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Abstract: We present a determination of the neutral current weak axial charge GZA(0) =

−0.654(3)stat(5)sys using the strange quark axial charge GsA(0) calculated with lattice

QCD. We then perform a phenomenological analysis, where we combine the strange

quark electromagnetic form factor from lattice QCD with (anti)neutrino-nucleon scat-

tering differential cross section from MiniBooNE experiments in a momentum transfer

region 0.24 . Q2 . 0.71 GeV2 to determine the neutral current weak axial form fac-

tor GZA(Q2) in the range of 0 . Q2 ≤ 1 GeV2. This yields a phenomenological value

of GZA(0) = −0.687(89)stat(40)sys. The value of GZA(0) constrained by the lattice QCD

calculation of GsA(0), when compared to its phenomenological determination, provides a

significant improvement in precision and accuracy and can be used to provide a constraint

on the fit to GZA(Q2) for Q2 > 0. This constrained fit leads to an unambiguous determi-

nation of (anti)neutrino-nucleon neutral current elastic scattering differential cross section

near Q2 = 0 and can play an important role in numerically isolating nuclear effects in

this region. We show a consistent description of GZA(Q2) obtained from the (anti)neutrino-

nucleon scattering cross section data requires a nonzero contribution of the strange quark

electromagnetic form factor. We demonstrate the robustness of our analysis by providing

a post-diction of the BNL E734 experimental data.
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1 Introduction

Precision measurements of various matrix elements associated with (anti)neutrino-nucleon

(ν̄)ν−N scattering can directly impact a wide variety of physical processes. These include

an understanding of solar neutrino [1–3] and atmospheric [4–6] neutrino oscillations, three

non-vanishing mixing angles [7, 8] resulting in a phase-violating CP asymmetry leading to

matter-antimatter asymmetry in the universe in the three-neutrino framework, dynamics of

neutron-rich core-collapse supernovae [9, 10], axial-vector structure of the nucleon, strange

quark (s-quark) contribution GsA(0) ≡ ∆s to the proton spin, and non-standard interactions

leading to beyond-the-standard-model physics [11]. One such matrix element is the neutral

current weak axial charge GZA(0) and the corresponding momentum-dependent form factor

GZA(Q2), arising through the exchange of a neutral Z0 boson between the lepton and quarks.

In parity-violating ~e − p scattering experiments, the axial coupling to the nucleon,

which is accessible through the parity-violating asymmetry, contains contributions beyond

the tree-level Z0 boson exchange. These contributions are important because in parity-

violating scattering, the neutral weak axial form factor corresponding to this tree-level Z0

boson exchange is suppressed by the weak charge of proton (1 − 4 sin2 θW) � 1, where

θW is the Weinberg angle. In consequence, radiative corrections can have substantial

contributions at higher orders of the strong coupling αs [12, 13], and these contributions

are poorly constrained by theory. Moreover, in parity-violating ~e−p scattering experiments

at forward angles, the neutral current weak axial form factor is suppressed by an additional

kinematic factor, while the values of GZA(0) and GZA(Q2) are not sufficiently constrained

from these experiments at backward angles [14–18]. For example, in the most recent

determination [19] of the weak charge Qweak of the proton, the effective weak axial charge

GZ,eff
A (0) = −0.59(34) was determined using theoretical constraints from ref. [12]. The

analysis [19] incorporated a dipole form [20] for the isovector G
Z(T=1)
A (Q2) = [GZ,pA (Q2)−

GZ,nA (Q2)]/2 and isoscalar G
Z(T=0)
A (Q2) = [GZ,pA (Q2) + GZ,nA (Q2)]/2 form factors where

the superscripts p and n stand for proton and neutron, respectively. In contrast, the
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(anti)neutrino-nucleon (ν)ν−N neutral current scattering process can be a perfect tool to

extract GZA(Q2) without these ambiguities of higher order radiative corrections in αs and

corrections associated with coherent strong interactions between intermediate particles,

therefore serving as a complimentary tool to isolate the higher-order radiative corrections

involved in the effective value of GZ,eff
A (Q2) in parity-violating ~e−p scattering experiments.

