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The signal they were looking for was a high energy (E > 300MeV ) and a very forward going electron,

as the angle between the neutrino beam direction and the reconstructed electron direction is typically

less than 5o. They did find one event that passed the selection cuts in the antineutrino mode [55],

where the backgrounds are highly suppressed: both have CCQE backgrounds in which a muon is

produced; however, the µ+ which is produced in the antineutrino CCQE has a di↵erent curvature

than the e� in the magnetic field of the detector. The expected background was 0.003 ± 0.002

events, whereas the theoretical prediction ranged from 0.4 to 8.0 antineutrino-electron NCE events,

depending on the value of sin2✓W , which was obviously unknown at the time. The currently known

sin2✓W value would have put the prediction right about the lower limit, namely at 0.4.

While this was an extremely interesting event, one would need more than just one event as proof

of the existence of the WNC. Later Gargamelle observed candidates for the neutrino-nucleon neutral

current deep-inelastic scattering:

⌫ + N ! ⌫ + X,

where X is the hadronic final state [56]. The HPWF experiment also observed the same channel

where they were looking for the muonless neutrino interactions [57].

Now that the WNC were discovered, it turned out that neutrino-proton and antineutrino-proton

neutral current elastic scattering (NCE p),

⌫ + p ! ⌫ + p

⌫̄ + p ! ⌫̄ + p,

is very useful for probing the structure of protons and neutrons (nucleons). In particular, it is

sensitive to the presence of strange quarks inside the nucleons, as we shall discuss in Section 3.2.

The first observation of NCE p scattering was in 1976 by the Columbia-Illinois-Rockefeller [58] and

HPWF [59, 60, 61] experiments. However, the first relatively high statistics NCE p in both ⌫ and ⌫̄

modes was obtained by the BNL E734 experiment in 1980s [62]. Using the BNL E734 NCE cross-

section, the allowed region for the value of the strange quark contribution to the nucleon spin has

been extracted to yield

�s = �0.21± 0.10.

The BNL E734 experiment will be discussed in some detail in Section 3.4.

The EMC (European Muon Collaboration) experiment result [63] and the appearance of the

proton spin crisis (discussed in Section 3.4), which is still unsolved, has brought a lot of interest
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the kinematics of the outgoing nucleon, assuming that the initial nucleon at rest, simply through

Q2 = 2mNTN ,

where TN is the kinetic energy of the outgoing nucleon. This does not depend on the scattering angle

of the nucleon, which is quite convenient, because some experiments may not be able to measure it.

Following the Feynman rules of the electro-weak theory which have been developed in Chapter 2

one can write the matrix element squared [44]:
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The expression for the leptonic current is simple: it has the vector and axial vector parts in the

so-called V �A structure. On the other hand, the hadronic current is a complex object due to strong

interactions inside the nucleon. The most general form for the hadronic weak neutral current is
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A (Q2) are Dirac, Pauli, and axial vector nucleon weak neutral current

form factors, respectively; hN(p
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)i represent the vector and

axial vector parts of the hadronic neutral current.
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among the nuclear physics community to the measurements of NCE. However, after BNL E734 there

has been no specially designed experiments to measure the NCE channel. MiniBooNE and SciBooNE

are among the recent ones that are able to measure the NCE channel with very high statistics, but

their primary goal was not the NCE channel. MiniBooNE’s primary goal is the ⌫µ ! ⌫e oscillation

search at �m2 ⇠ 1 eV 2, while SciBooNE was designed to measure CCQE and both NC and CC

pion production cross-sections.

3.2 Neutral Current Elastic Scattering on Free Nucleons

We first describe the neutrino neutral current elastic scattering cross-section on free nucleons. This

is represented by the formula:
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where the labels pi, qi and q refer to the energy-momentum and �i, i to the spin of the particles.

The coresponding Feynman diagram is shown in Fig. 3.1.
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Figure 3.1: Feynman diagram for the neutrino-nucleon neutral curent elastic scattering.

Neglecting the neutrino mass, the di↵erential cross-section in the laboratory frame can be ex-

pressed as:

d�

dQ2

=

D
|M |2

E

64⇡m2

NE2

⌫

,

where Q2 = �q2 is the four-momentum carried by Z0, q = p
2

� p
1

= q
1

� q
2

,
D

|M |2
E

is the matrix

element squared averaged over the initial and final spin particles (since the particle polarizations are

generally not measured), and E⌫ is the neutrino energy.

The only particle one would observe in the detector is the nucleon. One can express Q2 through
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FIG. 5. VVVV.

isovector form factors they are usually represented in the dipole form with the same vector masses

MV and MA as for the nonstrange form factors.
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EDIT: The correlated systematic errors are common to both ⌫NCE and ⌫̄NCE scattering

measurements. Since both measurements are made using the same detector and have the same

ob- served final state, the detector systematic errors ? the uncertainty in the optical photon

production and prop-agation, the error associated with the detector electron- ics, and the error

associated with the PMT response ? are categorized as correlated errors.
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needed for a final determination of the strange magnetic
form factor from these data.

The G0 experiment [5] at Jefferson Laboratory will
circumvent this difficulty with the axial term by combin-
ing three measurements: forward scattering of protons
from ~eep collisions, backward scattering of electrons from
~eep collisions, and backward scattering of electrons from
~eed collisions. In this way, they will extract Gs

M, Gs
E, and

Ge
A separately, so that their results for Gs

M and Gs
E will

not be contaminated by uncertain contributions to Ge
A.

These data will cover a range of Q2 from 0.1 to 1:0 GeV2

and thereby test the calculations of Zhu et al. [14] over
this range.

Another technique for avoiding the axial term is to
observe the parity-violating asymmetry in scattering
from a spinless, isoscalar target, such as 4He, as proposed
by Musolf and Donnelly [13]. In this case, only the
electric form factors contribute to the asymmetry. Two
measurements at Jefferson Laboratory will make use of
this idea, at Q2 ! 0:1 and 0:6 GeV2, to measure Gs

E. The
low Q2 experiment [6] will measure the slope of Gs

E,
while the experiment at moderate Q2 [7] will measure
the actual value of Gs

E.
Elastic scattering of neutrinos from protons does not

suffer the difficulties described above, as there is no Gewm
A

form factor in neutrino scattering. This Letter explores
what can be learned about the strange axial form factor
by combining existing !p ! !p and !!!p ! !!!p data with
the existing and upcoming data on parity-violating ~eep
scattering.

