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We study the scattering of neutrinos on polarized and unpolarized free nucleons, and also the polarization
of recoil particles in these scatters. In contrast to electromagnetic processes, the parity-violating weak
interaction gives rise to large spin asymmetries at leading order. Future polarization measurements could
provide independent access to the proton axial structure and allow the first extraction of the pseudoscalar
form factor from neutrino data without the conventional partially conserved axial current (PCAC) ansatz
and assumptions about the pion-pole dominance. The pseudoscalar form factor can be accessed with precise
measurements with muon (anti)neutrinos of a few hundreds MeVof energy or with tau (anti)neutrinos. The
axial form factor can be extracted from scattering measurements using accelerator neutrinos of all energies.
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I. INTRODUCTION

Neutrino physics is entering a precision era driven
by new experiments and modern detector technology.
This requires an improved theoretical and phenomenologi-
cal description of neutrino interactions. An ambitious goal
of percent level measurements calls for precise inputs from
nuclear and hadronic physics [1–3]. To describe elementary
neutrino-nucleon charged current quasielastic (CCQE)
interactions inside the nucleus, four nucleon form factors
have to be precisely known. These are the isovector
electric and magnetic form factors, the axial form factor,
and the pseudoscalar form factor. The former pair can be
precisely measured in electron scattering. References [4–9]
provide data at low momentum transfer corresponding to
enhanced event rates in neutrino experiments. The axial
and pseudoscalar form factors require weak probes with
neutrinos [10–26] often accompanied with nuclear physics
effects [27–44] or measurements of pion electroproduction
[45–51]. The axial form factor which is known to
10–20% is the main source of error in microscopic
description of neutrino interactions at the nucleon level.
Improved measurements of the axial form factor, ideally
with independent systematic uncertainties, and model-
independent extractions of the pseudoscalar form factor

are important for understanding nucleon dynamics at
momentum transfers Q2 ≲ 1–3 GeV2 and are essential
for modeling of neutrino interactions at DUNE [52,53],
Hyper-K [54], and ESSνSB [55].
Besides unpolarized cross section measurements, one can

perform experiments with polarized particles [56,57] and
access form factors in a complementary way as was
successfully realized in electron-proton scattering a few
decades ago [58–64]. After pioneering studies of polariza-
tion observables in neutrino physics [65–74], a few groups
have recently revisited polarization effects in (anti)neutrino-
nucleon charged current quasielastic scattering [75–78].1
Expressions for all possible single-, double-, and triple-spin
asymmetries in scattering on free nucleons are collected in
[77]. The contributions of second-class currents to polari-
zation observables are considered in [79]. Polarization
effects in inverse reactions ep → νn are described in [80].
The discovery of the tau neutrino [81] and subsequent
experiments [82–84] have motivated studies of CCQE
observables with polarized recoil tau leptons (or just taus)
[85–95]. Induced nucleon polarization in (anti)neutrino-
nucleus neutral-current scattering are described in [96–99].
In many conventional treatments of neutrino-nucleon

interactions, the pseudoscalar form factor is related to
the axial one using the partially conserved axial current
(PCAC) ansatz and assuming the pion-pole dominance,
which is only expected to be a valid approximation at low
momentum transfers [100–106]. Recent advances in lattice
QCD have provided us with ab initio results both for the
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1In the following, charged current quasielastic scattering refers
to processes on free nucleons νln → l−p and ν̄lp → lþn.
Further nuclear physics effects are beyond the scope of this work.
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axial and for the pseudoscalar form factors [107–117].
Though initially there was a strong disagreement with the
PCAC ansatz in the assumption of pion-pole dominance
[118,119], this problem seems to be resolved with recent
calculations satisfying the PCACansatzwithin the statistical
errors of simulations [116,120–126] even at Q2 ∼ 1 GeV2.
However, the other recent lattice calculation [127] at the
physical pion mass has indicated on the violation of the
PCAC at low momentum transfer. In experiment, the value
of FPðQ2Þ at Q2 ∼ 0.88m2

μ, where mμ is the mass of the
muon, can be extracted frommeasurements ofmuon capture
on the proton [20,22,24,25]; reviews are available in
[21,26]. At other values of momentum transfer, the pseu-
doscalar form factor was extracted only once from the pion
electroproduction cross section data [45,46].
Novel extractions of the axial and the pseudoscalar form

factors from neutrino experiments with polarized particles
were recently proposed in the Snowmass 2021 Letter of
Intent “Neutrino Scattering Measurements on Hydrogen
and Deuterium” [128]. Experiments on hydrogen and
deuterium targets, when nuclear physics effects are absent
or can be taken under control, provide relatively clean and
unambiguous probes of nucleon axial structure over a wide
range of Q2 while still allowing sizable event rates.
In this work, we study the sensitivity of single-spin