Unlike charged-current quasi-elastic (CCQE) scattering which is sensitive only to the

isovector current, neutral current elastic (ν)ν −N scattering is sensitive both to isoscalar

and isovector weak currents. In the absence of a precise knowledge of GsA(Q2), the undeter-

mined GZA(Q2) is typically eliminated from the (ν)ν −N neutral current elastic scattering

data analysis by employing a value for GsA(0) determined from differing model assumptions

or global analyses and a dipole form [20] with the dipole mass MA,dip obtained from the

neutrino-nucleon CCQE scattering data analysis of isovector axial form factor GCCA (Q2).

The major goal of this paper is to determine the neutral current weak axial charge

GZA(0) using first-principles lattice QCD, and then obtain its Q2-dependent form factor

constrained using this charge. We will demonstrate why a precise knowledge of GZA(Q2) is

vital for the interpretation of neutrino scattering experiments, and show that the strange

quark contribution to nucleon electromagnetic form factors cannot be ignored if we are to

obtain a consistent value of GZA(Q2) from current ν and ν neutral-current scattering data.

At the very lowest energies, far below that considered here, the first example of coherent

elastic neutrino-nucleus scattering has recently been observed [21]. However, because of the

nuclear effects and other possible systematics associated with the published MiniBooNE

data [22, 23] for (ν)ν −N neutral-current elastic-scattering differential cross sections, and

their use in the kinematic region 0.24 . Q2 . 0.71 GeV2 for our determination of GZA(Q2),

we give post-dictions for the BNL E734 experiment [24, 25] differential cross sections as

a sanity check of the GZA(Q2 > 0) extracted in this analysis. Finally, we show how the

first-principles value for GZA(0), and the GZA(Q2) that we obtain, might provide a means to

expose and numerically quantify the Pauli blocking effect and the binding energy of the

carbon nucleus responsible for the fall-off of the differential cross section in the low-energy

region Q2 . 0.15 GeV2, and reinforces the need for a complete first-principles calculation

of the weak neutral-current axial vector form factor.

2 Determination of neutral current weak axial form factor

An accurate determination of the (ν)ν interaction with a free nucleon is vital to investigate

nuclear effects in (ν)ν-nucleus scattering, and the effects of various nuclear model inputs

in the Monte-Carlo event generator of the scattering processes, and is needed to perform a

comparison with the Standard Model physics. Along with the challenge of reconstructing

the incoming neutrino beam energy Eν , these modern experiments [22–39] face a defining

challenge to systematically consider various nuclear effects in the initial- and final-state

interactions, and use a combination of various nuclear models (for detailed discussion see

the NuSTEC White Paper in ref. [40]). While a lot of progress is being made by the nuclear

physics community, as outlined in [40], at this moment the community is not successful

in verifying the proposed models in a quantitative sense (see also [41–43]). For example,
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the global analysis [44] performed by T2K shows a comparison of results between different

nuclear models implemented in the NEUT [45] neutrino interaction generator using the

CCQE neutrino-nucleus scattering data of MiniBooNE [32, 33] and MINERνA [36, 37]

experiments and observed significant differences between proposed models.

NUANCE [46], the Monte-Carlo simulation used by the MiniBooNE Collaboration, im-

plemented neutral current elastic scattering off free nucleons based on ref. [47], accounted

for the production of intermediate pions [48], the dominance of Pauli-blocking at low Q2,

and included a relativistic Fermi gas model to account for bound states [49]. Any outgoing

pions in NUANCE simulations were given a 20% probability to undergo final-state interac-

tion. In the present analysis, we rely on the MiniBooNE published data of flux-integrated

(anti)neutrino neutral current scattering differential cross sections in refs. [22, 23] to ob-

tain GZA(Q2). The MiniBooNE published flux-integrated differential cross sections are

obtained through

dσNCE
i

dQ2
=

σi/(
dQ2

dTN
∆TN )

NNNPOT

∫
ΦνdEν

(2.1)

where σi is the number of entries for the the i-th bin of the unfolded nucleon kinetic energy

distribution, dQ2

dTN
= 2mN , ∆TN = 0.018 GeV is the bin width of the unfolded nucleon

kinetic energy distribution, NN = NAρoil(4πR
3/3) is the number of nucleons in the detector

with NA the Avogadro’s number, ρoil is the density of the mineral oil and R = 610.6 cm

is the radius of the MiniBooNE detector. The number of protons on target is NPOT =