The HAPPEX Collaboration has measured the
forward-angle parity-violating asymmetry in ~eep elastic
scattering at Q2 ! 0:477 GeV2. They report a combina-
tion of Gs

E and Gs
M [17]:

Gs
E " 0:392Gs

M ! 0:025# 0:020# 0:014:

Their result contains a contribution as well from Ge
A, but

their sensitivity to Ge
A is $4% of that to Gs

E and Gs
M

because their measurement is at a very forward angle.
They used a value of Ge

A from Ref. [14]. The calculation of
Ref. [14] is not yet confirmed at this value of Q2, but even
a large error in it would produce only a small additional
uncertainty in the interpretation of the HAPPEX result.

The only major measurement to date of !p and !!!p
elastic scattering cross sections took place at Brookhaven
National Laboratory (BNL), Experiment E734 [18], using
wideband neutrino and antineutrino beams of average
kinetic energy 1.25 GeV incident upon a large liquid
scintillator target-detector system. Table I summarizes
the results of this experiment. Several attempts have
been made to extract the strange axial form factor from
these data [18–20]. In all cases, there was an assumption
made that Gs

A had a dipole Q2 dependence — that assump-
tion will not be made here.

Many years ago Llewellyn Smith [21] noted the use-
fulness of measuring the difference in the differential
cross sections of the charged-current reactions !!!n !
"%p and !p ! ""n, as this yields a simple relation
between GCC

A and the magnetic form factors of the proton
and neutron. In the present discussion GCC

A is regarded as
known and the difference in the cross sections of the
neutral current processes !p ! !p and !!!p ! !!!p is
used to relate Gs

M and Gs
A. The cross section for !p and

!!!p elastic scattering is given by [19]

d#
dQ2 !

G2
F

2$
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E2
!
&A# BW " CW2';

where the " ( % ) sign is for ! ( !!!) scattering, and
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Here E! is the neutrino beam energy, and FZ
1 , FZ

2 , and GZ
A

are, respectively, the neutral weak Dirac, Pauli, and axial
form factors. Taking the difference of these two cross
sections,

" * d#
dQ2 &!p' %

d#
dQ2 & !!!p' ! %G2

F

4$
Q2

E2
!
GZ

A&FZ
1 " FZ

2 'W;

produces a relation between the Sachs magnetic form
factors (in FZ

1 " FZ
2 ) and the axial form factors (in GZ

A).
By making use of charge symmetry, one may show that

TABLE I. Differential cross section data from BNL E734
[18]. The uncertainties shown are total; they include statisti-
cal, Q2-dependent systematic, and Q2-independent systematic
contributions, all added in quadrature. The extra row at the
bottom (0:50 GeV2) lists the cross sections averaged between
the 0.45 and 0:55 GeV2 points.

Q2 d#=dQ2&!p' d#=dQ2& !!!p'
GeV2 10%12 &fm=GeV'2 10%12 &fm=GeV'2

0.45 0:165# 0:033 0:0756# 0:0164
0.55 0:109# 0:017 0:0426# 0:0062
0.65 0:0803# 0:0120 0:0283# 0:0037
0.75 0:0657# 0:0098 0:0184# 0:0027
0.85 0:0447# 0:0092 0:0129# 0:0022
0.95 0:0294# 0:0074 0:0108# 0:0022
1.05 0:0205# 0:0062 0:0101# 0:0027

0.50 0:137# 0:023 0:0591# 0:0102
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the results of this experiment. Several attempts have
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these data [18–20]. In all cases, there was an assumption
made that Gs
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tion will not be made here.
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The only major measurement to date of !p and !!!p
elastic scattering cross sections took place at Brookhaven
National Laboratory (BNL), Experiment E734 [18], using
wideband neutrino and antineutrino beams of average
kinetic energy 1.25 GeV incident upon a large liquid
scintillator target-detector system. Table I summarizes
the results of this experiment. Several attempts have
been made to extract the strange axial form factor from
these data [18–20]. In all cases, there was an assumption
made that Gs

A had a dipole Q2 dependence — that assump-
tion will not be made here.

Many years ago Llewellyn Smith [21] noted the use-
fulness of measuring the difference in the differential
cross sections of the charged-current reactions !!!n !
"%p and !p ! ""n, as this yields a simple relation
between GCC

A and the magnetic form factors of the proton
and neutron. In the present discussion GCC

A is regarded as
known and the difference in the cross sections of the
neutral current processes !p ! !p and !!!p ! !!!p is
used to relate Gs

M and Gs
A. The cross section for !p and

!!!p elastic scattering is given by [19]
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Here E! is the neutrino beam energy, and FZ
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are, respectively, the neutral weak Dirac, Pauli, and axial
form factors. Taking the difference of these two cross
sections,
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By making use of charge symmetry, one may show that

TABLE I. Differential cross section data from BNL E734
[18]. The uncertainties shown are total; they include statisti-
cal, Q2-dependent systematic, and Q2-independent systematic
contributions, all added in quadrature. The extra row at the
bottom (0:50 GeV2) lists the cross sections averaged between
the 0.45 and 0:55 GeV2 points.

Q2 d#=dQ2&!p' d#=dQ2& !!!p'
GeV2 10%12 &fm=GeV'2 10%12 &fm=GeV'2
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0.95 0:0294# 0:0074 0:0108# 0:0022
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needed for a final determination of the strange magnetic
form factor from these data.
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Assume an exponential t-dependence with an x-dependent slope and with zero skewness ⇠ = 0

set

Hs(x, t)�H s̄(x, t) = (s(x)� s̄(x))etfs(x) (2)

with
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s

(x) = ↵0(1� x) log
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f
s

(x) can be related to the average squared of impact parameter (Eq. (22) in Ref. [2]). We take

di↵erent sets of NNPDF and MMHT collaboration data (based on di↵erent parameter values in

the PDFs fit) for (s(x)� s̄(x)) and consider only those sets which produce F s

1 (t) that have some

overlap with F s

1 (t) obtained from lattice QCD calculation. As mentioned in Ref. [2], the laeding

Regge trajectory that can possibly contribute to (Hs � H s̄) is from � mesons and assuming a

linear trajectory, ↵
�

(t) = ↵
�

(0) + ↵0t one obtains ↵0 ⇡ 0.84 GeV�2.

From FIG. 1, one can see that a lower value of ↵0 to obtain F s

1 (t) from MMHT collaboration

is preferred to give a better match to the lattice F s

1 (t). (I do not understand the physical

interpretation of a lower value of ↵0). Similar results are shown in FIG. 2 for NNPDF data. It is

important to note that only a few sets of NNPDF (s(x)� s̄(x)) data corresponding to di↵erent

fit parameters produce somewhat close F s

1 (t) to the lattice data. Other data sets from NNPDF

collaboration produce much larger (also negative) F s

1 (t) data compared to the small positive

F s

1 (t) obtained from lattice.

