NUCLEAR THEORY, Vol. 42 (2025)
eds. M. Gaidarov, N. Minkov, Heron Press, Sofia

Progress on Constraining the Strange Quark
Contribution to the Proton Axial Form Factor

S.F. Pate', V. Papavassiliou', J.P. Schaub', D.P. Trujillo',
M.V. lvanov?, M.B. Barbaro®*, C. Giusti®

'New Mexico State University, Las Cruces, New Mexico, 88003, USA
2Institute for Nuclear Research and Nuclear Energy,

Bulgarian Academy of Sciences, Sofia 1784, Bulgaria
3Universita degli Studi di Torino, Turin, Italy
“stituto Nazionale di Fisica Nucleare, Sezione di Torino, Italy
SIstituto Nazionale di Fisica Nucleare, Sezione di Pavia, Italy

Abstract. We report on a global fit of neutral-current elastic (NCE) neutrino-
scattering data and parity-violating electron-scattering (PVES) data with the
goal of determining the strange quark contribution to the vector and axial form
factors of the proton. Knowledge of the strangeness contribution to the axial
form factor, G%, (Qz), at low Q2 will reveal the strange quark contribution to the
nucleon spin, as Gi,(Q2 = 0) = As. Previous fits [1,2] of this form included
data from a variety of PVES experiments (PVA4, HAPPEx, GO, SAMPLE) and
the NCE neutrino and anti-neutrino data from BNL E734. These fits did not
constrain G (Q?) at low Q2 very well because there was no NCE data for
Q* < 0.45 GeV>. Our new fit includes for the first time MiniBooNE NCE data
from both neutrino and anti-neutrino scattering; this experiment used a hydro-
carbon target and so a model of the neutrino interaction with the carbon nucleus
was required. Three different nuclear models have been employed; a relativistic
Fermi gas (RFG) model, the SuperScaling Approximation (SuSA) model, and
a spectral function (SF) model [3]. We find a tremendous improvement in the
constraint of G (Q?) at low Q? compared to previous work, although more
data is needed from NCE measurements that focus on exclusive single-proton
final states, for example from MicroBooNE [4]. This work has been published
in Physical Review D [5].

1 Physics Motivation

The axial form factor of the proton G 4 (Q?) is the leading contributor to the in-
teractions of neutrinos with matter, just as the electric and magnetic form factors
are the leading contributors to the interactions of electrons with matter. It may
be written as a sum over contributions from individual quarks.

Ga(Q?) = 5 [-GA(Q%) + G4(Q%) + G2(Q%)] -

N =
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The up-down part,
GA7(QY) = -GA(Q") + GA(QY)

is very well-known from decades of study of charged-current (CC) interactions,
for example v,, +n — p+pandn — p + e~ + U.. The strange part,

GA(Q%)

by contrast is only directly accessible via neutral-current (NC) interactions, for
example v + p — v + p, for which there is very little data compared to CC
interactions. We have still only limited information about G% (Q?).

In practical models of neutrino interactions, it is necessary to create some
form for G% (Q?). Two common ingredients are found in these models:

e Itis assumed that the Q%-dependence of G% (Q?) is the same as GG (Q?),
that is a dipole form using an “axial mass” M 4 taken from studies of CC
data. But there is no physics underlying this assumption.

e The value of G%(Q?) at Q% = 0 is the strange quark contribution to
the proton spin, usually called As. A value for As from polarized deep-
inelastic scattering data is then taken for use in the model. However, there
is no agreed upon value for As from pDIS data; values range anywhere
from 0.0 to -0.2. This results in a big uncertainty in the modeling.

Our goal here is to determine both the *-dependence of G (Q?) and the value
of As directly from elastic electron and neutrino scattering data.
There is quite a broad physics interest in the value of As. A few examples:

e Some searches for dark-matter particles depend upon a knowledge of As

[6].

e Lattice QCD calculates As to be very small, e.g. As = —0.031(17) [7]
and As = —0.024(15) [8]. This requires experimental verification.

e Simulations of supernovae are sensitive to the value of As [9].

e Atomic parity-violating measurements on hydrogen are sensitive to As
[10].