asymmetries in (anti)neutrino charged current quasielastic
scattering on free nucleons to the axial and the pseudoscalar
form factors. We determine neutrino beam energies suitable
for the simultaneous extraction of both form factors in a
single experiment and identify single-spin asymmetries
sensitive to the axial contributions at GeVenergies. In what
follows we calculate spin-polarized observables for target
nucleon’s, recoiling nucleon’s, and recoiling lepton’s polar-
izations. We describe the most promising channels for
extracting the pseudoscalar and axial nucleon form factors.
This paper is organized as follows. In Sec. II, we express

the unpolarized cross section and single-spin asymmetries
in terms of nucleon form factors in a simple and convenient
way. In Sec. III, we study single-spin asymmetries and
unpolarized cross section for muon neutrino beam of
hundred MeV energies. We concentrate on prospects for
extraction of the axial form factor with polarization
observables at GeV energies in the following Sec. IV.
In Sec. V, we investigate the unpolarized cross section and
all single-spin asymmetries with a beam of tau neutrinos.
Section VI provides conclusions. For the convenience
of the reader, we provide Figs. 1–18 with polarization
observables and unpolarized cross sections.

II. NUCLEON FORM FACTORS IN UNPOLARIZED
CROSS SECTION AND POLARIZATION

OBSERVABLES

We present a relation between microscopic physics and
experimental observables in this Section. First, we define
nucleon form factors as matrix elements of quark currents.

Based on this definition, we express the unpolarized cross
section and single-spin asymmetries in terms of nucleon
form factors. In this paper, we generalize well-known for
the unpolarized cross section structure-dependent param-
eters A, B, and C to single-spin asymmetries.
For neutrinos with energies typical in accelerator-based

experiments, corresponding to kinematics much below the
electroweak scale, charged current (anti)neutrino-quark
scattering is described by the four-fermion interaction:

Leff ¼ −
X
l;q≠q0

ðcqq0 l̄γμPLνlq̄γμPLq0 þ h:c:Þ; ð1Þ

where PL is the projection operator on the left-handed
chiral states. At leading order, the Wilson coefficients cqq0

are given by 2
ffiffiffi
2

p
GFVqq0, where GF is the Fermi coupling

constant and Vqq0 is the Cabibbo-Kobayashi-Maskawa
(CKM) matrix element. A more precise determination of
the Wilson coefficients is given in [129]. It is beyond the
level of accuracy considered in this paper and we exploit
the tree-level values quoted above.
We consider neutrino-neutron and antineutrino-proton

CCQE scattering:

νlðkÞnðpÞ → l−ðk0Þpðp0Þ; ð2Þ

ν̄lðkÞpðpÞ → lþðk0Þnðp0Þ; ð3Þ

with four-momenta of incoming and outgoing particles k, p
and k0, p0, respectively. The matrix element of the quark
current ūγμPLd inside the nucleon in neutrino-neutron
CCQE νln → l−p, can be expressed in terms of Sachs
electric, GV

E , and magnetic, GV
M, isovector, axial, FA, and

pseudoscalar, FP, form factors as [100]2

ΓμðQ2Þ ¼ hpðp0ÞjūγμPLdjnðpÞi

¼ 1

2
p̄

�
γμGV

MðQ2Þ − pμ þ p0
μ

2M
GV

MðQ2Þ −GV
EðQ2Þ

1þ τ

�

þ 1

2
p̄

�
γμγ5FAðQ2Þ þ qμ

M
γ5FPðQ2Þ

�
n; ð4Þ

with q ¼ p0 − p, Q2 ¼ −ðp − p0Þ2 and τ ¼ Q2=ð4M2Þ.
In the limit of isospin symmetry, when the mass, M, for
both nucleons is approximately the same, both the electric
and magnetic isovector form factors are given by the
difference of proton and neutron form factors, i.e., GV

E;M ¼
Gp

E;M −Gn
E;M.

3 In this paper, we assume CP invariance
and work at leading order in the QED coupling constant,
when all form factors in Eq. (4) are real functions.

2Our definition of form factors implies FAð0Þ < 0.
3Isospin-breaking effects are below the level of precision in

this work.
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Antineutrino-proton CCQE scattering ν̄lp → lþn is
described by the conjugated current.
We consider a few experimental observables in the

following. The unpolarized (anti)neutrino-nucleon scatter-
ing cross section is conveniently expressed in terms of the
structure-dependent A, B, C parameters [1,100]

dσ
dQ2

¼ c2qq0

16π

M2

E2
ν

�
ðτþ r2ÞAðQ2Þ − νBðQ2Þ þ ν2

1þ τ
CðQ2Þ

�
;

ð5Þ

where r ¼ ml=ð2MÞ with the lepton mass ml, incoming
neutrino energy Eν and variable ν ¼ Eν=M − τ − r2. The
structure-dependent factors A, B, and C are given by