The selected data sets from NNPDF and MMHT collaboration give the following uncertainty

range in the (s(x) � s̄(x)) as shown in FIG. 3. These uncertainty bands are much smaller than

the uncertainty obtained from global analysis of PDFs data [5].
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in [24]. We obtain systematics from the global fit formula
by replacing the volume correction by e−mπL only and also
by adding mπ;vs term in the fit and include the difference in
the systematics of the global fit results. The results of
Gs

MðQ2Þ in the continuum limit are presented in Fig. 4.

IV. CALCULATION OF NEUTRAL WEAK
FORM FACTORS

Since the neutral weak Z-boson can have both vector and
axial vector interactions, the amplitude of the Z-exchange
can have both parity-conserving and parity-violating com-
ponents. The parity-conserving and parity-violating
Z-amplitudes in the electron-nucleon scattering can be
written as

MPC
Z ¼ GF

2
ffiffiffi
2

p ðgiVlμJZμ þ giAl
μ5JZμ5Þ; ð14Þ

MPV
Z ¼ GF

2
ffiffiffi
2

p ðgiVlμJZμ5 þ giAl
μ5JZμ Þ; ð15Þ

where GF is the Fermi constant, giVðAÞ the weak vector

(axial) charge of the fermions, lμðlμ5Þ the leptonic vector
(axial) current, and JZμ ðJZμ5Þ the nucleon vector(axial)
current. In the electron-nucleon elastic scattering, the
first-order interactions are mediated either by a photon
(γ) or a neutral weak Z-boson as shown in Figs. 5(a)
and 5(b). The contributions to the weak FFs from additional
diagrams in Figs. 5(c) and 5(d) should also be considered.
Moreover, there can be contributions that involve strong
interactions where γ and Z-boson can interact with several
quarks and these diagrams are not shown here. These
“many-quark” corrections are target specific and difficult to
calculate; the calculations are model-dependent. We use the
LFHQCD predictions of nucleon electromagnetic form
factors GpðnÞ

E;M ðQ2Þ from Eq. (9) and Gs
E;MðQ2Þ from lattice

QCD calculation in Eq. (1) to obtain the nucleon neutral
weak FFs which are shown in Figs. 6 and 7.
We address several sources of systematic uncertainties

coming from the LFHQCD model, such as from the
variations in κ-value, from the higher Fock components
probability parameters γpðnÞ and from r to estimate neutral
weak FFs for the proton and neutron. When calculating the

(a) (b) (c) (d)

FIG. 5. Feynman diagrams representing tree-level EM and weak interactions and “one-quark” radiative corrections.

FIG. 6. Q2-dependence of the proton and neutron neutral weak
magnetic form factor GZ;pðnÞ

M . The smaller uncertainties are from
statistics alone of the lattice QCD calculation of Gs

E;MðQ2Þ. The
various systematic uncertainties from the LFHQCD model and
lattice QCD calculation and the statistical uncertainties have been
added in quadrature to obtain the final errors in the neutral weak
FFs calculation. The red star is the experimental result from [1]
and the orange triangle is from the analysis of SAMPLE proton
data performed in [21] at Q2 ¼ 0.1 GeV2 (with offset Q2 for
visibility).

FIG. 7. Q2-dependence of the proton and neutron neutral weak
electric form factor GZ;pðnÞ

E . The smaller uncertainties are from
statistics of the lattice QCD calculation of Gs

E;MðQ2Þ. The various
systematic uncertainties from the LFHQCD model and lattice
QCD calculation and the statistical uncertainties have been added
in quadrature to obtain the final errors in the neutral weak FFs
calculation.
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Neutral Weak Form Factors of Proton and Neutron
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⇤

We determine the nucleon neutral weak electromagnetic form factors GZ,p(n)

E,M by combining results
from light-front holographic QCD and lattice QCD calculations. We deduce nucleon electromagnetic
form factors from light-front holographic QCD which provides a good parametrization of the ex-
perimental data of the nucleon electromagnetic form factors in the entire momentum transfer range
and isolate the strange quark electromagnetic form factors Gs

E,M using lattice QCD. From these
calculations, we obtain precise estimates of the neutral weak form factors in the momentum transfer
range of 0GeV2  Q2  0.5GeV2. From the lattice QCD calculation, we present Q2-dependence
of the strange quark form factors. We also deduce the neutral weak Dirac and Pauli form factors
F

Z,p(n)

1,2 of the proton and the neutron.

I. INTRODUCTION

In the electron elastic scattering from a hadron,
parity-violating asymmetry arises from the interfer-
ence of weak and electromagnetic amplitudes where
the neutral weak current scattering is mediated by
the Z-boson exchange. Because the weak current con-
tains both vector and axial vector contributions, it vio-
lates parity and this property of the neutral weak cur-
rent has been the main interest of the parity-violating
(PV) experiments [1–13]. These PV experiments are
important as they allow measurements of the stan-
dard model parameters related to Z-boson couplings
and search for new PV interactions beyond the stan-
dard model. When electroweak (EW) radiative cor-
rections [14, 15] are taken into account, the neutral
weak electric and magnetic form factors G

Z,p

E,M

of the
nucleon, under the assumption of isospin symmetry,

can be expressed in terms of nucleon electric (G�,p(n)

E

)

and magnetic (G�,p(n)

M

) form factors and a contribution
from the strange (s) quarks as [3, 16–18],

G

Z,p(n)

E,M

(Q2) =
1

4
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(1�4 sin2 ✓

W

)(1+R

p(n)

V
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(Q2)

�(1+R

n(p)

V

)G�,n(p)

E,M

(Q2)�G

s

E,M

(Q2)

�

where the subscript E(M) stands for the elec-
tric(magnetic) form factor (FF) and the superscript
p(n) stands for the proton(neutron). Under the isospin
symmetry, the strange electromagnetic form factor
(EMFF) is the same for the proton and neutron, i.e.

G

s,p

E,M

= G

s,n

E,M

= G

s

E,M

. R

p(n)

V

and R

(0)

V

are radiative

⇤ sufian@jlab.org

corrections to the vector form factors calculated
in Ref. [14] and translated into the MS-scheme in
Ref. [15]. The updated analysis of these radiative
corrections can be found in Ref. [19] and we use the
values listed in Ref. [20] for the subsequent calcula-
tions.