6.46 × 1020, and
∫

ΦνdEν = 5.22 × 10−10 cm−2·POT−1 is the total integrated neutrino

flux [22, 50]. In principle, instead of using
∫

ΦνdEν , one can calculate the differential

cross section bin-by-bin using the MiniBooNE flux in the data release [22] and then obtain

the differential cross section. One can check that one obtains comparable results within

uncertainties whether one uses the flux-integrated cross sections, or those obtained bin-by-

bin using the posted flux tables. We also note that the reported differential cross section is

given in terms of quasi-elastic momentum transfer Q2
QE and the interpretation of Q2

QE in

terms of the assumed momentum transfer from the neutrino introduces additional model

dependence which is beyond the scope of this manuscript. Since the main goal of this

paper is to show the effect of the lattice QCD input of strange-quark electromagnetic

form factors and the strange quark axial charge in understanding and controlling a few

of the many systematic uncertainties in the data analysis of the neutral current neutrino

scattering experiments rather than a detailed discussion of uncertainty propagation in

neutrino experimental data, we use the MiniBooNE published data of the flux-integrated

differential cross sections in the following analysis.

In this section, we first present a direct determination of the neutral current weak

axial charge using the relation between the charged current axial form factor GCCA (Q2) and

strange quark axial form factor [51, 52]

GZA(Q2) =
1

2
[−GCCA (Q2) +GsA(Q2)]. (2.2)

At Q2 = 0, we can directly calculate the neutral current weak axial charge GZA(0) using the

experimental value of GCCA (0) = gA = 1.2723(23) [53] and the lattice QCD calculation of
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the strange quark axial charge obtained in ref. [54] which is shown to satisfy the anomalous

Ward identity. Three lattice ensembles were used, and the value

GsA(0) ≡ ∆s = −0.035(6)stat(7)sys (2.3)

was obtained in the continuum limit and physical pion point through a simultaneous fit

in lattice spacing, volume and pion mass [54]. This value is consistent with but more

precise than the first simultaneous extraction of spin-dependent parton distributions and

fragmentation functions from a global QCD analysis in ref. [55] where the authors obtained

GsA(0) = −0.03(10). We can now use the lattice QCD estimate of GsA(0) to obtain

GZA(0) =
1

2
[−GCCA (0) +GsA(0)]

= −0.654(3)stat(5)sys. (2.4)

GZA(0) obtained this way is also independent of the systematics involved in the extrapola-

tion of the GZA(Q2) data using the z-expansion fit presented below. This value of GZA(0)

is quite precise and is free from systematics associated with nuclear effects and the other

systematics that are involved in the neutrino scattering on a nuclear target. This is a good

example of how lattice QCD calculations can benefit our understanding of low-energy nu-

clear physics. For example, for the first time, the Flavour Lattice Averaging Group (FLAG)

included several nucleon quantities calculated using lattice QCD in their 2019 review [56],

including the calculation of the strange quark contribution to nucleon electromagnetic form

factors [57] to be used in the following calculation. It is also important to note that, with

significant developments in numerical techniques, lattice QCD calculations can now cal-

culate GCCA (0) with uncertainties at the few percent level [58–60] and future improved

lattice QCD calculations of GCCA (Q2) and nucleon electromagnetic form factors with fully

controlled systematic uncertainties will have direct impact on the understanding of the

neutrino-nucleus scattering [61].

In the absence of first-principles calculations of the Q2-dependent charged-current and

strange quark axial form factors with all systematic errors under control, in this phe-

nomenological analysis, we use MiniBooNE differential cross section data of the (ν)ν −N
neutral current elastic scattering [32, 33] to extract GZA(Q2). The (ν)ν−N neutral current

elastic differential cross-section dσ/dQ2, assuming conservation of the vector current [62]

which equates the vector form factors in the electromagnetic interaction to the correspond-

ing form factors in the weak interaction, with Q2 dependence implicit in the form factors,

can be written as [51, 52]:

dσν(ν)N→ν(ν)N

dQ2
=
G2
F

2π

Q2

E2
ν

(A±BW + CW 2), (2.5)

where

A=
1

4
[(GZA)2(1+τ)−{(FZ1 )2−τ(FZ2 )2}(1−τ)+4τFZ1 F

Z
2 ],

B = −1

4
GZA(FZ1 + FZ2 ),

C =
1

64τ
[(GZA)2 + (FZ1 )2 + τ(FZ2 )2],

W = 4(Eν/Mp − τ), (2.6)
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and the +(−) sign is for ν(ν) scattering off a free nucleon. Here GF is the Fermi con-

stant [53], Eν is the neutrino average beam energy, Mp is the nucleon mass, and τ =