Our approach will be to determine simultaneously the strange quark contri-
bution to the electric, magnetic and axial form factors (G%(Q?), G5,(Q?), and
G% (Q?) respectively) by combining data from neutrino neutral current elas-
tic scattering (NCES) and parity-violating electron scattering (PVES). This was
first done in [11] by combining BNL E734 NCES data with HAPPEx PVES
data at Q? = 0.477 GeV?2. This analysis was expanded [1] to include points
in the range 0.55 < Q% < 1.05 GeV? when the GO PVES data became avail-
able. Other analyses focused only on the PVES data and extracted only G%,(Q?)
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Figure 1. Independent determinations of the strangeness form factors of the nucleon using
subsets of existing experimental data: Liu et al. (green squares) [12]; Androi¢ et al. (blue
triangles) [13]; Baunack et al. (red squares) [14]; Pate et al. (open circles use HAPPEx
and E734 data, and closed circles use GO-Forward and E734 data) [1]. This selection of
results is representative and not intended to be exhaustive.

and G5,(Q?). The results of these various analyses are summarized in Fig-
ure 1. We observe that the strange quark contribution to the electric and mag-
netic form factors, G%(Q?) and G5,(Q?), are consistent with zero throughout
the range 0.0 < @* < 1.1 GeV2. On the other hand, G (Q?) has a definite
QQ%-dependence, trending negative with decreasing Q2.

2 Description of the Method

To make progress with the determination of these form factors, we need to tran-
sition from determining the form factors at local values of Q? to a global fit that
uses all of the data points. This means we need parametrized functional forms
for G5 (Q?), G5,(Q?), and G5 (Q?). Based on the results seen in Figure 1, we
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have chosen very simple, zeroth-order forms for G%(Q?) and G5,(Q?).

GSE(QZ) = PsT, T:Q2/4M27 G?VI(QQ) = HMs,

where p; is the strangeness radius, and p is the strangeness contribution to the
magnetic moment. By contrast, the data on G, shows a definite Q*-dependence,
and for this form factor we have chosen to use two different 3-parameter models.

e The Modified-Dipole Model: The expression used for the strangeness ax-

ial form factor is )
G As+ S2Q

41+ QA%

where As is the strange quark contribution to the proton spin, and S 4 and
A 4 are parameters describing the (Q?-dependence of G%. This shape is
referred to as a “modified-dipole” because of its similarity to the usual
dipole shapes used to model other form factors.

e The z-Expansion Model: The modified-dipole model comes with a bias
with respect to the Q*-dependence of G%. The “z-expansion” technique
[15, 16] allows for a bias-free model because it is simply a power series,
and the fit seeks to determine the coefficients of the series. The power
series is of the form

GH@) =Y ar [:(@Y)]"
k=0

where Q? has been mapped onto the variable z as follows:

Z(Q2 tcut tO) — V tcut + Q2 -V tcut - tO )
V tcut + Q2 + V tcut - tO

Note that |z| < 1. The parameter ¢, is determined by the threshold of the
relevant current, which in the case of the isoscalar axial current is t., =
(4m)?%. (As an example, the lightest decay mode of the f;(1285) meson,
with I8(JPC) = 07 (1+7), is four pions.) The parameter ¢ is arbitrary, and
can be adjusted to make the convergence of the series more rapid, but we
have chosen simply to use to = 0; this has the consequence that ag = As.
Of course it is necessary to cut off the sum over k, and we have limited
it to kmax = 6. This would imply seven parameters for the description
of G¥;. However, due to the fact that the form factor should behave like
1/Q* at large values of 2, we have the following four conditions:

ar .
EGA =0 TL:O,I,Q,?).

z=1

This allows us to reduce the number of independent parameters from seven
down to three: ag, a1, and as.
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Figure 2. NCES and PVES data available for this analysis technique. We use MiniBooNE
data in the range 0.1 < Q2 < 1.1 GeV?; there are then 128 data points in total.

Figure 2 illustrates the wide range of neutrino-scattering and electron-scattering
data we will use in our analysis. In order to incorporate the MiniBooNE ex-
periment, which used a hydrocarbon-based target/detector system, a model was
needed for the neutrino-carbon interaction. We used three such models:

e Relativistic Fermi Gas (RFG): The carbon nucleus is described by a Fermi
momentum kr based on electron scattering data; the nucleons are plane
waves constrained by the Pauli principle.

e SuperScaling Approximation (SuSA): Scaling behavior of (e, e’) data are
used to predict NC and CC neutrino-scattering cross sections.
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e Spectral Function (SF): A spectral function S(p, £) based on (e, e’) data
has been used to better describe single-nucleon removal.