The first measurement of the proton neutral
weak magnetic form factor G

Z,p

M

from PV asym-
metry in the polarized ~e � p scattering experi-
ment was performed by the SAMPLE collabo-
ration. Performed at a momentum transfer of
Q

2 = 0.1GeV2, the neutral weak magnetic form
factor was found to be G

Z,p

M

(Q2 = 0.1GeV2) =
0.34(11) nucleon magneton (n.m.) which corresponds
to a value of Gs

M

(Q2 = 0.1GeV2) = 0.23(44) n.m [1].
In an updated analysis Ref. [21] of the SAMPLE
data, one of the authors from Ref. [1] obtained
PV asymmetry A = (�5.22 ± 2.24 ± 0.62) ⇥ 10�6

compared to the A = (�6.34 ± 1.45 ± 0.53) ⇥ 10�6

at Q

2 = 0.1GeV2 reported in Ref. [1]. Both of
these PV asymmetries agree within uncertainties.
While extracting G

Z,p

M

using Eq. (1), the author in
Ref. [21] used radiative corrections from Ref. [15]
instead of the radiative corrections [22] that were
used in Ref. [1]. The author in Ref. [21] obtained
G

Z,p

M

(Q2 = 0.1GeV2) = 0.29(16) n.m. which corre-
sponds to G

s

M

(Q2 = 0.1GeV2) = 0.49(65) n.m.. More
technical details of this updated analysis, such as the
inclusion of shutter closed asymmetries in the experi-
ment, scintillation measurements, etc. are beyond the
scope of this work and interested readers are referred
to Ref. [21] for more discussion. Another reanalysis [2]
of the SAMPLE data with three major modifications
implemented, such as a developed Monte-Carlo simula-
tion of the full experimental geometry, consideration of
background associated with the threshold photo-pion
production which was not included in Ref. [1], and a



*Use MiniBooNE data (0.27 < Q2 < 0.65 GeV2)

Reason 1: Uncertainty in GsE,M becomes very large and values 
consistent with zero

Reason 2: Nuclear effect can be large for at low Q2 
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GZA (0) = - 0.751 (56) 
Mdipole = 0.95(6) GeV
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Neutral Weak Axial Form Factor and (Anti)Neutrino-Nucleon Scattering

Di↵erential Cross Section

Insights into the interplay of first principle lattice QCD calculations and experimental results can
unveil such nucleon properties whose onliest extractions with desired accuracy either from theory or
experiment is intricate. In this simple yet novel analysis, with a combination of the strange quark
form factors from lattice QCD calculation and the MiniBooNE experiment (anti)neutrino-nucleon
di↵erential cross section data in a kinematic region 0.3 . Q2 . 0.7 GeV2 where the nuclear e↵ects
are shown to be negligible, we obtain the most precise determination of the weak axial form factor
GZ

A in the range of 0  Q2  1 GeV2 with the weak axial charge GZ
A(0) = �0.752(56)(2). This

leads us to the reconstruction of the (anti)neutrino-nucleon di↵erential cross section and is shown
to reproduce the MiniBooNE and BNL E734 data very well, showing that the nuclear correction in
the (anti)neutrino-nucleus scattering in this kinematic region is very small.

Since this calculation predicts neutral current weak

axial form factor and (anti)neutrino-nucleon di↵eren-

tial cross section by combining lattice QCD and exper-

imental data , one has to be very careful about sources

of systematic errors and approach in a conservative

way. Therefore, we do not consider lattice data out-

side Q2
= 0.6 GeV

2
and (⌫̄)⌫N scattering di↵erential

cross section data in the region 0.27�0.65 GeV
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(Anti)Neutrino-nucleon neutral current elastic dif-

ferential cross-section can be written [1]:
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The expressions for these form factors are unknown,
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Impact of  Lattice QCD Strange EMFF

Possibility: Since strange quark contribution is small 
 set =0 (??)

Neutral Weak Form Factors of Proton and Neutron

Raza Sabbir Sufian
Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40508, USA

⇤

We determine the nucleon neutral weak electromagnetic form factors GZ,p(n)

E,M by combining results
from light-front holographic QCD and lattice QCD calculations. We deduce nucleon electromagnetic
form factors from light-front holographic QCD which provides a good parametrization of the ex-
perimental data of the nucleon electromagnetic form factors in the entire momentum transfer range
and isolate the strange quark electromagnetic form factors Gs

E,M using lattice QCD. From these
calculations, we obtain precise estimates of the neutral weak form factors in the momentum transfer
range of 0GeV2  Q2  0.5GeV2. From the lattice QCD calculation, we present Q2-dependence
of the strange quark form factors. We also deduce the neutral weak Dirac and Pauli form factors
F

Z,p(n)

1,2 of the proton and the neutron.

I. INTRODUCTION

In the electron elastic scattering from a hadron,
parity-violating asymmetry arises from the interference
of weak and electromagnetic amplitudes where the neu-
tral weak current scattering is mediated by the Z-boson
exchange. Because the weak current contains both vec-
tor and axial vector contributions, it violates parity
and this property of the neutral weak current has been
the main interest of the parity-violating (PV) experi-
ments [? ? ? ? ? ? ? ? ? ? ? ? ? ]. These PV
experiments are important as they allow measurements
of the standard model parameters related to Z-boson
couplings and search for new PV interactions beyond
the standard model. When electroweak (EW) radiative
corrections [? ? ] are taken into account, the neutral
weak electric and magnetic form factors G

Z,p

E,M

of the
nucleon, under the assumption of isospin symmetry,

can be expressed in terms of nucleon electric (G�,p(n)

E

)

and magnetic (G�,p(n)

M

) form factors and a contribution
from the strange (s) quarks as [? ? ? ? ],
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where the subscript E(M) stands for the elec-
tric(magnetic) form factor (FF) and the superscript
p(n) stands for the proton(neutron). Under the isospin
symmetry, the strange electromagnetic form factor
(EMFF) is the same for the proton and neutron, i.e.

G

s,p

E,M

= G

s,n

E,M

= G

s

E,M

. R

p(n)

V

and R

(0)

V
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corrections to the vector form factors calculated in
Ref. [? ] and translated into the MS-scheme in Ref. [?
]. The updated analysis of these radiative corrections
can be found in Ref. [? ] and we use the values listed
in Ref. [? ] for the subsequent calculations.