Q2/4M2
p . The weak neutral current Dirac and Pauli form factors FZ1,2(Q2) in eq. (2.6) can

be calculated in terms of the proton and neutron electromagnetic form factors F p,n1,2 (Q2)

and strange quark form factors F s1,2(Q2)

FZ1,2(Q2) =

(
1

2
− sin2 θW

)(
F p1,2(Q2)− Fn1,2(Q2)

)
− sin2 θW

(
F p1,2(Q2) + Fn1,2(Q2)

)
−
F s1,2(Q2)

2
. (2.7)

To calculate FZ1,2(Q2), we use the most precise values of F s1,2(Q2) obtained from the lattice

QCD calculations [57, 63, 64] at the physical pion mass and in the continuum and infinite-

volume limits; we note that some other lattice groups, using different discretizations of the

fermion action, but without such extrapolations, obtain smaller values for the characteristic

strange-quark magnetic moments [65–67] than the value GsM (0) = −0.064(14)(09)µN [57]

that we use here. For F p,n1,2 (Q2), we use the most recent model-independent z-expansion

fit [68, 69], including two-photon-exchange corrections, to world electron-scattering exper-

imental data from ref. [70]. With FZ1,2(Q2) determined this way, we use dσ/dQ2 from the

MiniBooNE experiments [22, 23] over a range of Q2 discussed below to extract GZA(Q2)

from eq. (2.5). It is worth mentioning that, a somewhat similar approach was taken in

ref. [71] to obtain strange quark Sachs electromagnetic form factors GsE,M (Q2) and GsA(0).

MiniBooNE used a mineral-oil based (CH2) Cherenkov detector, thereby permitting

(ν)ν scattering from both bound protons and neutrons in carbon (C), and from free pro-

tons in hydrogen (H). To obtain (ν)ν − N -scattering off free nucleons, different efficiency

corrections η associated with neutral current elastic scattering on free protons (p) in H and

on bound protons(neutrons) p(n) in carbon are combined as:

dσν(ν)N→ν(ν)N

dQ2
=

1

7
ην(ν)p,H(Q2)

dσν(ν)p→ν(ν)p,H

dQ2

+
3

7
ην(ν)p,C(Q2)

dσν(ν)p→ν(ν)p,C

dQ2

+
3

7
ην(ν)n,C(Q2)

dσν(ν)n→ν(ν)n,C

dQ2
. (2.8)

The efficiency corrections ην(ν)p,H , ην(ν)p,C , ην(ν)n,C for each type of neutral current scat-

tering process are estimated from Monte Carlo simulation as a function of Q2. These are

defined as the ratios of the efficiency for a particular type of neutral current elastic event

to the average efficiency of all the neutral current elastic events in bins of Q2. To minimize

effects of possible unknown systematics related to the η-values, we restrict ourselves to

data in the Q2-regions where all three η’s for each ν or ν in eq. (2.8) are equal to 1 within

about 2%. Moreover, the statistical uncertainty of the lattice QCD calculation of F s1,2(Q2)

limits our ability to reliably go beyond Q2 = 0.75 GeV2. Therefore, for the determination

of GZA(Q2), we consider dσ/dQ2 data extracted by MiniBooNE [22, 23] only in the regions

0.24 . Q2 . 0.71 GeV2 (for ν − N scattering) and 0.37 . Q2 . 0.71 GeV2 (for ν − N
scattering).
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Since the incoming neutrino beam energy Eν cannot be directly measured, to estimate

the Q2 for the neutral current elastic scattering, MiniBooNE reconstructed Q2 by calcu-

lating the total kinetic energy of the final state nucleons and expressed the reconstructed

Q2 within bin boundaries with a bin size of about 0.068 GeV2. To take into account the

uncertainty of the reconstructed Q2, we assume a normal distribution with the central

value at the middle of the bin and standard deviation half of the bin size. The error bars

presented in the MiniBooNE differential cross section data include the total normalization

error due to both systematic and statistical errors, and these are used in our analysis. The

systematic errors are correlated and common to both ν and ν-scattering measurements by

MiniBooNE and included in the uncertainties of the differential cross sections as mentioned

in [22, 23].