A ¼ τðGV
MÞ2 − ðGV

EÞ2 þ ð1þ τÞF2
A

− r2ððGV
MÞ2 þ F2

A − 4τF2
P þ 4FAFPÞ; ð6Þ

B ¼ 4ητFAGV
M; ð7Þ

C ¼ τðGV
MÞ2 þ ðGV

EÞ2 þ ð1þ τÞF2
A; ð8Þ

where η ¼ þ1 corresponds to neutrino scattering
νln → l−p and η ¼ −1 corresponds to antineutrino scat-
tering ν̄lp → lþn. The momentum transfer increases from
forward to backward directions with corresponding values
Q2

− to Q2þ, respectively,

Q2
� ¼ 2ME2

ν

M þ 2Eν
− 4M2

M þ Eν

M þ 2Eν
r2

� 4M2Eν

M þ 2Eν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Eν

2M
− r2

�
2

− r2

s
: ð9Þ

The contribution of the pseudoscalar form factor FP to the
unpolarized cross section is suppressed by the lepton mass.
At energies of accelerator neutrinos, it is below errors
associated with the axial form factor FA.
Besides the unpolarized cross section, various spin-

dependent observables can be accessed experimentally.
The simplest ones are spin asymmetries which are the
main subject of this paper. Target, T, recoil, R, and lepton,
L, single-spin asymmetries are defined from the difference
of cross section σðS⃗Þ with a fixed spin direction S⃗ of one
incoming or outgoing particle and cross section σð−S⃗Þ with
the spin in the opposite direction as

T;R;L ¼ dσðS⃗T;R;LÞ − dσð−S⃗T;R;LÞ
dσðS⃗T;R;LÞ þ dσð−S⃗T;R;LÞ

: ð10Þ

At leading order in QED when all form factors in
Eq. (4) are real functions, single-spin asymmetries can

be described by two independent spin components in
the scattering plane with the spin direction parallel or
perpendicular to outgoing reference particle or to the beam
direction. Asymmetries are conveniently expressed in terms
of new structure-dependent functions that depend on the
particle whose spin we are considering:

T;R;L¼ðτþr2ÞAT;R;LðQ2Þ−νBT;R;LðQ2Þþ ν2

1þτC
T;R;LðQ2Þ

ðτþr2ÞAðQ2Þ−νBðQ2Þþ ν2

1þτCðQ2Þ :

ð11Þ

For (anti)neutrino scattering on the polarized nucleon
target with the spin four-vector S, the asymmetry T is
determined by the following structure-dependent factors
AT, BT, and CT4:

AT ¼ GV
MðFA − ηGV

EÞðp0 · SÞ − 2ηGV
MG

V
Eðk0 · SÞ

þ 2r2GV
M

�
ηGV

E − FA þ 2τFP

τ þ r2
ðk · SÞ − FPðp0 · SÞ

�
;

ð12Þ

BT ¼
�
ηF2

A −FAGV
E þ ητGV

M
GV

M −GV
E

1þ τ

�
ðp0 · SÞ

− 2FAGV
Eðk0 · SÞ

− r2
�
FA

GV
M −GV

E

1þ τ
− 2FP

GV
E þ τGV

M

1þ τ

�
ðp0 · SÞ; ð13Þ

CT ¼ FAðGV
M −GV

EÞðp0 · SÞ; ð14Þ

where η ¼ þ1 corresponds to neutrino scattering νln →
l−p and η ¼ −1 corresponds to antineutrino scattering
ν̄lp → lþn. It is worthwhile highlighting the special cases.
To evaluate Tt, the asymmetry in which the target polari-
zation is transverse to the beam direction with the spin
vector in the scattering plane, we substitute ðp0 · SÞ ¼
−ðk0 · SÞ ¼ 2M

Eν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τν2 − ð1þ τÞðτ þ r2Þ2

p
in Eqs. (12)–(14)

above. To evaluate Tl, the asymmetry in which the target
polarization is along the beam direction, we substitute
ðp0 · SÞ ¼ −2ðτ þ M

Eν
ðτ þ r2ÞÞ and ðk0 ·SÞ¼−ðp0 ·SÞ−Eν

M in
Eqs. (12)–(14) above. The transverse target single-spin
asymmetry Tt vanishes at forward and backward angles.
The longitudinal single-spin asymmetry is positive at
forward scattering when the momentum transfer is Q2

−.
Up to lepton-mass-suppressed terms, the asymmetry Tl
reaches maximum by an absolute value at backward angles
when the momentum transfer is Q2þ. For these kinematic

4To simplify our expressions, we use an unconventional
normalization for the spin four-vector: S2 ¼ −1=M2.
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boundaries, the longitudinal target single-spin asymmetry
is given by

TlðQ2
−Þ ¼ −

2GV
EFA

ðGV
EÞ2 þ F2

A
þ Oðm2

lÞ;

TlðQ2þÞ ¼ ηþ Oðm2
lÞ: ð15Þ

For (anti)neutrino scattering with measurements of the
recoil nucleon spin S, the asymmetry R is determined by
the following structure-dependent factors AR, BR, and CR:

AR ¼ GV
MðFA − ηGV

EÞðp · SÞ − 2ηGV
MG

V
Eðk · SÞ

þ 2r2GV
M

�
ηGV

E þ FA − 2τFP

τ þ r2
ðk · SÞ − FPðp · SÞ

�
;

ð16Þ

BR ¼
�
ηF2

A −FAGV
E þ ητGV

M
GV

M −GV
E

1þ τ

�
ðp · SÞ

− 2FAGV
Eðk · SÞ

þ r2
�
FA

GV
M −GV

E

1þ τ
− 2FP

GV
E þ τGV

M

1þ τ

�
ðp · SÞ; ð17Þ

CR ¼ FAðGV
M −GV

EÞðp · SÞ: ð18Þ

To evaluate Rt, the recoil nucleon spin asymmetry with the
spin vector in the scattering plane and perpendicular to the
recoiling nucleon’s momentum, we substitute ðp · SÞ ¼ 0

and ðk · SÞ ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τν2 − ð1þ τÞðτ þ r2Þ2

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τð1þ τÞp

in
Eqs. (16)–(18) above. To evaluate Rl, the recoil nucleon
spin asymmetry with the spin vector in the scattering plane
and parallel to the recoiling nucleon’s momentum, we
substitute ðp ·SÞ¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τð1þτÞp

and ðk ·SÞ¼ðτν−ð1þτÞ×
ðτþr2ÞÞ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

τð1þτÞp
in Eqs. (16)–(18) above. The trans-

verse recoil single-spin asymmetry Rt vanishes at forward
and backward angles. The longitudinal single-spin asym-
metry is positive at forward scattering when the momen-
tum transfer is Q2

−. Up to lepton-mass-suppressed terms,
the asymmetry Rl reaches maximum by an absolute value
at backward angles when the momentum transfer is Q2þ.
For these kinematic boundaries, the longitudinal target
single-spin asymmetry is given by

RlðQ2
−Þ ¼ −

2GV
EFA

ðGV
EÞ2 þ F2

A
þ Oðm2

lÞ;

RlðQ2þÞ ¼ −ηþ Oðm2
lÞ: ð19Þ

For (anti)neutrino scattering with measurements of the
recoil lepton spin S, the asymmetry L is determined by the
following structure-dependent factors AL, BL, and CL:

ðτþ r2ÞAL ¼−ηAðk · rSÞþ2ðτþ r2ÞFAGV
Mðkþ2p · rSÞ

−2ηr2ððGV
MÞ2þF2

A−4τF2
Pþ4FAFPÞðk · rSÞ;

ð20Þ

BL ¼ −2FAGV
Mðk · rSÞ þ

ηC
1þ τ

ðkþ 2p · rSÞ; ð21Þ

CL ¼ 0: ð22Þ

To evaluate Lt, the lepton spin asymmetry with the
spin vector in the scattering plane and perpendicular to
the lepton momentum, we substitute ðp · rSÞ ¼ 0 and
ðk · rSÞ ¼ 2r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τν2− ð1þ τÞðτþ r2Þ2

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðνþ r2− τÞ2− 4r2

p
in Eqs. (20)–(22) above. To evaluate Ll, the lepton
spin asymmetry with the spin vector in the scattering
plane and parallel to the lepton momentum, we sub-
stitute 2ðp · rSÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðνþ r2 − τÞ2 − 4r2

p
and ðk · rSÞ ¼

−ððr2 − τÞν þ ðτ þ r2Þ2Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðν þ r2 − τÞ2 − 4r2

p
in

Eqs. (20)–(22) above. The transverse lepton single-spin
asymmetry Lt vanishes at forward and backward angles.
Up to lepton-mass-suppressed terms, the longitudinal
single-spin asymmetry reaches its extremum reflecting
the chiral nature of the weak interaction, i.e., Ll ¼
−ηþ Oðm2

lÞ.
Spin polarization asymmetries provide a novel probe

of nucleon structure that is complementary to unpolarized
cross section measurements. In contrast to a typical
polarization experiment in strong and electromagnetic
interactions, spin asymmetries in weak interactions are
large. In a polarization experiment, flux normalization
errors and detector systematics largely cancel in the
asymmetry expression paving the way to clean probes of
the nucleon axial and pseudoscalar form factors from
polarization observables.

III. POLARIZATION OBSERVABLES WITH
MUON AND ELECTRON NEUTRINOS

In this Section, we evaluate polarization observables in
charged current quasielastic neutrino-nucleon scattering
with muon and electron neutrinos. We provide the unpo-
larized cross section and single-spin asymmetries for
muon neutrino beam of hundred MeV energies when the
pseudoscalar form factor can sizably contribute to spin-
dependent observables.
The pseudoscalar form factor contribution in the scatter-