The first measurement of the proton neutral
weak magnetic form factor G

Z,p

M

from PV asym-
metry in the polarized ~e � p scattering experi-
ment was performed by the SAMPLE collabo-
ration. Performed at a momentum transfer of
Q

2 = 0.1GeV2, the neutral weak magnetic form
factor was found to be G

Z,p

M

(Q2 = 0.1GeV2) =
0.34(11) nucleon magneton (n.m.) which corresponds
to a value of Gs

M

(Q2 = 0.1GeV2) = 0.23(44) n.m [?
]. In an updated analysis Ref. [? ] of the SAMPLE
data, one of the authors from Ref. [? ] obtained
PV asymmetry A = (�5.22 ± 2.24 ± 0.62) ⇥ 10�6

compared to the A = (�6.34 ± 1.45 ± 0.53) ⇥ 10�6

at Q

2 = 0.1GeV2 reported in Ref. [? ]. Both of
these PV asymmetries agree within uncertainties.
While extracting G

Z,p

M

using Eq. (??), the author in
Ref. [? ] used radiative corrections from Ref. [? ]
instead of the radiative corrections [? ] that were
used in Ref. [? ]. The author in Ref. [? ] obtained
G

Z,p

M

(Q2 = 0.1GeV2) = 0.29(16) n.m. which corre-
sponds to G

s

M

(Q2 = 0.1GeV2) = 0.49(65) n.m.. More
technical details of this updated analysis, such as the
inclusion of shutter closed asymmetries in the experi-
ment, scintillation measurements, etc. are beyond the
scope of this work and interested readers are referred
to Ref. [? ] for more discussion. Another reanalysis [?
] of the SAMPLE data with three major modifica-
tions implemented, such as a developed Monte-Carlo
simulation of the full experimental geometry, consid-
eration of background associated with the threshold
photo-pion production which was not included in
Ref. [? ], and a di↵erent way of analyzing background

Discrepancy !!

=0
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Reconstruction of  Differential Cross Sections
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 at Q2 < 0.15 GeV2



the sum of the weak neutral Dirac and Pauli form fac-
tors is
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This relationship has the form

aGs
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AG
s
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where one may easily identify the factors a, b, and c from
the previous equation. Using the dipole form for the
magnetic form factors, Gp;n

M " $p;n=$1!Q2=M2
V&2
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This relation can be expressed as a fourth-order polyno-
mial in Gs

E and Gs
M. The solutions to this expression are

contours in the $Gs
E;G

s
M& plane. A set of contours, using

the E734 data at Q2 " 0:5 GeV2, is shown in Fig. 2. The
dipole and Galster [22] forms are used for the electric
form factors of the proton and neutron, respectively:
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These two relationships, one between Gs
M and Gs

A and
another between Gs

M and Gs
E, need some additional input

from another experiment before any actual values of Gs
E,

Gs
M, and Gs

A can be determined. The only existing addi-
tional experimental information in this Q2 range is the
HAPPEX result [17]. As displayed in Figs. 2 and 3,
combining the HAPPEX results at Q2 " 0:477 GeV2

with the E734 data at Q2 " 0:5 GeV2 gives two solutions
for Gs

E, Gs
M, and Gs

A, listed in Table II. This is the first
determination of Gs

E and Gs
A for Q2 ! 0. These two so-

lutions are very different from each other, and in a few
years one of them will be selected with a measurement at
a nearby Q2, as will be done in the G0 and E91-004
experiments at Jefferson Laboratory. However, there are

FIG. 1. Relation between Gs
A and Gs

M at Q2 " 0:5 $GeV&2.
The solid line is the central value, while the dotted lines
correspond to the total uncertainties in the E734 data. The
asymptotes occurring for Gs

A " a and Gs
M " b are indicated;

see text for details.

FIG. 2. The solid contours show the relation between Gs
M

and Gs
E at Q2 " 0:5 GeV2, using the E734 data. The dotted

contours correspond to the total E734 uncertainties. The
straight (solid and dotted) lines show the HAPPEX result at
Q2 " 0:477 GeV2.
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Insights into the interplay of first principle lattice QCD calculations and experimental results can
unveil such nucleon properties whose onliest extractions with desired accuracy either from theory or
experiment is intricate. In this simple yet novel analysis, with a combination of the strange quark
form factors from lattice QCD calculation and the MiniBooNE experiment (anti)neutrino-nucleon
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A(0) = �0.752(56)(2). This

leads us to the reconstruction of the (anti)neutrino-nucleon di↵erential cross section and is shown
to reproduce the MiniBooNE and BNL E734 data very well, showing that the nuclear correction in
the (anti)neutrino-nucleus scattering in this kinematic region is very small.
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Other Calculations

MiniBooNE, PRD 82 (2010)

2

FIG. 2. XXX

FIG. 3. YYYYY.

Gs
A(0) = 0.08(26) (11)

The isoscalar form factors F s
1 and F s

2 are the con-

tributions of strange quarks to the electric charge and

to the magnetic moment of the nucleon, whereas F s
A

is the strange quark contribution to the nucleon spin.

The expressions for these form factors are unknown,

but in analogy to the isovector form factors they are

usually represented in the dipole form with the same

FIG. 4. ZZZ.

FIG. 5. VVVV.

vector masses MV and MA as for the nonstrange form

factors.

EDIT: The correlated systematic errors are common

to both ⌫NCE and ⌫̄NCE scattering measurements.

Since both measurements are made using the same de-

tector and have the same ob- served final state, the

detector systematic errors ? the uncertainty in the op-

tical photon production and prop-agation, the error as-

sociated with the detector electron- ics, and the error

associated with the PMT response ? are categorized

as correlated errors.
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to reproduce the MiniBooNE and BNL E734 data very well, showing that the nuclear correction in
the (anti)neutrino-nucleus scattering in this kinematic region is very small.
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Precise estimate of  NC weak axial form factor GZA 

Summary

Strange quark contribution cannot be ignored

Reconstruction of  (anti)neutrino- nucleon diff. cross sections with  
correct prediction of  GZA  and lattice input of  GsE,M

Lattice QCD calculation of  GsA  in the continuum and infinite 
volume limit with controlled systematic uncertainties required 



An Example: LQCD Constraint on Models

Many models of  meson-baryon fluctuations to study  s(x)-s(x) asymmetry

In  
Preparation
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Figure 1. Results of the determination of Gs
E , Gs

M , and Gs
A at individual values of Q2, and also from our global

fit. The separate determinations were done by Liu et al. [15] (green squares at 0.1 GeV2), Androić et al. [9] (blue
inverted triangles), Baunack et al. [12] (red squares at 0.23 GeV2), Ahmed et al. [7] (red triangles at 0.62 GeV2),
and Pate et al. [16] (open and closed circles). The preliminary results of our global fit (see text) are shown by the
solid line; the 70% confidence level limit curves for the fit are shown as the dashed line in the right-hand panel.
The vertical scale for Gs

A in the right-hand panel has been adjusted to accommodate the limit curves of the fit.

Strong limits are placed on the contribution of the strange quarks to the vector form factors throughout
this Q2 range. On the other hand, �S is also consistent with 0 but the uncertainty is very large because
there are no ⌫p or ⌫̄p elastic data at su�ciently low Q2 to constrain it. As a result the uncertainties
in the global fit to Gs

A are very much larger than the uncertainties in the separate determinations of
Gs

A in Figure 1. We cannot determine �S in this method until additional neutrino scattering data are
obtained at low Q2.

Table 1. Preliminary results for our 5-parameter fit to the 48 elastic neutrino- and PV electron-scattering data
points from BNL E734, HAPPEx, SAMPLE, G0, and PVA4.

