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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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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
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What Measurements Currently Exist?
No direct measurements with constrained kinematics → Dipole fit

4

R4 Topical review
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Figure 1. Axial mass MA extractions. Left panel: from (quasi)elastic neutrino and antineutrino
scattering experiments. The weighted average is MA = 1.026 ± 0.021 GeV. Right panel: from
charged pion electroproduction experiments. The weighted average is MA = 1.069 ± 0.016 GeV.
Note that value for the MAMI experiment contains both the statistical and systematical uncertainty;
for other values the systematical errors were not explicitly given. The labels SP, DR, FPV and
BNR refer to different methods evaluating the corrections beyond the soft pion limit as explained
in the text.
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Figure 2. Experimental data for the normalized axial form factor extracted from pion
electroproduction experiments in the threshold region. Note that all results are shown for the
experiments where various theoretical models were used in the analysis to extract GA. For
orientation, the dashed curve shows a dipole fit with an axial mass MA = 1.1 GeV.

mass were determined from the slopes of the angle-integrated differential electroproduction
cross sections at threshold. The results of various measurements and theoretical approaches
are shown in the right panel of figure 1. We recall that [27, 38] were omitted from the fit
for lack of reasonable compatibility with the other results. In figure 2 we have collected the
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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:

∑

z Q t t
t Q t t

t Q t t

F Q a z

( , , ) =
+ − −

+ + −

( ) =

(8)

k

k

k
k

2
cut 0

cut
2

cut 0

cut
2

cut 0

A
2

=0

max

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.
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How Are We Going To Do It?

5

• 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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Schematic of the Experiment
• Signal from neutron time-of-flight 

and calorimetry


• Sweep magnet removes low energy 
charged particle backgrounds


• Existing GEMs and HCAL reject 
 and  elastic


• (Investigating “wide angle veto” to 
deal with  background)


• GEMs used for calibrating system 
with  elastic events

γp → π+n ep

γp → π+π0n

ep

6

Sweep 
magnet

TOF

NCAL

BeamLH2

Neutron arm

Veto arm
GEMs

HCAL

( )e/π
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Proposed Realization in Hall C at CEBAF

7

• E=2.2 GeV, 120𝜇A, P=85%


• 10cm LH2 target (pure; low D2)


• 𝜃n=48° so Q2 = 1GeV2


• Tn = 525 MeV, v/c=0.77

• 15m to TOF, 65 ns, 𝛥𝛺=75 msr


• Expect to get 𝜎TOF=100 ps


• 


•  GeV
θν = 30∘ = θe

Ee = 1.67
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Beam Structure

8
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Pulses separated by 2ns will lead 
to background from overlaps 

16ns

32ns

Discussions ongoing to achieve high current 
with large bunch spacing.
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The Neutron Arm (Schematic)

9

• New components to be 
constructed at JLab


• TOF based on CLAS12, 
11 x 140 =1540 bars 
(Not all are shown!)


• Expect 110 ps resolution 


• NCAL is 30m2, currently 
looking for options from 
some decommissioned 
experiments.
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Potential NCAL Option
The STAR Barrel Electromagnetic Calorimeter

10

Fig. 4. Side view of a STAR
EMC module showing the
mechanical assembly includ-
ing the compression compo-
nents and the rail mounting
system. Shown is the location
of the two layers of shower
maximum detector at a depth
of approximately from
the front face at

combination of 30 straps connecting the non-magnetic front and back-plates of a
calorimeter module, and a system of bolts and spring washers between the back
plate and the compression plate. An average internal pressure is created by this
compression system of approximately 15 . The stability of the calorimeter stack
is guaranteed in any orientation by friction between individual layers. All materials
in the stack are chosen to have suitable coefficients of friction.

Fig. 4 shows an end view of a module showing the mounting system and the com-
pression components.

4 The STAR BEMC Optical Structure

There are 21 active scintillating layers in the calorimeter. The material is Kuraray
SCSN81 (5 and 6 thick). Of these 21 layers, 19 are 5 thick and 2,
associated with the preshower detector, are 6 thick. The scintillator layers al-
ternate with 20 layers of 5 thick lead absorber plates. The plastic scintillator is
machined in the form of ’megatile’ sheets with 40 optically isolated ’tiles’ in each
layer. The layout of the 21 mega-tile sheet is illustrated in Fig. 2. The signal from
each scintillating tile is readout with a wavelength shifting (WLS) fiber embedded
in a ’ -groove’ that is machined in the tile. The optical isolation between individual
tiles in a given layer is achieved by machining 95% of the way through the scintil-
lator sheet and backfilling the resulting groove with opaque, silicon dioxide loaded

6

Fig. 2. Side view of
a calorimeter module
showing the projective
nature of the towers. The
21st mega-tile layer is
also shown in plan view.

by 293 long with an active depth of 23.5 plus about 6.6 in structural
plates (of which 1.9 lies in front of the detector). The modules are segmented
into 40 towers, 2 in and 20 in , with each tower subtending 0.05 in by 0.05
in . The full Barrel Calorimeter is thus physically segmented into a total of 4800
towers, each of which is projective, pointing back to the center of the interaction
diamond. Fig. 2 shows a schematic side view of a module illustrating the projective
nature of the towers in the -direction while Fig. 3 shows a photograph of the 0
end of a module after assembly, before the light-tight covers are put in place.

Fig. 3. Photograph of a BEMC
module taken near the 0
end showing the projective tow-
ers and the WLS fiber routing
pattern along the sides of the
module. The WLS fibers termi-
nate in 10 pin optical connectors
mounted along the back (top in
the photo) plate of the module.

The calorimeter is a sampling calorimeter, and the core of each module consists of
a lead-scintillator stack and shower maximum detectors situated approximately 5
radiation lengths from the front of the stack. There are 20 layers of 5 thick lead,
19 layers of 5 thick scintillator and 2 layers of 6 thick scintillator. The
latter, thicker scintillator layers are used in the preshower portion of the detector as
described below.

The core structure, the stack, is held together by compression that is applied by a

5

We would need to 
deal with the 
pointing geometry.


Alternating the 
modules can fix 
azimuthal, but we 
would need to live 
with rapidity 
segmentation.
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Simulations: FLUKA for Raw Neutron Yield
Remember: Reducing neutron backgrounds is the key to success

11
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Simulations: GEANT4 to Break it Down
Lots of different processes to investigate
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Estimated Sensitivity
Reaction cross section from calculation by Peter Kroll

• Recall E=2.2 GeV, 120𝜇A, P=85%, 10cm (active length) LH2 target


• Best current estimate of neutron detection efficiency is 25%


• Rate for  is 0.0022 Hz


• Best current estimate of background rate is 3.4 Hz. Dominant contribution is 
from  (after cuts), followed by Al  on target windows, but we 
still need to thoroughly research the double pion background.


• For a 50 day run, obtain 9.6K signal events and 14M background. This leads to 
a statistical uncertainty of 28% on .

p(e−, νe)n

p(γ, π+)n (e−, n)X

FA(Q2 = 1 GeV2)

13
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Summary
• There is plenty of interest in determining the axial vector form factor free from 

model uncertainties at at least one Q2 point.


• A direct, fully kinematically constrained measurement appears to be within 
reach at CEBAF, but it all hinges on beating down the background(s).


• We want to do a test run in Hall C with a prototype neutron detector to 
confirm background calculations, as well as neutron energy resolution and 
detector efficiency.


• The PAC 53 Meeting is coming up in July. We’ll see what feedback we get.


• A complete experiment, at multiple momentum transfers, would follow our 
successful demonstration of this principle.

14

Thank you!