ing of νe and ν̄e is suppressed by factors m2
e=E2

ν, m2
e=M2,

and m2
e=ðMEνÞ, and is therefore negligible at energies

of accelerator experiments. The pseudoscalar form factor
contribution in the scattering of νμ and ν̄μ is negligible at
neutrino beam energies Eν above the nucleon mass
Eν ≳M. At lower neutrino beam energies, around a few
hundred MeV, the pseudoscalar form factor becomes
reachable by making use of polarization observables.
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This influence persists down to the muon production
threshold; however, in this limit total event rates become
very small; beam energy of roughly 150–250 MeV is
therefore ideally suited to maximizing the sensitivity to the
pseudoscalar form factor in scattering experiments with
muon (anti)neutrinos. In Figs. 1–6, we present all non-
vanishing single-spin asymmetries in muon (anti)neutrino
scattering at above-threshold energies when the pseudo-
scalar contribution can be sizable. For illustration, we
substitute nucleon form factors from [130,131] assuming
partial conservation of the axial-vector current and pion-
pole dominance (PCAC ansatz) for the pseudoscalar form
factor: FPðQ2Þ ¼ 2M2=ðm2

π þQ2ÞFAðQ2Þ (though PCAC
ansatz can be valid only at Q2 ≲ Λ2

QCD). We propagate
errors for the axial and electromagnetic form factors
separately and add the uncertainties in quadrature. We also
compare central values varying the axial form factor by
20% versus varying the pseudoscalar form factor from
PCAC value by 20%.5 According to definitions above, all
asymmetries are in the range ½−100; 100�%.
The target transverse single-spin asymmetry, Fig. 1, is

negative in neutrino-neutron scattering and positive in
antineutrino-proton scattering. In neutrino-neutron CCQE,
the asymmetry Tt decreases with the neutrino beam energy

down to an absolute value of 20–40% level. This asymmetry
is more sensitive to the axial than to the pseudoscalar form
factor. However, the change in this asymmetry to the central
value after the variation ofFA by 20% is typically below 5%.
In antineutrino-proton scattering, such a change can exceed
10–20% at neutrino beam energies 300 MeV and 500 MeV.
The target transverse single-spin asymmetry Tt can reach up
to 85% in antineutrino-proton scattering. For all energies,
neutrino and antineutrino scattering, the asymmetry Tt as a
function of momentum transfer first raises from 0 to
maximum and then decreases to 0 as pointed in Sec. II.
Assuming the PCAC ansatz, the asymmetry is predicted up
to a few percent level besides antineutrino-proton scattering
at antineutrino beam energies of order 500 MeV when the
error reaches 10–30% level. The target longitudinal single-
spin asymmetry, Fig. 2, is known at the percent level for
neutrino-neutron scattering and at 10–20% level for anti-
neutrino-proton scattering. As for the target transverse
asymmetry, this asymmetry is more sensitive to the axial
form factor than to the pseudoscalar form factor. The
asymmetry Tt in antineutrino-proton scattering is sensitive
also to the pseudoscalar form factor at lowest neutrino
energies. The asymmetry Tl is close to 100% in νμn → μ−p
and varies almost over all allowed range in ν̄μp → μþn. As
for the asymmetry Tt, antineutrino-proton scattering is more
promising for studies of the axial nucleon structure.
The recoil nucleon single-spin asymmetries, see Figs. 3

and 4, are also more sensitive to the axial than to the
pseudoscalar form factor. Transverse recoil asymmetry
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FIG. 1. The spin asymmetry Tt in charged current quasielastic muon-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 200 MeV; 300 MeV, and 500 MeV. Errors on all plots (blue band labeled as PCAC)
are propagated from the fit parameters and covariance matrices of [130,131] and added in quadrature for the axial and electromagnetic
form factors. Green dashed lines correspond to observables with the axial form factor changed by 20% from the expected value while
keeping the PCAC ansatz for the pseudoscalar form factor. Red dash-dotted lines represent a 20% variation of the pseudoscalar form
factor from the expected value.

5The normalization of axial and pseudoscalar form factors are
known pretty well from neutron decay and muon capture rates on
hydrogen, so our variations can represent deviations only away
from Q2 ¼ 0.
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is positive over all kinematic ranges of low-energy neu-
trinos. Rt is known better for neutrino-neutron than for
antineutrino-proton scattering. This asymmetry does not
show sensitivity to the pseudoscalar form factor and can be
exploited for extractions of the axial form factor in the case
of antineutrino-proton CCQE when variations of Rt reach
10–50% level changing the axial form factor by 20%. The
longitudinal recoil single-spin asymmetry can be negative
or positive for low-energy kinematics. As for the transverse

asymmetry, Rl is known better in neutrino-neutron scatter-
ing assuming PCAC ansatz and pion-pole dominance,
while antineutrino-proton scattering can be used for com-
plementary extractions of the axial form factor. Moreover,
the asymmetry Rl shows sensitivity to the pseudoscalar
form factor at lowest muon neutrino energies; see the left
lower panel in Fig. 4.
The transverse recoil lepton single-spin asymmetry Lt,