Parameter Fit value
⇢s �0.071 ± 0.096
µs 0.053 ± 0.029
�S �0.30 ± 0.42
⇤A 1.1 ± 1.1
S A 0.36 ± 0.50

Pate, et al 

already good reasons to favor solution 1 over solution 2.
First of all, the value of Gs

A in solution 1 is consistent with
the estimated value of Gs

A!Q2 " 0# " !s " $0:14%
0:03 from deep-inelastic data [11], whereas that found in
solution 2 is much larger and of a different sign. Similarly,
the value of Gs

M in solution 1 is consistent with that
measured by SAMPLE, whereas the value in solution 2
is much larger in magnitude. However, the final determi-
nation must come from the additional data to be collected
at Jefferson Laboratory in the next few years.

The extensive program of measurements to be done
by the G0 Collaboration, when combined with the BNL
E734 data, will give the Q2 dependence of Gs

A in the
range 0:45–0:95 GeV2. The first phase of the G0 experi-
ment (in 2004) will measure forward scattering of pro-
tons (very similar to the HAPPEX measurement at
Q2 " 0:477 GeV2 and similarly insensitive to Ge

A) for
Q2 in the range 0:1–1:0 GeV2. That will yield two solu-
tions (in a similar fashion as Figs. 2 and 3) for each of
Gs

E, Gs
M, and Gs

A for several Q2 points in the range
0:45–0:95 GeV2. The second phase of G0 (in 2005–
2006) will observe backward scattered electrons, and
those data will select the set of solutions to use. The
uncertainty in the extraction of Gs

A from the E734 and
G0 data will be between %0:03 and %0:10, depending on
the value of Gs

M — these two are highly correlated, as

Fig. 1 shows. These data on Gs
A will be crucial in nailing

down the value of !s, which has been one of the goals of
hadronic spin physics for many years.
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6 Measurement of neutrino-proton elastic scattering at MicroBooNE

MicroBooNE (http://www-microboone.fnal.gov/) is a new neutrino-scattering experiment under con-
struction at Fermilab, consisting of a 170-ton liquid-argon time projection chamber to be placed in the
path of a beam of approximately 1 GeV neutrinos. This detector is ideal for observing neutrino-proton
elastic scattering events, as low-energy protons from these events can travel several centimeters in liq-
uid argon; a measurement down to Q2 = 0.08 GeV2 is possible. A determination of Gs

A down to such
a low value of Q2 would permit a determination of �S . To estimate the level of uncertainty of such
a measurement, a simulation of 2 ⇥ 1020 protons-on-target was performed (about one running year),
using reasonable event selection cuts.1 These simulated MicroBooNE cross section measurements
were then fed back into our global fit program, and we observed the change in the uncertainties in the
fit parameters; see the table below. It is seen that a measurement of the strangeness axial form factor

Table 2. Improvement in uncertainties in fit parameters for Gs
A, when simulated MicroBooNE data are included

in the fit.

Parameter Existing Data Including MicroBooNE
�S ±0.42 ±0.038
⇤A ±1.1 ±0.38
S A ±0.50 ±0.071

at MicroBooNE can have a dramatic e↵ect on this analysis, and we look forward to a determination
of �S to come from this project in the next few years.
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[9] D. Androić et al. (G0), Phys. Rev. Lett. 104, 012001 (2010), 0909.5107

[10] F.E. Maas et al. (A4), Phys. Rev. Lett. 93, 022002 (2004), nucl-ex/0401019
[11] F.E. Maas et al. (A4), Phys. Rev. Lett. 94, 152001 (2005), nucl-ex/0412030
[12] S. Baunack et al. (A4), Phys. Rev. Lett. 102, 151803 (2009), 0903.2733
[13] S.F. Pate, Phys. Rev. Lett. 92, 082002 (2004), hep-ex/0310052
[14] D. Armstrong, R. McKeown, Ann.Rev.Nucl.Part.Sci. 62, 337 (2012), 1207.5238
[15] J. Liu, R.D. McKeown, M.J. Ramsey-Musolf, Phys. Rev. C76, 025202 (2007), 0706.0226
[16] S.F. Pate, D.W. McKee, V. Papavassiliou, Phys. Rev. C78, 015207 (2008), 0805.2889

1Thanks to B. Fleming, J. Spitz, and V. Papavassiliou for providing this simulation.

Q2 = 0.5 GeV2



Weak Axial FF form e-p scattering

ar
X

iv
:0

70
6.

02
26

v2
  [

nu
cl

-e
x]

  2
3 

Ju
n 

20
07

Global Analysis of Nucleon Strange Form Factors at Low Q2

Jianglai Liu,∗ Robert D. McKeown, and Michael J. Ramsey-Musolf†
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We perform a global analysis of all recent experimental data from elastic parity-violating electron
scattering at low Q2. The values of the electric and magnetic strange form factors of the nucleon
are determined at Q2 = 0.1 GeV/c2 to be Gs

E = −0.008 ± 0.016 and Gs
M = 0.29 ± 0.21.

PACS numbers: 11.30.Er, 13.40.Gp, 13.60.Fz, 13.60.-r, 14.20.Dh, 25.30.Bf

The existence of a “sea” of quarks and antiquarks in
the nucleon has been firmly established in deep-inelastic
lepton scattering experiments as well as in the produc-
tion of dilepton pairs (the Drell-Yan process). However,
demonstrating the role of these q̄q pairs in the static elec-
tromagnetic properties of the nucleon has been a more
elusive and difficult task.

As the lightest quark that contributes only to the qq̄
sea, the strange quark provides a unique window on the
role of the sea in the nucleon’s electromagnetic structure.
As suggested by Kaplan and Manohar [1], knowledge of
neutral current form factors, when combined with elec-
tromagnetic form factors, provides access to the contri-
bution of strange quarks to these form factors. At low
momentum transfers, the neutral current form factors
can be determined through parity-violating (PV) elec-
tron scattering experiments [2, 3].

During the last decade, there has been dramatic
progress in the study of the strange quark-antiquark con-
tributions to the nucleon elastic electromagnetic form
factors. A series of definitive PV electron scattering ex-
periments along with several theoretical studies now pro-
vide a basis for extracting precision information on these
strange quark contributions. In this work we report the
results of a global analysis of all these experiments, in-
cluding both the latest data obtained in experiments per-
formed at the Jefferson Laboratory and appropriate the-
oretical input on radiative corrections, and obtain values
for the strange electric and magnetic form factors of the
nucleon at a four-momentum transfer Q2 = 0.1 GeV/c2.
We have also studied the sub-leading Q2 dependence of
these two form factors, and find that so far the data do
not provide conclusive information.

