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Precision measurements of antineutrino elastic scattering on hydrogen from future neutrino experiments
offer a unique opportunity to access the low-energy structure of protons and neutrons. We discuss the
determination of the nucleon axial-vector form factor and radius from antineutrino interactions on
hydrogen that can be collected at the future Long-Baseline Neutrino Facility and study the sources of
theoretical and experimental uncertainties. The projected accuracy would improve existing measurements
by 1 order of magnitude and be competitive with contemporary lattice-QCD determinations, potentially
helping to resolve the corresponding tension with measurements from (anti)neutrino elastic scattering on
deuterium. We find that the current knowledge of the nucleon vector form factors could be one of the
dominant sources of uncertainty. We also evaluate the constraints that can be simultaneously obtained on

the absolute D, flux normalization.
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Introduction. Elastic lepton-nucleon scattering probes the
distribution of charge, magnetization, spin, and isospin
within protons and neutrons, via the corresponding form
factors. The combined information obtained from electron,
muon, and (anti)neutrino scattering data can provide fun-
damental insights to understand the hadronic structure of
free nucleons. Such studies are a required input for the
modeling of lepton-nucleus interactions, as well as for our
understanding of modifications to nucleon properties within
nuclei.

In the approximation of one exchanged boson, elastic
lepton-nucleon scattering is fully characterized by the
nucleon form factors. Electromagnetic interactions are
described by two form factors, Dirac and Pauli or,
equivalently, electric and magnetic, which can be extracted
from experimental data [1-15], from model calculations
[16-36], or from matrix elements of quark currents on the
lattice [37-52]. The charged-current elastic neutrino-
neutron and antineutrino-proton processes require two
additional form factors: axial-vector and induced pseudo-
scalar. In modern and future neutrino experiments [53-76],
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the contribution from the induced pseudoscalar form factor
is suppressed by the charged lepton mass for electron and
muon flavors and can be well approximated by the
partially conserved axial current ansatz in the assumption
of pion pole dominance [77-81]. Conversely, the axial-
vector form factor provides substantial contributions to
(anti)neutrino scattering cross sections, making it a critical
element for precision measurements of (anti)neutrino-
nucleon interactions and neutrino oscillation parameters
in long-baseline experiments.

Precision measurements of antineutrino-proton elastic
scattering in hydrogen can concurrently offer a valuable
tool to address some of the limitations of high-energy
neutrino scattering experiments using nuclear targets
[82,83]. Events with small energy transfer allow the deter-
mination of the shape of the 7, flux as a function of energy
with an accuracy of ~1% in conventional wideband beams,
while events at small momentum transfer Q> — 0 can be
used to extract the absolute 7, flux normalization [84].
Elastic antineutrino-proton interactions can help to calibrate
the reconstructed antineutrino energy and to constrain the
corresponding systematic uncertainties arising from nuclear
smearing, via a comparison with similar interactions from
nuclear targets [83,85]. Given the absence of a physical
neutron target and the sizable nuclear effects in the deuteron,
antineutrino-proton scattering is also a valuable probe of
neutrino-neutron elastic processes via isospin symmetry.

Existing measurements of the nucleon axial-vector form
factor from (anti)neutrino elastic scattering are scarce.
Most determinations were obtained by bubble chamber
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experiments on a deuterium target [86—90] and suffer from
the limited statistics and a somewhat inconsistent treatment
of systematic uncertainties. Tensions have been observed
between deuterium measurements and several lattice-QCD
determinations of the nucleon axial-vector form factor [91].
We note that both experimental measurements and nuclear
models indicate that bound nucleons are modified by the
nuclear environment in the deuteron [92-99] and such
modifications play an important role in the form factor
extraction from the deuterium data [100]. A recent meas-
urement was obtained from antineutrino scattering on the
hydrogen atoms within a plastic scintillator (CH) target
[101], with a statistics significantly higher than the bubble
chamber data. The total uncertainty of this measurement is
too large to resolve the observed differences between
deuterium and lattice-QCD fits [102].

Future measurements of (anti)neutrino interactions
on free protons using the ‘“solid” hydrogen technique
[82,83,103] can provide high-statistics samples with com-
mensurate systematics. The interactions on free protons are
obtained from a model-independent subtraction between
measurements on multiple thin—about 1.5% of radiation
length—graphite (C) and polypropylene (CH,) targets
alternated within a low-density detector (< 0.18 g/cm?)
allowing an accurate characterization of the various event
topologies. The selection of antineutrino-hydrogen elastic
interactions was studied [84,103] in the context of the
intense beam planned at the Long-Baseline Neutrino
Facility (LBNF) [69,104]. In this work, we investigate
the corresponding physics opportunities for the determina-
tion of the nucleon axial-vector form factor and the axial-
vector radius. In particular, we discuss the expected sources
of uncertainty and compare the results with the existing
measurements and theoretical predictions. We also evaluate
the constraints that can be simultaneously obtained on the
absolute 7, flux normalization.

