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How Are We Going To Do It?

4

• Detect the neutron from 

• Identify neutron using time-of-flight

• Minimize backgrounds from pion production, 

elastic , and other sources

• Subtract remaining background using data 

from right handed electrons 

⃗e−p → νe n

ep

Neutron TOF

Neg helicity

Pos helicity

The primary challenge is to reduce the 
backgrounds from electromagnetic 
processes (107 larger than our signal) 
so that background subtraction yields 
a statistically useful signal.

The idea has been around a while!
•LOI to PAC 1 (JN)  Not a typo! 
•LOI to PAC 25 (A Deur)

•LOI to PAC 52 (JN and BBW)

where  is the anomalous magnetic moment. As shown in Figure 1 [28], below Q
2 = 1 GeV2, the proton form factors

are well-described by the dipole form factor, GD(Q2),

GD(Q2) =
1

(1 +Q2/M2
V )

2 , (3)

where MV = 0.843 GeV and Q
2 is measured in GeV2. Ignoring relativistic e↵ects, the Fourier transform of GD gives

a spatial dipole distribution for the electric charge and magnetization.

FIG. 1. This figure shows a parameterization of world data for Gp
M/GD (left) and Gp

E/GD (right) [28]. Both are well-described
by the dipole form factor below Q2 = 1 GeV2.

C. Elastic Axial-Vector Form Factor

In this section we present the cross section and formalism used to study the proposed p(~e,n)⌫ reaction shown
in Figure 2. In contrast with the electromagnetic case, much less is known about the elastic axial-vector form
factor, FA(Q2), which contributes to the cross section for measurements where a charged, weakly-interacting boson
is exchanged.
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FIG. 2. The Feynman diagram of the reaction studied in this experiment, p(~e, n)⌫e. The kinematics are elastic with the
interaction mediated by the exchange of a W� boson.

P. Kroll [29] recently provided the formalism and cross-section formula for the reaction presented here. We define
the four-momenta of the incoming and outgoing proton and neutron as pi = pp, pf = pn, resp. We define the four-
momenta of the incoming and outgoing electron and neutrino as pe and p⌫ , resp. We will ignore the masses of the
leptons and define m as the nucleon mass. We assume the absence of second class currents and the validity of the
Partially Conserved Axial Vector Current (PCAC) hypothesis. We define � = pf � pi, and the relevant Mandelstam
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Physics Motivation

Jim Napolitano Hall C 13 Jan 2025Axial Vector Form Factor Proposal

What is the Axial Vector Form Factor?
Charged Weak Current Analog of the Electromagnetic FF’s

2

Vector Interaction
⟨p + q |Jμ

V |p⟩ = ū(p + q)[F1(q2)γμ + κ
2m

F2(q2)iσμνqν] u(p)

Axial-Vector Interaction
⟨p + q |Jμ

A |p⟩ = ū(p + q)[FA(q2)γμγ5 + FPS(q2)qμγ5] u(p)

Well measured at zero momentum transfer (beta decay).

Our goal is to measure  at finite momentum transfer.FA(q2)

You are very familiar with these form factors.

The only existing measurements use pion production with PCAC or 
neutrino reactions, but each have issues with precision of interpretation!
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Physics Motivation
• Similar to EMFFs, AVFF is also an essential QCD observable for nucleons
• An important test ground for many theoretical calculations (LQCD, Dyson-

Schwinger method…)

C. Chen and C.D. Roberts EPJA 58 (2022) 10, 206
A. Meyer, A. Walker-Loud, C. Wilkinson ARNPS. 72 (2022) 205-232
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Physics Motivation
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Why Do We Want to Measure It?
(Besides being another fundamental QCD observable!)

• Important input for DUNE and other high energy neutrino experiments

3

• New constraints on Generalized Parton Distributions

(Peter Kroll)

Experimentally one does not measure the Dirac and Pauli form factors di-
rectly but rather the Sachs form factors GM and GE which are related to the
Dirac and Pauli form factors by

GM = F1 + F2 , GE = F1 +
t

4m2
F2 . (14)

These relations also hold for each flavor separately.
The isovector axial form factor reads

F (3)
A (t) = F p

A(t)− F n
A(t) = F u

A(t)− F d
A(t) , (15)

where again an analog of (5) is used. The flavor axial form factors are related
to the lowest moment of the GPD H̃ [1]

F q
A(t) =

∫ 1

−1
dxH̃q(x, ξ, t)

=
∫ 1

0
dx
[
H̃q(x, ξ, t) + H̃q(−x, ξ, t)

]
. (16)

Since ( x > 0) [1]