With GZA(Q2) obtained from the combination of experimental and lattice QCD data in

the 0.24 . Q2 . 0.71 GeV2 region as described above, we perform a z-expansion fit [68, 69]:

GZ,z−exp
A (Q2) =

kmax∑
k=0

akz
k,

z =

√
tcut +Q2 −

√
tcut√

tcut +Q2 +
√
tcut

(2.9)

to the GZA(Q2) data to obtain the neutral current weak axial charge GZA(0). In our fit to

GAZ(Q2), we take into account the correlations between the lattice QCD data for F s1,2(Q2)

at different Q2, but do not take account of possible correlations between the MiniBooNE

data at different Q2 bins. If instead we perform a fully uncorrelated fit, the resulting

value of GZA(0) is within 5% of the value obtained in the above fit, and as expected the

uncertainty is smaller, by a factor of around three. We use tcut = (3mπ)2, representing

the leading three-pion threshold for states that can be produced by the axial current. As

we increase the number of fit parameters, the uncertainties in the higher order coefficients

in z-expansion increase. However, a0 = GZA(0) remains the same within the uncertainty

irrespective of the higher order terms in the fit. This means that the higher order terms

(k ≥ 2) do not have significant impact on the fit. We consider the z-expansion fit with 4

terms (i.e. kmax = 3) for the subsequent analysis and add the differences in the central

values between the 2, 3, and 4-term fits in quadrature as the systematic uncertainty of the

fit to obtain a final value

GZA(0) = −0.687(89)stat(40)sys (2.10)

where the uncertainties in the parentheses are from statistics and systematics respectively.

We see that this value of GZA(0) in eq. (2.10) is statistically consistent with that quoted in

eq. (2.4) using the lattice QCD calculation of GsA(0) in ref. [54]. However, the uncertainty

of GZA(0) in eq. (2.10) is almost sixteen times larger compared to the uncertainty of GZA(0)

obtained in eq. (2.4). We list the fit parameters in the first block of table 1.

From eq. (2.2) the strange quark axial form factor can be written as

GsA(Q2) = 2GZA(Q2) +GCCA (Q2). (2.11)

– 6 –
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kmax Fit parameters a0 = GZA(0) χ2/d.o.f.

1 a1 = 1.29(10) −0.726(30) 0.63

2 a1 = 0.88(43), a2 = 0.79(72) −0.678(65) 0.20

3 a1 = 0.97(52), a2 = 0.41(88), a3 = 0.54(1.54) −0.687(89) 0.15

kmax [GsA(0) from

lattice QCD]

Fit parameters a0 = GZA(0) χ2/d.o.f.

3 a1 = 0.74(18), a2 = 0.80(1.06), a3 = 0.49(1.67) −0.654(06) 0.16

Table 1. Parameters of z-expansion fit to eq. ( 2.9) for GZA(Q2) with 2, 3, and 4 terms. The

z-expansion fit parameters with and without the lattice QCD input of strange quark contribution

to nucleon spin is shown for comparison.

With GCCA (0) = gA = 1.2723(23) [53] and GZA(0) from eq. (2.10), we obtain

GsA(0) ≡ ∆s = −0.102(178)stat(80)sys. (2.12)

The comparison between the uncertainties in GsA(0) values obtained in eq. (2.12) and in the

lattice calculation of eq. (2.3) in ref. [54] demonstrates the impact of a precise lattice QCD

calculation of GsA(0) for a better understanding of the neutral current scattering processes.

The large statistical uncertainty in GsA(0) in eq. (2.12) is understood qualitatively

through error propagation arguments arising from the cancellation of two large numbers.

That said, one important feature of this analysis is that the (ν)ν−N neutral current elastic

cross section depends directly on the strange quark contribution, and therefore no assump-

tions about SU(3) flavor symmetry or fragmentation functions is needed to obtain GsA(0).

We direct the reader to the discussion of the influences of SU(3) flavor symmetry in ref. [55]

and fragmentation functions in refs. [72, 73]. Within the uncertainty, GsA(0) in eq. (2.12) is

consistent with GsA(0) ∼ −0.1 obtained in refs. [74–81], GsA(0) = 0.08(26) from MiniBooNE

ν−N neutral current elastic scattering [22], and GsA(0) = 0,−0.15(7),−0.13(09),−0.21(10)

[for various values of GsM (0)] from BNL E734 analysis [52].