Analysis framework. In order to study the uncertainties in
the extraction of the nucleon axial-vector form factor F,
and axial-vector radius r4, we generate the cross section for
antineutrino elastic scattering events on hydrogen with the
vector form factors (VFFs) from Ref. [105]1 and the axial-
vector form factor from Ref. [100]. Recall the well-known
decomposition [77]

d Gz|V 4> M?
s (B @) = L 6t a 0)
v 2, VO, Q%)
T O e W

'We use the default fit “iso (1 GeV?)” from Ref. [105]. Similar
results are obtained using an alternate fit including higher-Q? data
“iso (3 GeV?).”

where = Q?/(4M?), r, = m;/(2M), M is the nucleon
mass, m, is the charged lepton mass, and E,, is the neutrino
energy. The multiplicative factors are the Fermi coupling
constant Gg and the Cabibbo-Kobayashi-Maskawa matrix
element V,,. In the approximation of one exchanged
boson, the structure-dependent parameters A, B, and C
are expressed in terms of the nucleon electric G}, magnetic
GY,, axial-vector F 4, and pseudoscalar Fp form factors as

A= T(GX,I)z - (GE)Z + (1 +7)F% - @((GL)Z

(Fy+2Fp)? —4(1 +1)F§,), 2)
B = 41F G, (3)
c:T(GL)2+ (Gg)2+(1+r)F3,. 4)

We evaluate the corresponding cross section in bins of the
momentum transfer Q* = —(k;, — k,+)*, with k;, and k-
being the momenta of the incoming antineutrino and the
outgoing muon, respectively.

Predicted event rates are obtained by integrating the
cross section in Eq. (1) over the antineutrino flux spectrum
expected at the LBNF from Ref. [106]. Following
Ref. [84], we use 30 bins with a bin size of 0.05 up to
1.5 GeV? and for each bin we assign the corresponding
projected statistical and systematic uncertainties. The latter
include the effect of the 7, flux shape, momentum scale,
and angle reconstruction. As default, we consider a total
exposure equivalent to 5.5 x 102! protons on target (POT),
with a detector based on a straw tube tracker and an
integrated solid hydrogen target with a fiducial H mass of
about 700 kg. A similar detector will be part of the near
detector complex of the Deep Underground Neutrino
Experiment (DUNE) [107].

We perform a fit to the generated Q? distributions by
fixing the nucleon vector form factors to the values from
Ref. [105]. The axial-vector form factor is expressed in
terms of a z expansion as

kmux
FA(Q%) =) az(0M,
k=0
V Ty +Q2_\/tcu =1
2(Q%) = T —— (5)
V Teut + Q + A feut — o
with the parameters #, = —028 and . = 9m’ =

0.1764 GeV?. The normalization is defined by g, =
Zii}‘) a,z(0)k. Perturbative QCD behavior at large Q2
[108,109] (i.e., F4 ~ 1/Q* up to logarithms) implies four
sum rules [100,110,111],
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kmax

D k(k=1)...(k=n+ la;, =0.

k=n

n=0123. (6)

We consider initially only the information from the shape
of the Q? distribution, by fixing the corresponding integral
to unity in the fit. The normalization of the axial-vector
form factor is set to g4, = —1.2723 [100]. We employ
Gaussian bounds on all z-expansion coefficients: |a;| . =
S|ag| for k = 0...kp. As a default, we truncate the z
expansion of the nucleon axial-vector form factor after
knax = 8 and vary the four free parameters a;, a,, a3, ay,
following the common practice of Refs. [100,105]. This
choice in the number of free parameters is motivated by
the observation that |z]°> is bounded by 0.31% in the
range 0 < Q% < 1.5 GeV?, which is below the expected
experimental accuracy of the data we are considering. For
comparison, we also truncate the z expansion after k,,, =7
(three free parameters) and k,,,, = 9 (five free parameters).
The axial-vector radius r, is given by the conventional
definition,

6 dF,(Q%)
Fu(0) dO* g )

2
g =-

Results and discussion. We begin by evaluating the
achievable precision for the axial-vector form factor and
radius in a fit to the shape of the normalized and flux-
averaged Q? distribution. We then consider an enlarged fit
to simultaneously constrain the absolute 7, flux and the
axial-vector form factor.