H̃q(x, 0, 0) = ∆q(x) , H̃q(−x, 0, 0) = ∆q̄(x) (17)

the GPD combination appearing in (16) does not represent a valence-quark
combination as is the case for F1 and F2. However, since the quark GPD for
x < 0 is related to the antiquark GPD for x > 0 by

H̃q(−x, ξ, t) = H̃ q̄(x, ξ, t) , (18)

one can write

F (3)
A (t) =

∫ 1

0

[
H̃u

v (x, ξ, t)− H̃d
v (x, ξ, t)

]

+ 2
∫ 1

0

[
H̃ ū(x, ξ, t)− H̃ d̄(x, ξ, t)

]
. (19)

The first integral represents the contribution from valence quarks, the second
one from sea quarks. The latter is poorly known but probably small. In
particular for a flavor symmetric sea it is zero.

The value of F (3)
A at t = 0 is obtained from neutron beta decay. The PDG

average of these values is [3]

F (3)
A (0) = 1.2724± 0.0023 (20)

3

Valence quarks

Sea quarks (small)

(Aaron Meyer)

Comparison Summary
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Quasielastic FA(Q2) critical for success of accelerator neutrino oscillation experiments
Ongoing work to combine all sources of axial form factor constraint
Uncertainty historically underestimated by factor of 10 —

=∆ FA(Q2) at Q
2 = 1 GeV2 known at 20–25% level =∆ Tensions at > 50% level

Potential for high-impact tie-breaking result

Thank you for your attention!
Aaron S. Meyer Section: Concluding Remarks 29/ 29

Important constraints on LQCD 
calculations needed to untangle 
neutrino oscillations in DUNE.

(Even a 25% measurement 
helps a lot.)

dx

dx



6

How It Was Measured Before
• The natural way to measure FA(Q2) is neutrino scattering

Ø 𝜈𝐴 scattering
Ø 𝜈𝐷 bubble chamber experiments
Ø 𝜈𝑝 scattering using plastic scintillator

• Limitations:
1. Board range neutrino energy
2. Usually not a free proton (nuclear effect)
3. Large systematics
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FIG. 6. Results for GA(Q
2)/GA(0) for ⌫ � d scattering from bubble chamber experiments. Note that these authors use the

notation GA instead of FA for the axial vector form factor.

FIG. 7. This plot shows a wide range of values for the axial mass. A-J are experimental results while K-R are LQCD
calculations. Points in are red are extracted assuming a dipole form factor. Points in blue are extracted by measuring the slope
of FA obtained using the z-expansion.

3. Neutrino-proton elastic scattering in the MINERvA experiment

Recently the MINER⌫A collaboration published the first accurate measurement of ⌫-proton elastic scattering from
protons in CH (plastic scintillator) [5]. Their results are shown in Figures 8 and 9. Several features worth noting are
the broad range of Q2, the modeling that must be done to extract results with a QE-like signature in the presence of
many non-QE contributions, the disagreement with the model at both low and high Q

2, and the disagreement of the
data with data for a ‘free’ proton based on ⌫-d bubble chamber data.

4. The Axial-Vector Form Factor from pion electro-production

Pion electroproduction near threshold allows one to indirectly extract FA(Q2) [9–11], but the numerical value is
highly model-dependent and can be interpreted in di↵erent theoretical frameworks. The spread between the di↵erent
approximations and sets of data is sizable and should be considered as an intrinsic systematic uncertainty in the

15

𝜈𝐷 data
𝜈𝑝 scattering using CH

T. Cai et al. (MINERvA), Nature 614, 48 (2023)

Phys. Rev. D 93, 113015 (2016) 

1. Neutrino Quasi-elastic Scattering

Neutrino oscillation experiments rely on QE neutrino scattering from a wide range of nuclei for detecting neutrinos.
The relatively poor statistics of these measurements along with a variety of experimental uncertainties requires
comparison of data to Monte-Carlo simulations. The simulation relies on models of QE scattering using assumptions
about the free-nucleon axial vector form factor, FA, and poorly known nuclear corrections [35].

The majority of measurements have taken place in the last several decades using beams produced for neutrino
oscillation experiments. While these beams provide a relatively high neutrino flux, the energy distribution is poorly
known as they are produced in secondary processes. As an example, the MINER⌫A experiment at Fermilab created a
neutrino beam (NuMI) in a two-step process where protons with energy 120 GeV from the main injector are incident
on a carbon target producing, among other particles, pions and kaons [36].