I. STRANGE FORM FACTORS AND
PARITY-VIOLATING ELECTRON SCATTERING

The nucleon vector strange form factors, Gs
E and Gs

M ,
characterize the contribution of the strange sea quarks
to the nucleon electromagnetic form factors, and thereby

∗Electronic address: jliu@caltech.edu
†On leave from Department of Physics, University of Wisconsin-
Madison Madison, WI 53706 USA

their contribution to the charge and magnetization dis-
tributions in the nucleon. With polarized electron fa-
cilities, Gs

E and Gs
M can be accessed by measuring the

PV asymmetries in elastic e-p scattering, quasielastic e-d
scattering, and elastic e-4He scattering [4]. In very gen-
eral terms, the parity-violating asymmetry APV can be
written as

APV = Anvs + ηEGs
E + ηMGs

M , (1)

where Anvs is the “non-vector-strange” asymmetry (inde-
pendent of Gs

E and Gs
M ), and ηE and ηM are functions of

kinematic quantities, nucleon electromagnetic form fac-
tors, and nuclear models (for non-hydrogen targets).

For elastic e−p scattering, the full form of the asym-
metry is [4]

Ap
PV = −

GF Q2

4
√

2πα

1

[ϵ(Gp
E)2 + τ(Gp

M )2]

× {(ϵ(Gp
E)2 + τ(Gp

M )2)(1 − 4 sin2 θW )(1 + Rp
V )

− (ϵGp
EGn

E + τGp
MGn

M )(1 + Rn
V )

− (ϵGp
EGs

E + τGp
MGs

M )(1 + R(0)
V )

− ϵ′(1 − 4sin2θW )Gp
MGe

A} , (2)

with

τ =
Q2

4M2
p

, ϵ =

(

1 + 2(1 + τ)tan2 θ

2

)−1

,

ϵ′ =
√

τ(1 + τ)(1 − ϵ2) ,

where Mp is the mass of the proton and θ is the electron
scattering angle. In Eqn. 2, GF and α are the Fermi
and fine structure constants, respectively. Q2 is the four

momentum transfer. G(p,n)
E,M are the proton and neutron

electric and magnetic form factors, while Ge
A is proton

axial form factor seen by an electron. In order to extract
contributions from Gs

E,M to Ap
PV , one must include the

effects of Standard Model (SM) O(α) electroweak radia-
tive corrections [5]. It is often useful to characterize these
corrections in terms of ratios RV,A of the O(α) hadronic
vector (V ) and axial vector (A) weak neutral current am-
plitudes to the corresponding tree-level amplitudes. The

Rp
V , Rn

V , R(0)
V give these ratios for vector proton, neutron,

and SU(3)-singlet amplitudes, respectively. In principle,
their values can be obtained using the SM predictions

3

The corresponding results, updated for the present
value of the weak mixing angle, are given in Table I. The
resulting prediction for Ge

A is consistent with both the
results of the SAMPLE deuterium measurement [16, 17],
which is particularly sensitive to the dominant isovector
axial component, as well as other theoretical models for
the anapole contributions [18, 19]. No evaluation of the

“many-quark” contribution of R(0)
A has been made in the

literature. We assume it is zero and assign the size of

“one-quark” value for R(0)
A as its uncertainty.

RT=1
A RT=0

A R(0)
A

one-quark −0.172 −0.253 −0.551

many-quark −0.086(0.34) 0.014(0.19) N/A

total −0.258(0.34) −0.239(0.20) −0.55(0.55)

TABLE II: The “one-quark” [8] and “many-quark” [15] cor-
rections to the axial charges, both in MS, as well as the com-
bined corrections.

The PV asymmetry for the neutron can be obtained
by exchanging the “p” and “n” indices on nucleon form
factors in Eqn. 2, and flipping the sign of the first isovec-
tor term in the expression for Ge

A in Eqn. 3. To first
order, the PV asymmetry from a deuterium target is a
cross-section weighted average of the proton and neutron
asymmetries, which leads to an enhancement of the con-
tribution of Ge

A and a suppression to the relative contri-
bution due to Gs

E and Gs
M . Obviously a nuclear correc-

tion needs to be applied in the analysis. In this note, for
the SAMPLE deuterium measurement, we shall adopt
the asymmetry expression given in [16].

The 4He nucleus is spin zero, parity even and isoscalar.
The PV asymmetry takes a much simpler form [4]:

AHe
PV =

GF Q2

4π
√

2α

×

(

4 sin2 θW (1 + RT=0
V ) +

2(1 + R(0)
V )Gs

E

Gp
E + Gn

E

)

, (5)

where the isoscalar RV factor is related to Rp
V and Rn

V
as

RT=0
V =

Rn
V − (1 − 4 sin2 θW )Rp

V

4 sin2 θW
. (6)

II. EXPERIMENTAL DATA

In this section, the world data of PV elastic scatter-
ing within a Q2 range from 0.07 to 0.5 (GeV/c)2 will
be summarized. These include SAMPLE-H [17, 20],
SAMPLE-D [16, 17], HAPPEx-H-99 [21], HAPPEx-H-
a [22], HAPPEx-He-a [23], HAPPEx-H-b and HAPPEx-
He-b [24], PVA4-H-a [25], PVA4-H-b [26], and the first
14 Q2 bins in G0 forward angle [27]. The kinematics,
targets, and the measured asymmetries in these exper-
iments are summarized in Table III. In column Aphys,

the first and second uncertainties for the G0 data are the
uncorrelated and correlated experimental uncertainties,
respectively. The values of ηE and ηM are also listed
in the table. In calculating them, we have adopted a re-
cent parametrization of the nucleon electromagnetic form
factors from Ref. [29]. For the SAMPLE deuterium mea-
surement, the ηM is taken from Ref. [16], whereas its ηE

is taken to be 1.79 according to the static approximation.