Shape-only fits. We first study the impact of the projected
experimental and theoretical systematic uncertainties. To
this end, we consider the experimental systematic uncer-
tainties from Ref. [84] and initially assume infinite sta-
tistics. Figure 1 summarizes the outcome of fits under
different model assumptions. Neglecting the uncertainties
on the nucleon vector form factors results in rather stringent
constraints on the nucleon axial-vector form factor. We
obtain comparable uncertainties on F4 using Eq. (5) with
three, four, and five free parameters.

Once we include uncertainties from current knowledge
of the vector form factors [105], we observe a significant
increase in the uncertainty on the extracted values of F,.
As illustrated in Fig. 1, the error contribution from nucleon
electromagnetic form factors is dominant over experi-
mental systematics and represents an irreducible model
uncertainty at present. In view of this uncertainty (with a
dominant contribution from the magnetic form factor, cf.
also the tension in the proton magnetic form factor after the
high-precision measurements by the Al Collaboration
[3.4,105,112]), improved experimental and lattice-QCD
determinations of the nucleon electromagnetic form factors
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107 5
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FIG. 1. Projected systematic uncertainty on the nucleon axial-

vector form factor obtained from antineutrino elastic scattering on
hydrogen at the future DUNE/LBNF [84], compared with the
current knowledge from deuterium bubble chamber data [100].
Data with Q% < 1.5 GeV? are included in the fit and results are
displayed for three, four, or five free parameters (k,x = 7, 8, or
9, respectively) in the z expansion of F,. Also shown are
uncertainties from the vector form factors [105], computed with
four free parameters (k,x = 8).

will have an important role to play in the determination
of the axial-vector form factor from future antineutrino-
hydrogen elastic scattering data.

We verify the convergence and the stability of our results
by varying both the range of momentum transfer included
in the fit and the number of the z-expansion terms
considered. Figure 2 shows that the uncertainty on the

------------ vector form factors
0.015 - === 3-parameter fit
4-parameter fit
= 1 = S-parameter fit
=
=
< 0.010
0.005 T T
0.5 1.0
Q2. [GeV?]

FIG. 2. Uncertainty on the nucleon axial-vector radius as a
function of the upper cutoff in the fitted range of the Q
distribution. The event samples are simulated using cross
sections and form factors from the analysis framework section,
and only systematic uncertainties are considered (infinite
statistics). Results are shown for a y*> minimization with three,
four, and five free parameters (k. =7, 8, and 9) in the z
expansion of the axial-vector form factor. Also shown are
uncertainties from the nucleon vector form factors, computed
with four free parameters (k;,x = 8).
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nucleon axial-vector radius r, is roughly independent from
the chosen Q7 range once the upper cutoff is Q2>
0.75 GeV?. For definiteness, we select 02, = 1.0 GeV?
in the remainder of the paper when evaluating r, uncer-
tainties. The small difference obtained from the three-,
four-, and five-parameter fits indicates an adequate con-
vergence in the z-parameter series. Our results are also
stable against the number of Q2 bins considered: we do not
find appreciable effects by increasing that number from
30 to 60.

We estimate the impact of radiative corrections by
including the corresponding uncertainty from the hadronic
model of Refs. [113,114] in our fit with fixed vector form
factors. Although radiative corrections are significant and
must be included in the analysis of current and future
experimental data, we find that their uncertainty is sub-
dominant for the determination of the axial-vector form
factor using muon antineutrinos. At the projected precision
in Fig. 1, QCD isospin-violating effects for the relation
between (anti)neutrino and electron scattering should also
be considered in the analysis.

Having evaluated the relevant sources of systematic
uncertainties, we consider the data that could be realisti-
cally collected from different exposures at the intense
LBNF antineutrino beam. Figure 3 shows the total uncer-
tainty on the nucleon axial-vector radius, including both
statistical and systematic uncertainties, achievable as a
function of the exposure, expressed in terms of the number
of protons on target. A comparison with the values in Fig. 2
indicates that the measurement will be statistics dominated
up to exposures of about 3 x 10>' POT. For longer
exposures, theoretical and experimental systematics start
to play a significant role. In the following, we will evaluate
the projected results for the axial-vector form factor and

0.030 0 —
EA Uk statistics only
1 ‘: ------ — statistics @ exp. systematics
0.025 \\-,_ ~~~~~~~~~~~ vector form factors
E ]
= 0.020
S
0.015
- Se S
0.010 T I ! I T I T = l‘ f I T I T
0 1 2 3 4 5 6 7
POT [10%']
FIG. 3. Total uncertainty on the nucleon axial-vector radius as a

function of the LBNF beam exposure. It originates from three
sources of errors. The statistical uncertainty is added in quad-
rature to the systematic uncertainties from the experimental
measurement and from the vector form factors.

radius assuming an integrated exposure of 5.5 x 10?! POT,
which is expected to be achieved in about 3.5 yr.