These mesons are focused along the beam direction and eventually decay, producing a beam composed primarily
of ⌫µ. The flux and kinematic distribution of the beam must be simulated, see Figure 4. In Ref [37], neutrinos with a
broadband energy spectrum between 2-20 GeV, peaking at 3 GeV, were scattered from C, Fe and Pb and compared
to scattering from CH in the form of scintillator. The inelastic cross section ratio for lead to CH is shown in Figure 5,
where it is seen to deviate significantly from the Monte Carlo prediction.
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FIG. 4. This plot shows three simulated neutrino energy spectra from the NuMI beam for di↵erent focusing schemes. The data
in Figure 5 used the so-called “LE-10 focus”, peaking at 3 GeV. The solid line shows the expected spectrum if all mesons could
be focused precisely along the beam axis.

The neutrino flux is simulated using GEANT4 and the neutrino interactions in the detector are simulated using
the GENIE [38] event generator, described below. The paper states that an array of nuclear models was used for the
simulation, none of which is confirmed by the data. It further states that the failure of nuclear scaling models in the
large x region has profound implications for neutrino oscillation experiments that utilize QE events.

GENIE is a Monte-Carlo simulation used to model neutrino interactions, in particular for interpreting neutrino
events in oscillation experiments. It is pieced together from a range of models necessary to cover the broad kinematic
range from perturbative to non-perturbative pictures of the nucleon. The authors state that a fundamental problem
is the lack of data and that most simulations are tuned to ⌫-d bubble chamber data taken in the 70s and 80s. GENIE
models QE scattering using the standard cross section formalism, noting that the axial-vector form factor, FA, is the
sole unknown quantity. They chose to use a dipole form factor with its one free parameter, the axial mass.

For neutrino oscillation measurements, events are detected by neutrino interactions with nuclei. It is not possible to

13
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• Another model dependent method is pion eletroproduction near threshold
• Need to assume partially conserved Axial current model (PCAC)

• Results with large uncertainties, and disagree at high Q2
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FIG. 10. Data for GA(Q
2)/GA(0) from pion electro-production. Note that these authors use the notation GA instead of FA

for the axial vector form factor. Figure is from Ref. [35].

I. Lattice QCD Calculations

A summary of recent lattice QCD (LQCD) work relevant to ⌫A scattering is presented in Ref. [1]. Here we
paraphrase the authors. Calculations of neutrino-nucleus cross sections begin with the neutrino-nucleon interaction,
making the latter critically important to flagship neutrino oscillation experiments, despite limited measurements
with poor statistics. The presence of multiple interaction channels and the addition of nuclear e↵ects significantly
complicates the analysis of data and gives rise to a major source of uncertainty. Recent LQCD results for FA, with
quantifiable theoretical uncertainties, are consistent with each other, but collectively disagree with a fit to the ⌫-d
bubble chamber results. See Figure 11. A significant challenge toward a theoretical description of ⌫A scattering is
the lack of data with which to benchmark parts of the calculation. Given the challenge to benchmark ⌫A QE cross
section models, scientists have relied heavily on sparse data from early bubble chamber experiments on hydrogen and
deuterium.

LQCD calculations are in good agreement with the precisely measured axial coupling, gA = FA(0), with one group
achieving a sub-percent agreement [1].

J. Dyson-Schwinger Calculation

Calculations presented in Ref. [24] are using a Poincaré-covariant quark+diquark Faddeev equation and related
symmetry-preserving weak interaction current. It has parameter-free predictions for the nucleon axial-vector form
factor, FA(Q2), provides a detailed analysis of the flavor separation of the proton FA into contributions from valence
u and d quarks, and with available form factors, validates the predicted roles of non-pointlike quark+quark (diquark)
correlations within the nucleon. The results of FA calculations based on the Dyson-Schwinger method are shown in
Fig. 12 taken from the Ref. [24].

K. Summary of Physics Motivation

Existing measurements of FA have come from quasi-elastic reactions with neutrinos, pion electroproduction and a
recent ⌫-p measurement by the MINER⌫A collaboration. Due to the nature of the neutrino beams, the kinematics
of the reactions are not well-known and the statistics are poor. Results from pion electroproduction are model-
dependent. While neutrino scattering from nuclei provides useful data on the nature of neutrino interactions used
in large-scale neutrino detectors, extracting information on FA for a free proton requires poorly understood nuclear
corrections and final-state interactions. There are three primary physics motivations for the measurement proposed

17

FIG. 8. This plots shows measured data (black points) from the MINER⌫A experiment. Note the broad range in Q2. The
red shaded band is the prediction from Monte-Carlo simulations. The curves represent the estimated contributions to the
Monte-Carlo from elastic and inelastic scattering processes. The dashed green line is the estimated elastic ⌫-p contribution.