see Fig. 5, is sensitive mainly to the axial form factor at

 p  + n,  E  = 200 MeV

R
t, 

%

0

20

40

60

80

100

Q2, GeV2

0 0.02 0.04 0.06 0.08

 p  + n,  E  = 500 MeV

R
t, 

%

0

20

40

60

80

100

Q2, GeV2

0 0.1 0.30.2 0.4

n  - p,  E  = 300 MeV

PCAC

PCAC, FA  (1±0.2) Fexp
A

FP  (1±0.2) Fexp
P

R
t, 

%

0

20

40

60

80

100

Q2, GeV2
0 0.05 0.150.10 0.20

n  - p,  E  = 200 MeV

R
t, 

%

0

20

40

60

80

100

Q2, GeV2
0 0.02 0.04 0.06 0.08

n  - p,  E  = 500 MeV

R
t, 

%

0

20

40

60

80

100

Q2, GeV2
0 0.1 0.30.2 0.4

 p  + n,  E  = 300 MeV

R
t, 

%

0

20

40

60

80

100

Q2, GeV2

0 0.10 0.200.05 0.15

FIG. 3. The spin asymmetry Rt in charged current quasielastic muon neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 200 MeV; 300 MeV, and 500 MeV.
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panel) scattering at neutrino beam energies Eν ¼ 200 MeV, 300 MeV, and 500 MeV.
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low-energy kinematic region. The asymmetry Lt is negative
both in neutrino-neutron and antineutrino-proton scatter-
ing. In both cases, the transverse recoil lepton single-spin
asymmetry does not exceed 30% level by an absolute value
besides antineutrino-proton scattering with the highest
beam energy in Fig. 5. By an absolute value, the asymmetry
Lt has an inverted U-shaped behavior as a function of the
momentum transfer. As for recoil and target asymmetries
described above, the PCAC-based prediction is more

precise for neutrino-neutron scattering while the antineu-
trino-proton scattering is more promising for constraints of
the axial structure. The longitudinal recoil lepton asym-
metry Ll, see Fig. 6, is negative in neutrino-neutron and
positive in antineutrino-proton CCQE scattering. This
asymmetry is typically above 80% by an absolute value.
It approaches the maximum value increasing the energy of
the neutrino beam. In both νμn → μ−p and ν̄μp →
μþn, this asymmetry is predicted with percent or even
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FIG. 4. The spin asymmetry Rl in charged current quasielastic muon-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 200 MeV; 300 MeV, and 500 MeV.
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subpercent level of precision which makes the extraction of
the nucleon axial form factor from Ll a challenging task. At
a certain kinematic region at low energies, the single-spin
polarization observable Ll in antineutrino-proton scattering
is more sensitive to the pseudoscalar than to the axial form
factor, see the left lower panel in Fig. 6.
Nevertheless both the axial and the pseudoscalar form

factors are constrained by the chiral perturbation theory at
low Q2 [101–105], it is remarkable that both the pseudo-
scalar and the axial form factors can be measured simulta-
neously in experiments with the muon (anti)neutrino beam
of a few hundred MeV energy and polarized particles,
though axial contributions to asymmetries are slightly
kinematically enhanced compared to pseudoscalar ones.
To have an idea of how large event rates can be, we present
the unpolarized cross sections both for neutrino-neutron
and antineutrino-proton processes in Fig. 7. The neutrino-
neutron unpolarized cross section as a function of the
momentum transfer increases at low values of energy and

momentum transfer and falls withQ2 at higher values while
the antineutrino-proton cross sections always decrease with
momentum transfer. As one can notice from Fig. 7, the
unpolarized cross section for the muon flavor at hundred
MeV energies is not sensitive to the pseudoscalar form
factor even changing the latter by 20%. CCQE cross
sections are enhanced in the low-Q2 region which can
give potentially larger event rates for all asymmetries.
Having larger cross section, neutrino-neutron scattering
would provide more events for a given flux and number of
nucleons compared to antineutrino-proton scattering.
However, total event rates are suppressed by phase space
volume compared to neutrinos of GeVenergies resulting in
smaller total cross sections.

IV. AXIAL FORM FACTOR AT GEV ENERGIES

In this Section, we calculate polarization observables
at most common energies of accelerator neutrinos
and present the most promising single-spin asymmetries.
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FIG. 6. The spin asymmetry Ll in charged current quasielastic muon-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 200 MeV; 300 MeV, and 500 MeV.

E  = 300 MeV

PCAC,  n  - p

PCAC,  p  + n

FP  (1±0.2) Fexp
P

10
39

d dQ
2,

cm
2

G
eV

2

0

10

20

30

Q2, GeV2

0 0.05 0.150.10 0.20

E  = 200 MeV

10
39

d dQ
2,

cm
2

G
eV

2

0

10

20

30

Q2, GeV2

0 0.02 0.04 0.06 0.08

E  = 500 MeV

10
39

d dQ
2,

cm
2

G
eV

2

0

10

20

30

Q2, GeV2

0 0.1 0.30.2 0.4

FIG. 7. Unpolarized cross sections in charged current quasielastic muon-neutrino-neutron and antineutrino-proton scattering at
neutrino beam energies Eν ¼ 200 MeV; 300 MeV, and 500 MeV.