Table 1 summarizes the projected uncertainty on the
nucleon axial-vector radius under different assumptions.
We consider separately the effect of the expected statistical
and systematic uncertainties, as well as the one of their
combination in quadrature. We also show the effect of
including the uncertainty from the current knowledge of the
vector form factors (second column).

Fits including absolute flux normalization. The determi-
nation of the axial-vector form factor and radius relies on
the shape of the measured Q7 distribution and is therefore
largely insensitive to the overall normalization of the data
samples. For this reason, we fixed the corresponding
integral to unity in the fits described above. However,
the additional information from the overall data normali-
zation can be used to constrain the value of the absolute 7,
flux. Since the cross section for elastic 7, p — ' n process
on hydrogen is fully defined by the neutron  decay with a
precision < 1% in the limit Q? — 0, the integral of the
incoming 7, flux can be directly determined from the
number of events at small momentum transfer Q% <
0.05 GeV? [84]. Rather than explicitly selecting a
low-Q? sample, we extract the absolute flux simultane-
ously with the axial-vector form factor by expressing the
overall data normalization in terms of the event rate at zero
momentum transfer. Technically, we introduce the relative
normalization f as an additional fit parameter with its prior
Of and modify the covariance matrix [117] by adding a
common relative systematic normalization uncertainty on
for all bins,2

covyj = [5,~,~5r i0rj + (5'1)2] N{NE, (8)

§2= Z (Ngen _foit)i(COV—l)ij <Ngen _foit> '

J

binsi,j
k
max & ) (f _ 1)2
+2(Ga) ®)

where N¥" and N! are the numbers of events generated
and calculated in the ith bin, and 6r; is the corresponding
relative uncertainty. The dominant normalization error
affecting the determination of the absolute 7, flux is
expected to arise from the calibration of the neutron
detection efficiency [84,103], from the detector response,
and from the event reconstruction. In order to understand
the constraints realistically achievable on the absolute flux

*Fits in the section “Shape-only fits” correspond to setting
on =0 and f =1 in Egs. (8) and (9).
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TABLE 1. Projected uncertainties on the nucleon axial-vector radius from antineutrino elastic scattering on
hydrogen at the future DUNE/LBNF with a beam exposure of 5.5 x 10! POT and various combinations of
statistical and systematic uncertainties. Results are obtained with Q2. = 1.0 GeV? and k,,, =8 in all
determinations. Uncertainties are compared with existing measurements, as well as with recent lattice-QCD
determinations (LQCD). The constraints simultaneously extracted on the absolute 7, flux normalization with prior
flux uncertainty 5% are also shown. The corresponding values are found to be independent from the bin-to-bin

PHYS. REV. D 109, L051301 (2024)

uncertainties considered.

No. VFFs With VFFs 1% norm. 2% norm. 5% norm.
error error [105] Syst. Syst. syst.
ory (fm)
Systematics only 0.008 0.014 0.016 0.016 0.016
Statistics only 0.010 0.015 0.019 0.019 0.019
Statistics @ systematics 0.012 0.016 0.022 0.022 0.022
vD (dipole) [115] 0.017
eN — eN'’ (dipole) [115] 0.010
Muon capture [116] 0.180
vD (z expansion) [100] 0.160
UH (z expansion) [101] 0.170
RQCD (LQCD) [47] 0.065
ETMC (LQCD) [49] 0.038
NME (LQCD) [50] 0.047
Mainz (LQCD) [51] 0.053
PNDME (LQCD) [52] 0.049
of (%)
Statistics @ systematics 1.1 1.9 3.5

and the related requirements in terms of experimental
systematics, we evaluate the impact of total systematic
uncertainties én of 1%, 2%, and 5% on the overall
normalization and set the prior flux uncertainty as
O0f = 5%. Results are summarized in Table 1. As expected,
the integral of the 7, flux can be extracted with an accuracy
largely defined by the normalization systematics, while
the r, determination is largely insensitive to the corre-
sponding flux uncertainty. With normalization systematics
<2%, it seems feasible to constrain the absolute 7, flux
below 1.9%.