FIG. 9. This plot shows the ratios of various form factor results to the dipole form factor. The red curve is a fit to the
recent MINER⌫A proton data; a z expansion formalism fit to deuterium (bubble chamber data) is shown in orange; blue is an
empirical fit to deuterium and pion electro-production data; the black curve is a fit to recent lattice QCD calculations. Note
the poor agreement of the MINER⌫A data with the early deuteron data and the decent agreement with LQCD calculations.

extraction of the form factor [35]. Data from this method are shown in Figure 10.

16

T. Cai et al. (MINERvA), Nature 614, 48 (2023)Phys. Rev. C 101, 025501 (2020) 

How It Was Measured Before
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Experimental Concept
• Is it possible to measure this using electron beam?

Ø free proton target, no nuclear effect
Ø no model dependency
Ø high precision lepton beam, compared to neutirno beam

• No hope in detecting the neutrino obviously, but we can still capture the neutron

• Reaction kinematic close to elastic ep kinematic, that means at a given scattering 
angle:

• Neutron kinetic energy is fixed
• Neutron from this reaction has the largest kinetic energy

• For neutrons of interested, recon ebeam should equal beam energy
• Nice and easy!

where  is the anomalous magnetic moment. As shown in Figure 1 [28], below Q
2 = 1 GeV2, the proton form factors

are well-described by the dipole form factor, GD(Q2),

GD(Q2) =
1

(1 +Q2/M2
V )

2 , (3)

where MV = 0.843 GeV and Q
2 is measured in GeV2. Ignoring relativistic e↵ects, the Fourier transform of GD gives

a spatial dipole distribution for the electric charge and magnetization.

FIG. 1. This figure shows a parameterization of world data for Gp
M/GD (left) and Gp

E/GD (right) [28]. Both are well-described
by the dipole form factor below Q2 = 1 GeV2.

C. Elastic Axial-Vector Form Factor

In this section we present the cross section and formalism used to study the proposed p(~e,n)⌫ reaction shown
in Figure 2. In contrast with the electromagnetic case, much less is known about the elastic axial-vector form
factor, FA(Q2), which contributes to the cross section for measurements where a charged, weakly-interacting boson
is exchanged.

pp
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e�

n

⌫e

FIG. 2. The Feynman diagram of the reaction studied in this experiment, p(~e, n)⌫e. The kinematics are elastic with the
interaction mediated by the exchange of a W� boson.

P. Kroll [29] recently provided the formalism and cross-section formula for the reaction presented here. We define
the four-momenta of the incoming and outgoing proton and neutron as pi = pp, pf = pn, resp. We define the four-
momenta of the incoming and outgoing electron and neutrino as pe and p⌫ , resp. We will ignore the masses of the
leptons and define m as the nucleon mass. We assume the absence of second class currents and the validity of the
Partially Conserved Axial Vector Current (PCAC) hypothesis. We define � = pf � pi, and the relevant Mandelstam

9

FIG. 13. Event spectrum vs. the reconstructed energy minus the beam energy. Figure is taken from Ref. [43].

(maximum photon energy). An example of such a spectrum is shown in Fig.13, taken from Ref. [43]. Missing mass
reconstruction can also be used for selection of exclusive processes when only one particle in the final state is detected.

The equation below shows how the incident energy, Erec
beam, is reconstructed for the case of an elastic reaction like

p(~e, n)⌫e.

E
rec
beam =

En � (M2
p +M

2
n)/2Mp

1 + (Pn cos ✓n � En)/Mp
, (28)

where En and Pn are the neutron energy and 3-momentum determined from the time-of-flight, ✓n is the neutron
recoil angle, and Mn and Mp are the neutron and proton masses, resp. The main background process in the proposed
experiment is single pion photo-production. For background events, the E

rec
beam calculated using the formula above is

reduced by 43 MeV due to the pion mass (m⇡) contribution as shown in the equation below:

E
rec
beam =

En � (M2
p +M

2
n)/2Mp +m

2
⇡/2Mp

1 + (Pn cos ✓n � En)/Mp
. (29)

Due to the large distance from the target to the detector (15 m), and a high time-of-flight resolution of 100 ps,
the full energy of the produced neutron will be measured with accuracy 3.2 MeV or 0.2% (for a point target). The
angular resolution will also be very good, about 1 mrad. From these parameters we calculated that the incident
energy reconstruction accuracy will be on the order of 18 MeV, or 1%. The extended target length (10 cm) leads to
a significant increase of the time of flight uncertainty (up to 125 ps) and angular resolutions (up to 2 mrad).