III. GLOBAL ANALYSIS

A. Anvs and Theoretical Uncertainties

We shall now present a combined analysis of the world
data aiming to extract Gs

E and Gs
M . A global fit, gen-

erally speaking, is obtained by simultaneously solving a
set of equations

mi ± σ(mi) = ti(a1, a2, · · · ) ± σ(ti) , (7)

where mi and ti(a1, a2, · · · ), respectively, are the mea-
sured and theoretical values for experiment i. In this
expression, σ(mi) and σ(ti) are their uncertainties, and
a1, a2, · · · are the free parameters one seeks to determine.
In our case,

mi = Ai
phys , ti = Anvs + ηEGs

E + ηMGs
M , (8)

with Gs
E and Gs

M being the free parameters. In the pre-
vious section, we have discussed the value and uncer-
tainty of Ai

phys, as well as ηE and ηM (Table III). For
each measurement, the values of Anvs can be also com-
puted straightforwardly using the formalism in Sec. I.
They are listed in Table IV. We again have used the
parametrization of the nucleon electromagnetic form fac-
tors from Ref. [29]. As mentioned, the Anvs for the SAM-
PLE deuterium measurement is calculated based on the
asymmetry expression in [16] with the theoretical value
of Ge

A.
The treatment of the theoretical uncertainties σ(ti) is

more subtle. σ(ti) receives dominant contributions from
the following sources: the nucleon axial form factor (Ge

A),

nucleon electromagnetic form factors (G(p,n)
E,M ), and nu-

clear corrections. Theoretical uncertainties from a given
source are correlated among different experiments. The
uncertainty in Ge

A can be calculated based on the un-
certainties in Tables I and I, and is dominated by the
uncertainty of the “many-quark” electroweak radiative
corrections on the RA factors in Table I. For the nucleon
electromagnetic form factors, based on the spread of the
world data (see, e.g. Ref. [29]), we estimate their relative
uncertainties as

σ(Gp
E)

Gp
E

= 2.5% ,
σ(Gp

M )

Gp
M

= 1.5% ,

σ(Gn
E)

Gn
E

= 15% and
σ(Gn

M)

Gn
M

= 1% ,
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Particle Lifetime (ns) Decay mode Branching ratio (%)

⇡+ 26.03 µ+ + ⌫µ 99.9877
e+ + ⌫e 0.0123

K+ 12.385 µ+ + ⌫µ 63.44
⇡0 + e+ + ⌫e 4.98
⇡0 + µ+ + ⌫µ 3.32

K0

L 51.6 ⇡� + e+ + ⌫e 20.333
⇡+ + e� + ⌫e 20.197
⇡� + µ+ + ⌫µ 13.551
⇡+ + µ� + ⌫µ 13.469

µ+ 2197.03 e+ + ⌫e + ⌫µ 100.0

Table 4.1: Particle lifetimes and neutrino-producing decay modes with their branching ratios con-
sidered in the simulation.

4.2.4 Neutrino Flux at the Detector and Systematic Errors

The neutrino flux at the detector is calculated via a Geant4 [87] Monte Carlo (MC) beam simulation.

The simulation includes a full beam geometry, specified by shape, location and material composition

of the BNB components. The MC generates protons upstream of the target and propagates them

through the target. In the target, p-Be interactions are simulated, creating particles of 7 types

(⇡±, K±, K0, p, n). The pion production cross-section used in the MC is based on measurements

from the HARP [88] and E910 [89] experiments. For K+ production, a fit to the results of several

experiments are used [90, 91, 92, 93, 94] with a parametrization to extrapolate the incident proton

energy to 8.89 GeV. The errors associated with the meson production are either estimated from

the fit to the production data (kaons) or taken from the experiment (pions). Pions (which are

responsible for the neutrinos dominating the total neutrino flux at the detector) have a production

error of ⇠ 5%.

Then the secondary particles are propagated through the rest of the BNB with a simulation

of their subsequent decays with the proper branching ratios, giving the appropriate kinematics for

the decay particles. Then, the decay particles are also propagated further. Whenever a neutrino is

produced in the process, it is checked whether its track would go through the MiniBooNE detector.

The histogram of neutrinos (antineutrinos) and their types for those that do go through the detector

is filled. This simulation produces the neutrino flux, which is shown in Fig. 4.5 for the neutrino mode.

The neutrino flux histograms are available in Ref.[95]. About 97% of the ⌫µ flux is from the ⇡+

decay and ⇠ 3% from K+ decay.
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3.1 Charged-Current Quasi-elastic (CCQE) scattering

The CCQE interaction is the primary interaction at MiniBooNE energies. This interaction is used to
detect ⌫

µ

(⌫̄
µ

) and ⌫
e

(⌫̄
e

) candidate events in the oscillation and Lorentz violation analyses,

⌫
µ

+ n ! µ� + p , ⌫̄
µ

+ p ! µ+ + n ,

⌫
e

+ n ! e� + p , ⌫̄
e

+ p ! e+ + n .

Therefore, a strong understanding of this channel is essential. High statistics ⌫
µ

(⌫̄
µ

) interactions are
used to study outgoing lepton kinematics [18]. The observable of this channel is the outgoing muon,
with no pions in the final state, i.e., the signal event topology is “1 muon + 0 pion + N protons”. The
main results were published in terms of flux-integrated double di↵erential cross sections, as functions
of the lepton kinetic energy and the scattering angle. Figure 3 left shows the flux-integrated dou-
ble di↵erential cross section of ⌫

µ

CCQE interactions [5]. The irreducible background from the pion
production channel is subtracted based on a sideband study, but the subtracted background is also
published so that readers can recover the irreducible background.

These data have revealed the importance of nucleon correlations [19, 20] in neutrino scattering,
which had not been taken into account correctly in previous calculations. This led to models developed
using electron scattering data, that were tested against MiniBooNE data [21–26]. These models await
being tested further by other experiments, such as MINERvA [27, 28] and T2K [29].

Another important test is CCQE anti-neutrino scattering, where a wide range of expectations
were predicted prior to the run [30–34]. Before the data could be compared to the results, however,
the substantial contamination of neutrinos in the anti-neutrino beam had to be addressed. Three
independent methods were used to constrain and tune the neutrino contamination prediction [35].
After subtracting the neutrino contamination, the flux-integrated double di↵erential cross section for
the muon anti-neutrino CCQE interaction was measured (Fig. 3, right) [36]. The comparison of models
with data showed a preference for the high cross section models [37]. The rich shape information of
the double di↵erential data continues to provide additional tests, beyond the normalization.

The main result of the ⌫̄
µ

CCQE cross section measurements is quoted as per CH2 molecule. This
is because the MiniBooNE target consists of CH2, and the experiment cannot distinguish anti-neutrino
interactions with bound protons in the carbon nuclei and free protons from hydrogen. As a separate
study, however, MiniBooNE also presented an analysis that subtracted the hydrogen interactions,
where the cross sections were then expressed per bound proton. This has also provided a useful
handle for theorists.

3.2 Charged single pion production

The understanding of charged-current single-pion channels is of great interest to the nuclear commu-
nity, but also, there are significant implications for the neutrino oscillation studies. These interactions
produce an irreducible background for CCQE events [38–41]. If the detector fails to tag outgoing
pions, either because of detector e↵ects or nuclear e↵ects, pion production channels may be misclas-
sified as CCQE. The distributions of irreducible backgrounds must be modelled, and those models
rely on the pion production measurements, especially the MiniBooNE data described here. Therefore,
understanding the kinematic distributions of pion production channels is a crucial task for neutrino
oscillation physics.
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