In Table I, we compare our projected uncertainty for
r4 with other available determinations from neutrino-
deuterium [100,115], antineutrino-hydrogen [101], muon
capture [116], and pion electroproduction [115] data, as
well as from lattice QCD [47,49-52]. In the latter case, we
have combined the various sources of uncertainties in
quadrature. Although for completeness we also include
older results based on the dipole functional form [115], the
z expansion is generally considered to provide more
realistic uncertainties by reducing the functional bias.
Figure 4 summarizes the comparisons among the various
determinations of the nucleon axial-vector radius. Figure 5
shows the projected total uncertainties for the (anti)neutrino
charged-current elastic cross section on free nucleons,
compared with current cross section knowledge as given
by the form factors in the analysis framework section.

Summary and outlook. The next generation of accelerator-
based neutrino oscillation experiments will put strong
constraints on the electroweak structure of nucleons and
nuclei. New precision measurements of antineutrino elastic
scattering on hydrogen can significantly improve our
understanding of the axial-vector contributions, which

vD (dipole) ot
eN - eN' (dipole) io

muon capture } .
vD (zexp.) ! °
VH (z exp.) C o
ETMC (LQCD)
RQCD (LQCD)
DUNE vH (z exp.) o

1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v
0 0.1 02 03 04 05 06 07 038
r3 [fm?]

FIG. 4. Comparison of existing measurements of the nucleon
axial-vector radius squared with the least uncertain [49] and most
uncertain [47] lattice-QCD estimates and the projected sensitivity
at the future DUNE/LBNF for 5.5 x 10?! POT. The latter is
displayed with an arbitrary central value rf, = 0.4 fm?. For
completeness, we also include in the top part the results obtained
from fits with the dipole functional form, which is known to
underestimate the uncertainties.
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Projected uncertainty on neutrino-nucleon cross sections with DUNE/LBNF for 5.5 x 102! POT, including statistical,

systematic, and vector form factor uncertainty, compared with current cross section knowledge.

are currently less well known than the vector ones. In
particular, high-statistics data are expected to be collected
in DUNE using the solid hydrogen technique, with
improved experimental systematics and a more accurate
knowledge of the (anti)neutrino fluxes. With such
improved neutrino scattering data, we find that the vector
form factors can become a leading source of systematic
uncertainty in the determination of the nucleon axial-vector
form factor, with a dominant error from the magnetic form
factor G},. Using modern constraints from electron-proton
scattering data, muonic hydrogen spectroscopy, and neu-
tron radius determinations, the nucleon axial-vector radius
can be extracted with a precision of ~0.016 fm from the
shape of the measured Q? distribution. The absolute v, flux
can also be simultaneously constrained from the overall
normalization in the limit Q% — 0.

The accuracy of future measurements could constrain not
only the axial-vector but also the vector form factors of the
nucleon. To this end, combined fits of antineutrino-hydro-
gen, electron-proton, and electron-deuteron scattering data
would allow an improved knowledge of the vector form
factors, as well as a precision test of the isospin symmetry
relations between electromagnetic and electroweak inter-
actions. However, future precision studies will require
consideration of subleading effects contributing to anti-
neutrino-hydrogen scattering at the level of the projected
uncertainties. QED radiative corrections [113,114] are
expected to be significant and must be applied to the
experimental data; the model uncertainties of radiative
corrections are found to be negligible in the determination
of the nucleon axial-vector radius. QCD isospin-violating
effects [118-121] for the relation between (anti)neutrino
and electron scattering form factors should be further
investigated and included in the analyses.

Future precision measurements of antineutrino elastic
scattering on hydrogen in DUNE can improve the current
understanding of the unpolarized single-nucleon cross
section by an order of magnitude, cf. Fig. 5. As summa-
rized in Fig. 4, DUNE will be able to probe the nucleon

axial-vector radius with an order of magnitude better
precision compared to previous experimental determina-
tions. Interestingly, the projected accuracy will be below
the one obtained from recent lattice-QCD studies, offering
an opportunity to resolve the reported tension [91] with
respect to (anti)neutrino scattering measurements. The
projected accuracy will also allow a test of the isospin
symmetry of the nucleon vector form factors [120] relating
electron scattering data to the (anti)neutrino charged-
current process and will allow new constraints to be placed
on physics beyond the Standard Model [122].

Mathematica [123], MINUIT [124], and DataGraph [125]
were extremely useful in this work.
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