The resulting resolution of the reconstructed beam energy is 23 MeV. For determination of the
p(~e, n)⌫e cross section, we will select events within a 1.4 sigma range at the end-point (from -0.7 sigma to +0.7 sigma)
where 50% of the signal events will be located. At the same time, the background processes leaking into this range
are strongly suppressed due to the reconstruction accuracy of the incident particle energy.

C. Kinematical parameters of the proposed experiment

The beam energy will be 2.2 GeV with high longitudinal polarization. We assume that beam polarization Pb = 85%.
The lab-frame kinematics for elastic scattering are shown in Table I.

21
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Experimental Concept
• In reality this is quite difficult…

• Charge current cross section:

• Meanwhile, background rates from other channels:

• Elastic ep cross section:

• Pion electro and photo-production rate (𝑒𝑝→
	
𝑒𝜋$𝑛, γ𝑝→

	
𝜋$𝑛, 

𝑒𝑝→
	
𝑒𝜋$𝜋%𝑛…), should be even higher than elastic ep

• What about aluminum cell window, quasi-elastic en, pion production in Al? 

VI. CROSS SECTION AND EVENT RATE OF THE SIGNAL AND BACKGROUND REACTIONS

This section provides the estimated rates of the p(~e, n)⌫e reaction and several processes expected to be essential
in the proposed measurement. The list of background processes includes elastic and quasi-elastic electron scattering
from proton and neutron, pion photo-production, and photo disintegration of p-n pairs. These estimates are accurate
to the 20% level and are useful for comparison with the Monte Carlo results. The expected background rates were
cross-checked by simulation using Geant4 and FLUKA codes, presented in section VIII.

A. Axial-Vector Form Factor from p(~e, n)⌫e process

The rate of the p(~e, n)⌫e process for this proposal was obtained in two independent calculations. The first one was
made for this proposal by J. Golak. The second one was made with a code written according to P. Kroll’s note, see
Sec. IV-C. Both calculations found that for a 2.2 GeV electron beam energy, and neutrino production angle of 30�,
the cross section, averaged over beam polarization, is:

d�

d⌦⌫,lab
|e+p!⌫+n = 1.35 ⇥ 10�39 cm2

/sr (30)

For the proposed neutron detector (the equivalent solid angle for the neutrino is 50 msr) and 10-cm-long LH2 target
with 120 µA beam (the luminosity is 3.1 ⇥ 1038 Hz/cm2), the rate, averaged over two polarizations of the beam, is
0.021 Hz.

The cross section has several contributions and it varies close to linearly with FA, so the relative accuracy for the
Axial-Vector Form Factor is the same as for the cross section.

B. Elastic e-p process

The cross section was calculated from the Rosenbluth formula with the form factors from Ref. [47]. For 2.2 GeV
electron beam energy and an electron scattering angle of 30�, the cross section is:

d�

d⌦lab
|e+p!e+p = 1.4 ⇥ 10�32 cm2

/sr (31)

For the proposed detector and luminosity (3.1 ⇥ 10
38

Hz/cm
2) the rate of e-p events is 223 kHz. The sweeper

magnet will remove those primary protons from the acceptance of the neutron arm. However, via charge exchange
interactions [48] of the protons in the target side wall (0.20 mm of Al), neutrons will be produced. The Al window of
the scattering chamber (0.25 mm) and the air between that window and the sweeper magnet (1 m) also contribute.
The combined weight of these three items is 0.25 g/cm2. The charge exchange cross section is about 140 mb/GeV2 for
the forward angles at 500 MeV proton energy [49]. Using the solid angle of the neutron arm of 70 msr, we estimated a
cross section of 0.7 mb, and the neutron rate is estimated to be 8.5 Hz. Most of these events (98+%) will be rejected
because the scattered electron produces a large signal in the veto arm. In addition, those neutrons obtain an angular
spread of up to 4�, giving a wide distribution in the reconstructed beam energy. Estimation shows that less than 15%
of these events will be within the 32 MeV region at the end-point in the reconstructed beam energy. This will bring
the rate of background neutron events from e-p scattering below 0.02 Hz.

C. Quasi-elastic electron scattering from Al windows

The cross section for e-p quasi-elastic scattering is 1.5⇥10�32 cm2
/sr and for e-n quasi-elastic scattering it is about

0.53 ⇥ 10�32 cm2
/sr. For two Al target windows with a combined thickness of 0.24 mm, the rate of quasi-elastic

events from for e-p scattering is about 12.5 kHz and the rate from e-n is about 4.9 kHz. The veto arm e�ciency for
rejection of neutrons in these events will be on the level of 75+%, even for a wide angular correlation between the
scattered electron and recoil nucleon (due to the nucleon Fermi motion), due to the solid angle covered by HCAL
(0.4 steradian). A 150-cm thick tungsten collimator will stop all protons and will also reduce the flux of high energy
neutrons. We found from FLUKA-based calculations that the reduction factor is about 200.