We also fit the GZA(Q2) data using the dipole form [20]

GZA(Q2) =
GZA(0)

1 +
(

Q2

M2
A,dip

)2 (2.13)

with the GZA(0) value in eq. (2.4) and obtain

MA,dip = 1.057(14) GeV (2.14)

with χ2/d.o.f. = 0.71. This value of MA,dip = 1.057(14)GeV is consistent with the world

average MA,dip ∼ 1 GeV [82]. We emphasize that we do not use GZA(Q2) obtained from

the dipole fit in our subsequent analysis and present this result only for the purpose of

qualitative illustration.

We present the results of the above analysis of GZA(0) and GZA(Q2 > 0) from the z-

expansion fits in figure 1(a) and list the corresponding fit parameters in table 1. The second
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Q 2(GeV2)

0.8

0.6

0.4

0.2

0.0

G
Z A
(Q

2
)

 GZ
A  (νN Scattering)

 GZ
A  (νN Scattering)

 z-expansion
 z-expansion with GZ

A (0) = − 0.654(3)(5)

(a)

Fs
1,2(Q

2) = 0

Fs
1,2(Q

2) = 0

(b)

Figure 1. (a) Neutral current weak axial form factor GZA(Q2) obtained from analyses combining

MiniBooNE data of (ν)ν−N scattering differential cross sections, lattice QCD estimates of strange

quark electromagnetic form factors, strange quark axial charge and a model-independent fit of the

nucleon electromagnetic form factors experimental data used from ref. [70]. The red band shows

4-term z-expansion fit to the GZA(Q2) data where the systematics coming from 2-terms, 3-terms

z-expansion fit are added in quadrature to the statistical uncertainty of the 4-term fit. The cyan

band shows the z-expansion fit to the GZA(Q2) data when GsA(0) is fixed by the value in eq. (2.3).

The outer cyan band indicates an estimate of additional systematic uncertainty from the strange

quark electromagnetic form factors calculated in other lattice QCD calculations [65–67] discussed

in the text. (b) Neutral current weak axial form factor GZA(Q2) by assuming zero strange quark

electromagnetic form factor, i.e. F s1,2(Q2) = 0. An assumption of F s1,2(Q2) = 0 leads to different

values of neutral current weak axial form factor of the nucleon at the same Q2, obtained from ν−N
and ν −N neutral current scattering differential cross sections data in refs. [22, 23].
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block in table 1 presents the fit to GZA(Q2) where we constrain GZA(0) by the value of GsA(0)

presented in eq. (2.4). The z-expansion fit with and without this constraint are illustrated

in figure 1(a) and the low-Q2 uncertainty is reduced significantly with this constraint.

An important result, demonstrated in figure 1(b), is that, although the F s1,2(Q2) con-

tribution to the nucleon is much smaller than the valence quark contribution as shown in

refs. [57, 63, 64], the assumption of F s1,2(Q2) = 0 in eqs. (2.5)–(2.7) will lead to different

results for the nucleon matrix element GZA(Q2) at the same value of Q2 obtained from the ν

and the ν scattering cross-section data. That is, if the contributions of F s1,2(Q2) in eq. (2.7)

are ignored, one obtains GZA(Q2)-values from the MiniBooNE neutrino and antineutrino

scattering differential cross section data that are not the same within their uncertainties.

For example, using the F s1,2(Q2) values from [57, 63, 64], we obtain GZA = −0.360(33) and

GZA = −0.362(14) at Q2 = 0.405 GeV2; and GZA = −0.202(44) and GZA = −0.240(13)

at Q2 = 0.675 GeV2, from the ν − N and ν − N scattering data, respectively. On

the other hand, with an assumption of F s1,2(Q2) = 0, we obtain GZA = −0.328(33) and

GZA = −0.385(14) at Q2 = 0.405 GeV2; and GZA = −0.154(43) and GZA = −0.287(14) at

Q2 = 0.675 GeV2 from the ν −N and ν −N scattering data, respectively. Comparing the

GZA(Q2) values shown in figure 1(a) and figure 1(b) we find that GZA(Q2) extracted from the

MiniBooNE ν −Nscattering data [22] shift towards smaller negative values and those ex-

tracted from the MiniBooNE ν−N scattering data [23] shift towards larger negative values

when F s1,2 form factors are set to zero. This discrepancy can be clearly seen in figure 1(b).