Using the three nuclear models for carbon, and the two models for the strangeness
form factors, we performed 6 distinct fits. In each fit, the five form factor param-
eters were varied to find the minimum Y2, and the behavior of the x2 near the
minimum was used to determine the uncertainties in the parameters. The com-
plete results are described in great detail in our publication [5]. In these proceed-
ings we will simply illustrate in Figure 3 the effect of adding the MiniBooNE
data to this analysis. It is seen that the constraint on the low-Q? behavior of
G%(Q?) is greatly improved by the introduction of the MiniBooNE data, while
there is little change to the other form factors G%(Q?) and G5,(Q?).
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Figure 3. An illustration of the effect of the introduction of the MiniBooNE neutral
current data into our global fit. The data points are the same as in Fig. 1. The black solid
line is the central value for the modified-dipole fit not using the MiniBooNE data. The red
solid line includes the MiniBooNE data using the spectral function nuclear model. The
dashed lines represent the 70% confidence limit for each fit. As mentioned in the text,
the vector form factors fit is only slightly affected by the introduction of the MiniBooNE
data, while the constraints on the axial form factor are greatly improved.
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Figure 4. Comparison between our fits and the NC scattering data from MiniBooNE [17,
18], showing the cross sections from both the neutrino and antineutrino measurements.
All three fits shown use the z-expansion model for G%. The red line shows the results
of the fit using the RFG nuclear model, the blue line shows the result using the SuSA
nuclear model, and the black line is with the SF nuclear model. In all three cases the
results for RFG (red) and SF (black) are very similar to each other and the lines almost
overlap. Fit results using instead the modified-dipole model for G% produce very similar
results to those shown here.

In Figure 4 is an illustration of the quality of our calculations for the Mini-
BooNE cross sections, illustrating all three nuclear models; the z-expansion
model is used for G%;. We tend to under predict the cross section in the region
0.3 — 0.6 GeV2. An important ingredient, which is missing in the present mod-
els, is the contribution of two-body currents, which can lead to the excitation of
2p2h states. These contributions are not quasi-elastic, but they do contribute to
the experimental signal represented in Fig. 4 and should be included in the cal-
culation. In principle two-body currents could affect not only the cross sections
but also the p/n ratios because of the isospin dependence of the current operator.
However, while several calculations are now available for the 2p2h contribution
to CC reactions, the corresponding calculations for NC scattering are very rare.

3 Conclusion

We have performed a global fit of parity-violating electron-scattering data from
the HAPPEx, SAMPLE, GO and PVA4 experiments and of neutral-current elas-
tic scattering data from the BNL E734 and Fermilab MiniBooNE experiments, a
total of 128 data points in the momentum transfer range 0.1 < Q% < 1.1 GeV?,
using two models for the strangeness form factors G, G4, and G*, and using
three nuclear models to describe the interaction of neutrinos with the hydrocar-

9



S.E Pate et al.

bon target used in MiniBooNE. Our fits are in very good agreement with this
collection of data, with x2/ndf ~ 1.1-1.2 for all fits.

Depending on the model, we show a slightly negative value of the strangeness
radius p, but also consistent with zero, and a slightly positive value for the
strangeness magnetic moment ps also consistent with zero; we note this out-
come is slightly at odds with other workers, for example Ref. [19], who do not
include neutrino NC scattering data into their fitting data set. To quantify our
conclusion that ps; and s are consistent with zero, we have taken p;, = 0 and
s = 0 to be null hypotheses and then used our fit results for these quantities
to calculate a corresponding p-value for each. For the null hypothesis p;, = 0
we find a p-value of 0.83; for the null hypothesis ;1s = 0 we find a p-value of
0.42. These large p-values do not recommend a rejection of either of these null
hypotheses.

The inclusion of the MiniBooNE neutral current data into the dataset has
greatly improved the constraints on the strangeness axial form factor G*, but
still we cannot report a definite value for As on the basis of these fits. We can
expect that a more refined model including two-body currents (which is cur-
rently not available but can hopefully become available in the future) would give
a better description of the experimental NC cross section and might be helpful
for an improved determination of the strange axial form factor, but presumably
it should not change the main finding of our paper that the inclusion of the Mini-
BooNE neutral current data into the dataset greatly improves the constraints on
G*,. Primarily, exclusive NCES data from proton interactions at low 2 are still
needed for a complete determination of G¥, and we look forward to that data
from MicroBooNE [4] in the near future.
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