The energy distribution of the scattered electron has a large width which, for our kinematics, is about 500 MeV,
see e.g. Ref. [50]. The recoil neutron also has a similar variation in its kinetic energy. The width of the distribution
in the reconstructed beam energy is of order ±600 MeV. The background rate after the cut on the 32 MeV region at
the end-point will be on the order of 0.22 Hz.
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VI. CROSS SECTION AND EVENT RATE OF THE SIGNAL AND BACKGROUND REACTIONS

This section provides the estimated rates of the p(~e, n)⌫e reaction and several processes expected to be essential
in the proposed measurement. The list of background processes includes elastic and quasi-elastic electron scattering
from proton and neutron, pion photo-production, and photo disintegration of p-n pairs. These estimates are accurate
to the 20% level and are useful for comparison with the Monte Carlo results. The expected background rates were
cross-checked by simulation using Geant4 and FLUKA codes, presented in section VIII.

A. Axial-Vector Form Factor from p(~e, n)⌫e process

The rate of the p(~e, n)⌫e process for this proposal was obtained in two independent calculations. The first one was
made for this proposal by J. Golak. The second one was made with a code written according to P. Kroll’s note, see
Sec. IV-C. Both calculations found that for a 2.2 GeV electron beam energy, and neutrino production angle of 30�,
the cross section, averaged over beam polarization, is:

d�

d⌦⌫,lab
|e+p!⌫+n = 1.35 ⇥ 10�39 cm2

/sr (30)

For the proposed neutron detector (the equivalent solid angle for the neutrino is 50 msr) and 10-cm-long LH2 target
with 120 µA beam (the luminosity is 3.1 ⇥ 1038 Hz/cm2), the rate, averaged over two polarizations of the beam, is
0.021 Hz.

The cross section has several contributions and it varies close to linearly with FA, so the relative accuracy for the
Axial-Vector Form Factor is the same as for the cross section.

B. Elastic e-p process

The cross section was calculated from the Rosenbluth formula with the form factors from Ref. [47]. For 2.2 GeV
electron beam energy and an electron scattering angle of 30�, the cross section is:

d�

d⌦lab
|e+p!e+p = 1.4 ⇥ 10�32 cm2

/sr (31)

For the proposed detector and luminosity (3.1 ⇥ 10
38

Hz/cm
2) the rate of e-p events is 223 kHz. The sweeper

magnet will remove those primary protons from the acceptance of the neutron arm. However, via charge exchange
interactions [48] of the protons in the target side wall (0.20 mm of Al), neutrons will be produced. The Al window of
the scattering chamber (0.25 mm) and the air between that window and the sweeper magnet (1 m) also contribute.
The combined weight of these three items is 0.25 g/cm2. The charge exchange cross section is about 140 mb/GeV2 for
the forward angles at 500 MeV proton energy [49]. Using the solid angle of the neutron arm of 70 msr, we estimated a
cross section of 0.7 mb, and the neutron rate is estimated to be 8.5 Hz. Most of these events (98+%) will be rejected
because the scattered electron produces a large signal in the veto arm. In addition, those neutrons obtain an angular
spread of up to 4�, giving a wide distribution in the reconstructed beam energy. Estimation shows that less than 15%
of these events will be within the 32 MeV region at the end-point in the reconstructed beam energy. This will bring
the rate of background neutron events from e-p scattering below 0.02 Hz.

C. Quasi-elastic electron scattering from Al windows

The cross section for e-p quasi-elastic scattering is 1.5⇥10�32 cm2
/sr and for e-n quasi-elastic scattering it is about

0.53 ⇥ 10�32 cm2
/sr. For two Al target windows with a combined thickness of 0.24 mm, the rate of quasi-elastic

events from for e-p scattering is about 12.5 kHz and the rate from e-n is about 4.9 kHz. The veto arm e�ciency for
rejection of neutrons in these events will be on the level of 75+%, even for a wide angular correlation between the
scattered electron and recoil nucleon (due to the nucleon Fermi motion), due to the solid angle covered by HCAL
(0.4 steradian). A 150-cm thick tungsten collimator will stop all protons and will also reduce the flux of high energy
neutrons. We found from FLUKA-based calculations that the reduction factor is about 200.