This exercise shows that the contribution of F s1,2 cannot be ignored, as has mostly been the

case in previous such calculations, and that a precise lattice QCD input of F s1,2(Q2) plays

a critical role in the understanding of neutral current (anti)neutrino-nucleon scattering.

Comparing with other lattice QCD calculations of the strange quark electromagnetic

form factors [65–67], we note that the GsE(Q2) obtained in these calculations are in sta-

tistical agreement with that determined in [63, 64]. However, the GsM (Q2) obtained in

these calculations [65–67] are almost two times smaller in their central values compared to

GsM (Q2) determined in [63, 64] in the 0.24 . Q2 . 0.71 GeV2-region where the lattice QCD

values of GsE,M (Q2) have been used, as shown in figure 1(a). It is seen from figure 1(b)

that a relatively larger magnitude of GsE,M (Q2) is favored to obtain statistically consistent

GZA(Q2) from the ν−N and ν−N scattering data. We estimate the systematic uncertainty

in the calculation of GZA(Q2) using GsM (Q2) in the 0.24 . Q2 . 0.71 GeV2-region obtained

in other lattice QCD calculations [65–67], and indicate it as the outer cyan band shown in

figure 1(a).

3 Reconstruction of MiniBooNE differential cross sections

With our knowledge of GZA(Q2), eq. (2.6) can now be used to obtain the (ν)ν−N differential

cross sections in the full 0 . Q2 ≤ 1 GeV2 kinematic region as shown in figure 2. We are

able to successfully reconstruct the MiniBooNE data outside the Q2-region that was used

for the determination of GZA(Q2). It is evident from figure 2 that in Q2 . 0.15 GeV2, the

free-nucleon scattering prediction starts to deviate from the MiniBooNE result. One reason

is the Pauli blocking effect for which low-momentum transfer interactions are suppressed

due to occupied phase space. This effect was already included in the NUANCE Monte-Carlo
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simulation and shown to have an impact exactly in the Q2 . 0.15 GeV2 region [83, 84].

A further possible reason is nuclear shadowing which is related to the phenomenon that,

at low Q2, the resolution is not sufficient to resolve a single nucleon wave function and

therefore the differential cross section dσ/dQ2 decreases [85]. We use the average beam

energy Eν = 0.80 GeV and Eν = 0.65 GeV in eq. (2.5) for the neutrino and anti neutrino

scattering experiments respectively as mentioned in the MiniBooNE papers [22, 23]. To

investigate the effect of Eν in the calculation of (ν)ν − N differential cross sections in

eq. (2.5), we assign a δEν = ±0.1 GeV uncertainty in the values of Eν and examine its

effect on the extracted dσ/dQ2 in our analysis. We see a variation of Eν by more than

an amount of 10% does not lead to a significant difference in the dσ/dQ2. We include

the uncertainty coming from this as a systematic in our analysis and show the effect in

figure 2. It is seen in figure 2(a) that, (ν)ν −N differential cross sections determined from

GZA(Q2) form factor when GZA(0) is calculated using the lattice QCD estimate of GsA(0), is

much more precise in the low-Q2 region compared to the differential cross sections shown

in figure 2(b) which are calculated from the GZA(Q2) without constraining GZA(0) using the

lattice QCD estimate of GsA(0). These differential cross sections at low-Q2 are needed to be

determined with precision. Therefore, our extraction of (ν)ν−N differential cross sections

in this low-Q2 region can serve as a useful tool to numerically estimate the Pauli blocking

and shadowing effects.

To demonstrate the importance of a correct determination of GZA(Q2), we show in

figure 3 that the term
G2
F

2π
Q2

E2
ν

1
64τ (GZA)2W 2 has the largest contribution to dσ/dQ2 among

individual terms in eq. (2.5).

4 Prediction of BNL E734 experimental data

To further test the robustness of our extraction of GZA(Q2) and determination of dσ/dQ2

for (ν)ν −N scattering, we now describe an independent data, namely BNL E734 exper-

iment data [24, 25]. The experimental data analysis and systematics related to the BNL

experiment are different to those of MiniBooNE experiments. For example, as mentioned

in ref. [22], the MiniBooNE neutral current elastic differential cross section should be less

sensitive to the final state interaction effects compared to those measured in BNL E734

experiment [24, 25] with tracking detectors. The BNL E734 experiment produced neutrino

beam using a copper target and estimated the average neutrino and antineutrino beam