OLEKSANDR TOMALAK PHYS. REV. D 103, 013006 (2021)

013006-8



These asymmetries can give us a complementary way for
the measurements of the nucleon axial form factor. We
provide also asymmetries averaged over the typical neu-
trino flux at modern neutrino oscillation experiments.
Almost all asymmetries at 1 GeV energy and above

require a few percent or subpercent precision to contribute
significantly to the global uncertainties on the axial
structure. Only Tl;Rt;Rl in ν̄lp → lþn at GeV energies
and above are of practical interest. We present these
observables in Fig. 8. These asymmetries change as a
function of the momentum transfer over a wide range of
allowed values and are sensitive mainly to the axial but not
to the pseudoscalar form factor. Similar values of error
bands and dashed lines representing a 20% variation of the
axial form factor in Fig. 8 confirm that the axial form factor
is the main source of uncertainties predicting single-spin
asymmetries. Other asymmetries in antineutrino-proton
and neutrino-neutron scattering are either too small to be
measured by the first polarization experiments or are not
sensitive enough to the form factor FA.
High-intensity fluxes of modern and future accelerator

experiments provide an attractive opportunity for precise
measurements of percent level effects. To select the most
promising experimental observables as would be relevant
for a spin-polarized target installed along the DUNE
beamline as proposed in [128], we average over the
anticipated flux profiles of the DUNE Near Detector
[52,132] at Fermilab. Neglecting detector details, we
present a closer to experiment result in Fig. 9. Adding
high-energy flux components, the asymmetry Rt loses

sensitivity to the axial structure. However, Tl and Rt
provide a complementary to the unpolarized cross section
probe of the axial form factor.
To get an idea on possible event rates, we provide the

unpolarized cross section for a few energies in Fig. 10. At
lower energies and momentum transfers, neutrino-neutron
CCQE cross sections largely exceed antineutrino-proton
cross sections while both saturate at higher energies.
As an illustrative example of a neutrino flux that peaks

at lower energies, we imagine a spin-polarized facility
with T2K near detector flux and average over the typical
T2K flux profile [133,134] as an input. We provide flux-
averaged asymmetries in Fig. 11. Much like for DUNE
flux, for T2K flux asymmetries Tl and Rt in antineutrino-
proton scattering are the most interesting for studying the
nucleon axial structure.

V. POLARIZATION OBSERVABLES
WITH TAU NEUTRINOS

In this Section, we evaluate polarization observables in
charged current quasielastic neutrino-nucleon scattering
with tau neutrinos. We study the sensitivity of the unpo-
larized cross section and single-spin asymmetries to the
axial and pseudoscalar form factors.
The contribution of the pseudoscalar form factor

to CCQE observables with tau (anti)neutrinos is not
suppressed by a small lepton mass factor making beams
of tau neutrinos attractive above the tau production
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threshold, Eν ≳ 3.5 GeV. Contrary to the unpolarized
cross sections shown in Fig. 12 that has some sensitivity
to the pseudoscalar form factor at lowest momentum
transfers, spin asymmetries in scattering of tau (anti)
neutrinos are very sensitive to the pseudoscalar form
factor, see Figs. 13–18 for details. The energy range on
these figures corresponds to the range of modern accel-
erator-based neutrino beams above the tau-production
threshold. Above the tau-production threshold, the unpo-
larized cross section increases with the neutrino beam
energy. Near the threshold, the neutrino-neutron unpo-
larized cross section is above the antineutrino-proton
cross section. This difference vanishes increasing the
neutrino beam energies and becomes small within the
uncertainty at tau neutrino beam energy 8–10 GeV when
the cross section is almost saturated.

The transverse target single-spin asymmetry, see
Fig. 13, shows similar behavior in neutrino-neutron and
antineutrino-proton scattering. In both cases, the asymmetry
Tt as a function of the momentum transfer rapidly increases
from 0 up to a maximum value and then decreases to
−ð40–60Þ% [−ð10–40Þ% at lower beam energies] at Q2 ≃
1 GeV2 and above where the asymmetry is almost constant
up to Q2 ≃ 3 GeV2. At Q2 ≲ 1 GeV2, the transverse target
asymmetry is more sensitive to the pseudoscalar than to the
axial form factor and vise verse at higher momentum
transfers. Contrary, the longitudinal target single-spin asym-
metry shown in Fig. 14 is more sensitive to the axial than to
the pseudoscalar form factor over thewhole kinematic range
Q2 ≲ 3 GeV2. The asymmetry Tl is positive and typically
above 60%. It has the largest values at lower neutrino beam
energies. For neutrino-neutron and antineutrino-proton
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FIG. 11. Same as Fig. 9 but for the averaging over the T2K flux.
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CCQE, the asymmetry Tl shows similar dependence on the
momentum transfer and energy atQ2 ≲ 1 GeV2. Above this
momentum transfer, the longitudinal target asymmetry Tl in
neutrino-nucleon scattering is more flat than in the anti-
neutrino-proton case.
The transverse recoil single-spin asymmetry, see Fig. 15,