The energy distribution of the scattered electron has a large width which, for our kinematics, is about 500 MeV,
see e.g. Ref. [50]. The recoil neutron also has a similar variation in its kinetic energy. The width of the distribution
in the reconstructed beam energy is of order ±600 MeV. The background rate after the cut on the 32 MeV region at
the end-point will be on the order of 0.22 Hz.
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Experimental Concept
1. Need to measure the neutron angle and kinetic energy with high precision!

Ø Neutron time-of-flight, can reach about 1% resolution for T with 100ps resolution, 
possible! (BAND detector in Hall B JLab)

Ø Hadronic calorimeter, resolution ~50%/sqrt(E), used for suppress low E bg.

2. Need large acc. veto detector (0.4 sr) to reject backgrounds (pion production, 
elastic ep…)
Ø p and e are co-planer, with constrained kinematics
Ø for neutrons from pion production, n and π are also co-planer, with constrained kinematics

3. Need carefully designed shielding to block Al windows
4. Only left handed e can produce signal!

Jim Napolitano Hall C 13 Jan 2025Axial Vector Form Factor Proposal

How Are We Going To Do It?

4

• Detect the neutron from 

• Identify neutron using time-of-flight

• Minimize backgrounds from pion production, 

elastic , and other sources

• Subtract remaining background using data 

from right handed electrons 

⃗e−p → νe n

ep

Neutron TOF

Neg helicity

Pos helicity

The primary challenge is to reduce the 
backgrounds from electromagnetic 
processes (107 larger than our signal) 
so that background subtraction yields 
a statistically useful signal.

The idea has been around a while!
•LOI to PAC 1 (JN)  Not a typo! 
•LOI to PAC 25 (A Deur)

•LOI to PAC 52 (JN and BBW)
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Experimental Setup

Proposed detector system in Hall C

10

1. Neutron arm – Sweeper magnet, Time-of-Flight + Calorimeter 

2. Veto arm – Calorimeter + GEM tracker (for calibration)

3. 15 meters from target to detector => 65 ns with 100 ps resolution

4. TOF to NCal 2.5 m distance for the beam bunch identification

7/22/25
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Geant4 model of the detector system
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Experimental Setup
• Neutron arm:

Ø Center at 48°
Ø Sweeper magnet
Ø 1540 6cm x 6cm x 200cm long scintillator bars for nTof
Ø Large NCal 2.5m downstream of nTof

• Veto arm
Ø Center at 30°
Ø Used as veto detector to reject elastic and pion 

production events
Ø Calorimeter HCal
Ø GEM trackers (only for calibration)

• LH2 target:
Ø 25cm long LH2 with 10cm active
Ø Al cell, windows 150um each
Ø W shielding, block cell windows 
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Using NCal + TOF to Determine Beam Bunch
• JLab beam has bunch interval, 2ns, 4ns, 8ns, 16ns…
• How do we know what bunch the neutron is coming from?

Ø n we want to detect arrives at ~65ns (T = 529MeV)
Ø at 8ns later, the neutron still has ~350MeV, 16ns later still ~250MeV…
Ø ~60% energy resolution of calorimetry cannot reject events from out-of-time bunches!

Ø Solution: move NCal 2.5m downstream, and measure beta using TOF and NCal
Ø Preliminary estimation: efficiency ~25%

VII. EXPERIMENTAL SETUP

A. Overview

The experiment will be installed in Hall C using the geometry as shown in Figure 14. The 25-cm-long liquid
hydrogen target, at a pivot located 7.2 m downstream of the main pivot, will be used along with tungsten collimators
limiting the visible target length to 10 cm, which is needed to provide the necessary timing resolution. The collimation
also suppresses events produced in the Al windows of the liquid hydrogen cell.

We will be detecting neutrons from the elastic weak CC interaction, referred to here as “primary neutrons”, in the
presence of two dominant background processes: 1) recoil protons from elastic p(~e,p)e0 scattering and 2) neutrons
from pion photo-production. The rates from these backgrounds are 107 � 108 times larger than the rate from primary
neutrons. The experiment will use two spectrometers, referred to as the neutron arm and veto arm. The 120 µA
beam will have energy of 2.2 GeV and high longitudinal polarization. It will be delivered in bunches, each 2 ps wide,
every 8 ns.

The neutron arm includes a sweeper magnet with a vertical magnetic field located at a distance of 1.5 m from the
target at an angle of 48� on the beam-right side. Elastic recoil protons and all other charged particles will be swept
o↵ the acceptance of the neutron detector.