energies Eν = 1.3 GeV and Eν = 1.2 GeV respectively [24, 25]. Moreover, one expects that

there are other sources of systematic differences between the MiniBooNE and BNL E734

published data because of various differences in the event generators, method of analyses,

and so on. For this purpose, instead of using the BNL data in our analysis above, we

shall predict dσν(ν)N→ν(ν)N/dQ
2 and compare them with those obtained from BNL E734

experiment [24, 25] for a given Eν . We again assume an uncertainty of δEν = 0.1 GeV in

the neutrino and antineutrino beam energy in this analysis. As shown in figure 4, our pre-

diction turns out to agree with the BNL E734 (anti)neutrino-nucleon scattering differential

cross sections in the entire available Q2-region, demonstrating the validity and predictive

power of our determination of GZA(Q2) and the (ν)ν−N scattering differential cross section

using the MiniBooNE data and lattice QCD determinations of F s1,2(Q2).
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(a)

(b)

Figure 2. Comparison of the (ν)ν − N differential cross section between our analysis and Mini-

BooNE extractions. (a) shows the differential cross sections obtained using the fit parameters

of GZA(Q2) from table 1 when lattice QCD estimate of GsA(0) is used to constrain GZA(0) in the

z-expansion fit. The uncertainty coming from neutrino beam energy δEν = ±0.1 GeV is added

as a systematic error in the dσ/dQ2 extraction and shown in the outer light red and light cyan

bands in (a). (b) shows the differential cross sections obtained using the z-expansion fit results

presented in table 1 without using the direct determination GZA(0) using lattice GsA(0) in the fit.

The shaded gray and orange indicate the value of Q2 excluded in our determination of GZA(Q2)

for the ν − N and ν − N scattering data, respectively. The lowest four Q2 data points for ν − N
scattering are compiled from ref. [50].
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Figure 3. Contributions from A(Q2), B(Q2), C(Q2) defined in eq. (2.6) and GZA(Q2) to νp and νp

differential cross sections for neutrino beam energy Eν = 1 GeV are shown as the dashed lines. The

symbol α =
G2
F

2π
Q2

E2
ν

is used in the figure for shorthand notation. The total differential cross sections

are shown with solid lines.
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Figure 4. Prediction of BNL E734 experiment (ν)ν −N differential cross sections. The very mild

effect coming from the neutrino beam energy δEν = ±0.1 GeV is added as a systematic in the

dσ/dQ2 extraction and shown in the outer light red and light cyan bands. GZA(0) in eq. (2.4) as

determined from the lattice QCD calculation of GsA(0) and the corresponding GZA(Q2) determined

using the z-expansion fit, are used here for the prediction of (ν)ν −N differential cross sections.
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5 Conclusion

Using lattice calculation of strange quark axial charge, our analysis provides the most

precise and model-independent determination of the neutral current weak axial charge

GZA(0) = −0.654(3)(5) which is free from nuclear effects and other systematics associated

with the neutrino scattering experiments. Using this value of GZA(0) and the lattice QCD

calculation of strange quark electromagnetic form factors in a phenomenological analysis,

we also extract the most precise value of GZA(Q2). Since GZA(Q2) is the dominant form

factor, it plays the key role in the neutral current (anti)neutrino-nucleon scattering process.

The precise value of GZA(Q2) and therefore the differential cross sections in this analysis

constrained by the lattice QCD value of strange quark axial charge can be used as a tool to

numerically isolate nuclear effects in the low momentum transfer region of (anti)neutrino-

nucleus scattering.

Another important result of this analysis is that, although small compared to the

nucleon total electromagnetic form factor, the strange quark electromagnetic form factor

cannot be ignored to obtain consistent results for GZA(Q2). This precise value of GZA(Q2)

can also help isolating higher order radiative corrections entering in the effective GZ,eff
A (Q2)

in parity-violating ~e − p scattering which are not theoretically well constrained. Finally,

the robustness of the determination of the neutral current weak axial form factor is shown

through the predictive power to describe (ν)ν−N scattering differential cross sections from

independent experiments. Therefore, within the limitation that we rely on the MiniBooNE

published data to obtain GZA(Q2 > 0) without additional nuclear effects incorporated in

our analysis, this reliable determination of (ν)ν − N scattering can have a significant

impact in disentangling the nuclear effects in data analysis of the upcoming neutrino-

nucleus scattering experiments.
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