is more sensitive to the pseudoscalar than to the axial form
factor up to Q2 ≃ 3 GeV2 both in νμn → μ−p and ν̄μp →
μþn processes. The asymmetry Rt is positive and has similar
behavior in these two reactions. Assuming the PCAC ansatz

and pion-pole dominance, Rt is predicted better in neutrino-
neutron scattering. As the transverse target single-spin
asymmetry, the transverse recoil single-spin asymmetry as
a function of the momentum transfer rapidly increases from
0 to the maximum value and then slowly decreases down to
5–10% level atQ2 ≃ 3 GeV2. The longitudinal recoil single-
spin asymmetry, see Fig. 16, is mainly negative besides the
region of very small momentum transfers. Its absolute value
increases up to Q2 ≃ 0.5–1 GeV2 and saturates at 90–95%
in neutrino-neutron scattering while slowly decreases in
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FIG. 13. The spin asymmetry Tt in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 5 GeV; 7 GeV, and 10 GeV.
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FIG. 14. The spin asymmetry Tl in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 5 GeV; 7 GeV, and 10 GeV.
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antineutrino-proton scattering. The asymmetry Rl is sensitive
more to the pseudoscalar than to the axial form factor at
lower Q2 ≲ 0.5 GeV2 and rapidly loses this sensitivity at
larger values of the momentum transfer. As for many other
asymmetries and unpolarized cross section, the longitudinal
recoil single-spin asymmetry is predicted with smaller
uncertainties for νμn → μ−p than for ν̄μp → μþn process.
This asymmetry does not show big deviations varying the
neutrino beam energy.

The tau polarization impacts the angular distribution of
the tau decay products and can be reconstructed from the
kinematics of daughter particles. That is why the recoil
tau asymmetry has attracted a lot of attention [85–95].
Both transverse and longitudinal recoil tau asymmetries
shown in Figs. 17–18 are sensitive mainly to the axial form
factor. Variations of the axial form factor by 20% change
the recoil lepton single-spin asymmetries in neutrino-
neutron scattering at the percent or even subpercent level.
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FIG. 15. The spin asymmetry Rt in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 5 GeV; 7 GeV, and 10 GeV.
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FIG. 16. The spin asymmetry Rl in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 5 GeV; 7 GeV, and 10 GeV.
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The transverse recoil lepton asymmetry in antineutrino-
proton CCQE does not exceed 20–30% by magnitude. This
asymmetry in neutrino-neutron scattering and the longi-
tudinal recoil tau single-spin asymmetry in νμn → μ−p are
negative while the asymmetry Ll in ν̄μp → μþn process is
positive. The asymmetry Lt in antineutrino-proton scatter-
ing can be either positive or negative. The asymmetry Lt in
neutrino-neutron scattering decreases by an absolute value
increasing the neutrino beam energy while the asymmetry
Ll in neutrino-neutron scattering increases by an absolute

value. The asymmetry Ll in antineutrino-proton scattering
is typically above the level 90–95%.
The recoil and target asymmetries at low Q2 are more

sensitive to the pseudoscalar than to the axial form factor.
The lepton polarization asymmetries Ll and Lt are sensitive
only to the axial form factor. A sizable dataset with ντ, ν̄τ
could allow us to access the pseudoscalar form factor
from neutrino scattering data. Future investigations of
anticipated data at DUNE far detector [53,135], SHIP
facility [136,137], and DsTau experiment [138] at CERN
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FIG. 17. The spin asymmetry Lt in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies Eν ¼ 5 GeV; 7 GeV, and 10 GeV.
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accounting for the corresponding nuclear physics effects
would be of great interest.

VI. CONCLUSIONS

In conclusion, we have studied the sensitivity to
axial nucleon structure of single-spin asymmetries in
(anti)neutrino charged current quasielastic scattering on
free nucleons. Many of these asymmetries provide much
better sensitivity to the pseudoscalar form factor compared
to the unpolarized cross section. The pseudoscalar form
factor can be extracted either from asymmetries in the
scattering cross sections of muon (anti)neutrinos at hun-
dreds of MeV energy performing very precise experiments
or from transverse target and recoil nucleon asymmetries in
the scattering cross sections of tau (anti)neutrinos above the
tau production threshold Eν ≳ 3.5 GeV. The axial form
factor can be extracted from polarization observables at
GeV energies in a complementary way from recoil longi-
tudinal Rl and target longitudinal Tl asymmetries in ν̄ep →
eþn and ν̄μp → μþn. The first measurement of polarization
observables in neutrino-nucleon scattering experiments

could provide a new test of the Standard Model of particle
physics, complementary information on the axial form
factor, and an independent way to measure the pseudo-
scalar form factor.
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