The neutron detector package includes a time-of-flight detector, TOF, at a distance of 15 m from the target. The
TOF is made of a stack of 6 cm x 6 cm x 200 cm scintillator bars used for determination of the time-of-flight and hit
location. This is followed by a well-segmented neutron calorimeter, NCAL, at a distance of 17.5 m from the target.
Neutron hits in TOF and NCAL are separated by 2-2.5 m, which allows us to find the speed of the primary neutron
to 3% accuracy and identify the beam bunch. The main purpose of NCAL is to provide a Level-0 trigger by detecting
events above 100 MeV that are correlated with a beam bunch.

The veto arm includes eight layers of GEM chambers and the Hadron Calorimeter (HCAL) to veto background
events by detecting recoil electrons (e-n events) and pions (⇡-n events). The calorimeter front face will be at a distance
of 4 m from the target. The total solid angle of the veto arm is 0.4 steradian, which is essential for e↵ective vetoing
of the background. The detectors of SBS already exist and were used in the SBS form factor program in Hall A. This
arm will also be used for calibration of TOF and NCAL by detecting scattered electrons in coincidence with protons
in NCAL (sweeper magnet o↵) from the elastic e-p reaction. The veto arm will be located at an angle of 30� on the
beam-left side.

FIG. 14. Hall C design for the AVFF experiment.
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Simulation Comparison between G4 And FLUKA

• Geant4 produce about ~2 times 
more neutron background from 
LH2 than FLUKA

• 10 times more neutrons from 
aluminum

• Currently in progress of 
resolving this discrepancy

• Taking the G4 rate for 
conservative estimate for now 0 0.2 0.4 0.6 0.8 1 1.2
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SimulationPhoto-production reactions
Pion rates and MC predictions
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50 days of data taking, 10 cm LH2, 120 µA
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Fit function has three components:
1. Signal (gaussian shape)
2. Background (gaussian tail) 
3. Background (linear)
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Geant4-based MC results
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50 days of data taking, 120 µA

(N- - N+)  bin-by-bin analysis

Signal = 19k +/- 6.5k events  

fit range

Neutrino signal
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Simulation
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Projected conservative result and potential improvements

On accuracy of the result
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1. Presented projection is based on 100 ps time resolution and also conservative
simulation which has 2x larger background than FLUKA provided.
If FLUKA prediction is correct the result will have 1.4 times better statistical accuracy

2.   Time resolution < 50 ps (ATLAS, …, development at INFN, BNL, JLab for EIC)
                 with such resolution the result will have ~25% accuracy 

we used MA=1.08 GeV
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Simulation

Current conservative estimate (Geant4 rate + 100ps time reso.)
Projected result
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Event type Rate Hz, all cuts 
310 MeV range

Total 
events 

Asymmetry 
events

Accuracy, 
contr. frac

p(e,n)u 0.0044 19k 1.0
L + S 0.23 1M ~0.03 0.06

p+ + n 34.5 150M < 10-6 < 0.01
Detector syst. efficiency, DW, ... 0.05

Statistics 0.34
Stat. + syst. 0.35
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FA/FA,Dipole = 1 ± 0.34(stat) ± 0.08(syst) at Q2 = 1 (GeV/c)2

50 days of data taking, 10 cm LH2, 120 µA
Geant4 rate + 50ps time reso., 25% accuracy

• Assume 50 PAC days of data taking, with 10cm active LH2 target and 120 uA current
• Current conservative estimate gives overall 35% uncertainty
• Time resolution < 50ps possible quite possible (detector development at USTC, CERN, 

INFN, JLAB, EIC…), gives 25% accuracy
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Summary
• A ”new” method to measure axial form factor using polarized electron beam

Ø Free proton target, no nuclear effect
Ø no model dependency
Ø high precision lepton beam, compared to neutirno beam

• Projected result: 34% statistical uncertainty + 5% systematic uncertainty, 
with 50 PAC days running at 120uA @ 2.2 GeV at JLab

• Still working on various potential improvements (and problems)
• Uncertainty largely dominated by pion production background (single and multi pions)
• Geant4 gives significantly more neutrons than FLUKA, need beam test for 

background measurement
• Optimization of collimators, target cell, TOF, and neutron efficiency

• Further improvement quite possible!
• Essential to have short test run for neutron bg rate and time reso.
• Any suggestion and ideas are very welcomed, thank you for your attention!



Backup
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Particle rate on TOF

• Sweeper magnet
Ø 1Tm, 2m tall aperture
Ø Sweep away charged particles

• Simulation shooting 2.2GeV 
electron beam at target

• Particle flux measured in front of 
TOF and NCal

• Significant reduction of particle 
rate at high energy region with 
magnet turned on
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