic uncertainties arise from the small 
remaining differences, due in part to the regularization, between the 
post-fit background prediction in each systematic variation of the 
input model. The dominant systematic uncertainties in this measure-
ment are the neutron secondary interaction in the detector (4.8%), the 
normalization in the CCQE cross-section (4.5%), the muon energy scale 
(4.2% from MINOS and 3.1% from MINERvA), the flux (3.9%), neutron 
FSI (approximately 3%) and the 2p2h process (2.3%).

Theory prediction of the measured cross-section requires input 
from the electromagnetic vector form factors, the axial form factor, 
the muon momentum and angle restrictions described above, and 
convolution between the free nucleon cross-section with the anti-
neutrino flux. The electromagnetic form factor used in this study 
assumes the BBBA2005 (ref. 31) parameterization. The axial form fac-
tor used by most neutrino experiments and generators36,42,49,57,58 
assumes a dipole form, F Q F Q M( ) = (0)(1 + / )A

2
A

2
A
2 −2, which is an approx-

imation derived from the Fourier transform of an exponential charge 
distribution. In this ansatz, the shape of FA depends only on the axial 
mass term MA. A more general form, consistent with QCD, is the z 
expansion formalism59, which maps the one-dimensional variable 
t = −Q2 onto a unit circle bounded by t m= 9cut π

2 , the threshold of 
three-pion production allowed by the axial current24:

∑
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The hydrogen cross-section is fitted using FA from the z expansion 
with t0 = −0.75 (GeV/c)2, k = 8max . t0 is chosen so that the Q2 bins with 
precise cross-section measurements are distributed symmetrically 
around z = 0. Small variations in t0 have no impact on the fit result. kmax 
was chosen to be as small as possible while still enabling the fit to 
describe the data, as tested by a χ2 statistic. The fit to data includes a 
bound on the higher order terms24, such that ∣ak/a0∣ ≲ 5 and, for k > 5, 
∣ak/a0∣ ≲ 25/k. This bound is treated as a Gaussian regularization term 

during the χ2 minimization process with a strength parameter λ.  
The optimal λ of 0.13 was determined by an L-curve study comparing 
the minimum χ2 separated into the comparison to the data and  
the regularization. The behaviour of FA at low Q2 is constrained by 
FA(0) = −1.2723 ± 0.0023, the axial vector coupling as measured in beta 
decay. A more detailed discussion of the fitting method can be found 
in the Methods.

The resulting cross-section fit (in red) is shown on the left of Fig. 4 as 
ratio to a predicted dipole cross-section with MA = 1.014 GeV/c2, together 
with the predicted cross-section using FA from the Meyer24 fit (in yellow) 
on deuterium data and a fit derived jointly from deuterium and pion 
electroproduction data (BBBA2007, in dotted blue)25. The resulting 
form factor as a ratio to the dipole form factor is shown on the right. 
The cross-section ratio scales approximately linearly with FA ratios due 
to suppression of the A term in equations (4) and (5). The nucleon axial 
radius from the fit to this result is r r≡ ' ( = 0.73(17) fmA A

2 .
This result is the first statistically significant measurement, as far as 

we are aware, of the axial vector form factor on free protons without 
nuclear corrections or other theoretical assumptions. Theoretical 
uncertainties from the carbon background have been minimized by 
data-driven methods. By providing a precise and reliable prediction 
for the charged-current elastic scattering from nucleons, neutrino 
measurements on higher Z nuclei can benefit from better constrained 
nucleon effects to expose the nuclear effects. The method developed 
in this study will enable future experiments with hydrogen content in 
the target18,19 to make further measurements of the axial form factor. 
Future experiments with intrinsic three-dimensional capability would 
be able to observe the directions of low-energy neutron candidates, 
and improve the low Q2 measurement with more statistics.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-022-05478-3.
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Fig. 4 | Ratios of data and fitted axial vector form factor to a dipole model. 
Left, ratios of cross-sections to dipole cross-section with MA = 1.014 GeV/c2.  
The inner error bars on the data points account for 1 standard deviation due to 
statistical uncertainty only, and the full error bars include all sources of 

systematic uncertainties. Right, ratios to the dipole form factor. The hydrogen 
(this work) and deuterium24 FA fits use the z expansion formalism; BBBA2007 
(ref. 25) uses a different empirical fit to deuterium and π-electroproduction 
data; whereas LQCD is a recent fit to lattice QCD calculations14.

Another possibility is
 but now 

the nucleon target is 
bound up in a nucleus, 
and the form factor is 
“renormalized”.

νμn → μ−p
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The Opportunity for CEBAF and SBS
A Fully Constrained Kinematic Measurement
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e−p → νen
• Precision electron beam on a liquid hydrogen target


• Detect the neutron: Energy and Time-of-Flight versus angle


• Suppress backgrounds: There are ≈six orders of magnitude 
to deal with, especially pion and electron backgrounds


• Key: The reaction only proceeds for left handed electrons
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Letter of Intent to PAC 52 (Summer 2024)

6

•A 500-hour data taking run with a beam on a 10-
cm-long LH2 target in Hall C.

•A 100 μA electron beam at 2.2 GeV energy with a 
high degree of circular polarization.

•A large acceptance magnetic spectrometer to 
veto events from the processes with the final 
state electron or pion.

•A large size high efficiency neutron detector with 
time resolution better than 100 ps at a distance of 
15 m from the target (75 msr).

•A magnet covering the neutron arm acceptance 
to sweep out charged particles.

Key Assumptions
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Kinematic Coverage versus Neutron Angle
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Rates and Backgrounds

8

Energy

Ra
te

Pion 
background

Signal

• 𝜃n=30°, 𝛥𝛺n=75msr, 15m from target


• Assume 100ps neutron TOF resolution

• Rate (signal) ≈ 23 per hour

• Rate (Pion background) ≈ 40K per hour

• Rate (ep Elastic) ≈ 4K per hour (tricks!)

☞ Expected result on signal cross 
section is (1.1±0.3)×10-39 cm2/sr

Final background subtraction done by 
flipping the electron polarization.
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Comments from PAC 52
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Issues: Overall, the proposal needs a more detailed description of the measurement itself, 
the associated theory, and the detector setup that will be used. A full simulation and 
description detailing the strategy for background rejection will be critical content for a 
full proposal.  
Summary: This LOI offers a unique opportunity to measure the axial-vector form factor 
(the least well-known nucleon form factor) in a very different manner than is commonly 
probed in neutrino scattering. Such a measurement is of considerable importance for 
accelerator-based neutrino oscillation experiments. The PAC encourages the proponents 
to proceed to a full proposal after the above issues are addressed. The PAC encourages 
the use of a full Monte Carlo simulation to assess detector performance, background 
levels, and systematic uncertainties. If this method of extracting the axial-vector form 
factor proves successful, the PAC notes that this could become part of a larger 
measurement campaign. In particular, a measurement of the Q2 dependence of the axial-
vector form factor would be of great interest to the neutrino scattering community.
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Next Steps
Inaugural collaboration meeting tomorrow (Sat 14 September)

• Strengthen background calculations for pion photo-
production and elastic electron scattering


• Design and prototype neutron detector for good position, 
energy, and time resolution


• Produce a full Monte Carlo simulation of all components 
and background sources


• Make formal proposal to PAC 53
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