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Axial and pseudoscalar form factors from charged current
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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 MeV of 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% 1is 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
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are important for understanding nucleon dynamics at
momentum transfers Q2 < 1-3 GeV? and are essential
for modeling of neutrino interactions at DUNE [52,53],
Hyper-K [54], and ESSvSB [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].!
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 — vn 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

'In the following, charged current quasielastic scattering refers
to processes on free nucleons vyn — £~ p and Dyp — £t n.
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 PCAC ansatz within the statistical
errors of simulations [116,120-126] even at Q> ~ 1 GeV?>.
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 Fp(Q?) at Q* ~0.88m7, where m,, is the mass of the
muon, can be extracted from measurements of muon 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 Q? 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 GeV energies. 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:

Leg ==Y (ce?r"PLosqr,PLq +he), (1)
¢.q#q

where P is the projection operator on the left-handed
chiral states. At leading order, the Wilson coefficients ¢,
are given by 2\/§GFV,M«, where Gg is the Fermi coupling
constant and V,, 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:

ve(k)n(p) = ¢=(K)p(p'), (2)

ve(k)p(p) = ¢+ (K)n(p'), (3)

with four-momenta of incoming and outgoing particles k, p
and k/, p’, respectively. The matrix element of the quark
current ity,P;d inside the nucleon in neutrino-neutron
CCQE vyn — ¢~ p, can be expressed in terms of Sachs
electric, GY, and magnetic, G},, isovector, axial, F, and
pseudoscalar, Fp, form factors as [100]2

[,(0%) = (p(p')|ay,Prd|n(p))
1

_ L= V(N2 _p,,-l-p,/,GX,,(QZ)—Gg(Qz)
—2p|:7/;4GM(Q) M 1T,
1
+§P{7ﬂ75FA(Q2) +%75FP(Q2):| n, (4)

with ¢ = p' = p, Q> = —(p—p')* and 7= Q*/(4M?).
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., GE, w=
Gy — G,’gM.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.

*Our definition of form factors implies F (0) <.
3Isospin—breaking effects are below the level of precision in
this work.
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Antineutrino-proton CCQE scattering ,p — ¢"n 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]

2
do  Coy M? V2

T (T+r2)A(Q2)—vB(Q2)+]HC(QZ) :

(5)

where r = m,/(2M) with the lepton mass m,, incoming
neutrino energy E, and variable v = E,/M — t — r*. The
structure-dependent factors A, B, and C are given by
A=1(Gy)* = (Gp)* + (1 +0)F}
= *((Gy)* + F} —4tF} + 4F,Fp). (6)

B = 4’77’-FAGI‘\/4’ (7)

C=1(Gy)* + (Gp)* + (1 + ) F, (®)

where #n =+1 corresponds to neutrino scattering
vyn — ¢~ p and n = —1 corresponds to antineutrino scat-

tering Uy p — £ n. The momentum transfer increases from
forward to backward directions with corresponding values
02 to Q2, respectively,

2ME2 M+E
2 _ Y _ 42 )
Q.= M+2E M+ 2E,
AM2E E 2
j:il’ v _ 2 _ 2' 9
M+2ED\/<2M ’) " ©)

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 F,.

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 o-(§) with a fixed spin direction S of one

incoming or outgoing particle and cross section o-(—§ ) with
the spin in the opposite direction as

do(S™RYY — do(

T,R,L = =
do(S"*) + do

_gTRL
S (10)
)

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+r2)AT’R'L(Q2)—DBT’R'L(QZ)—l—I”—jTCT'R'L(QZ)

T.R,L= :
(t+r2)A(Q*) —vB(Q%) +C(Q%)

(11)

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 CT*:

AT = Gl (Fs —nGY)(p' - S) - 20GYGLK - 5)
GV -F 27F
w220y (1L T2 gy~ 3) ),
T+r
(12)
GV -GV
B = (73 - FAGY + G, T ) ')
+7
_2F,GY(K - S)
GV -GV GV +1GY,
_ 2 F M E—ZF E M /_S 13
P (ra BT op, SELTI) (), (13
CT = Fy(GYy = GY)(p'-S). (14)

where n = +1 corresponds to neutrino scattering v, n —
¢~ p and n = —1 corresponds to antineutrino scattering
Uyp — ¢t n. Itis worthwhile highlighting the special cases.
To evaluate T, the asymmetry in which the target polari-
zation is transverse to the beam direction with the spin

vector in the scattering plane, we substitute (p’-S) =
—(K-S)=22/1? — (1 +1)(r+ *)? in Egs. (12)-(14)
above. To evaluate T}, the asymmetry in which the target
polarization is along the beam direction, we substitute
(p'-8) = =2(z+ ¢ (z+r*)) and (K'-S)=—(p'-S) —Lin
Egs. (12)—-(14) above. The transverse target single-spin
asymmetry T, 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 T;
reaches maximum by an absolute value at backward angles
when the momentum transfer is Q2. For these kinematic

4 R . . .
To simplify our expressions, we use an unconventional
normalization for the spin four-vector: §> = —1/M?.
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boundaries, the longitudinal target single-spin asymmetry
is given by

o,
T\(Q2) = TG F +0(m3),
Ti(Q%) = n+ O(m3). (15)

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:

= Gy(Fa —nGY)(p - S) = 2nGy,GY(k - S)

ﬂGg‘FFA—ZTFP
#2026y (T TAETE 5y - Fofp-5) ),
(16)
R 2 Vv VG GV
B =\ nFy = FyGg +n7Gy T (p-S)
—2F,GY(k-S)
Gl -GV, G} + G,
NPy —L—2Fp—E—M)(p.5), (17
(S TE o, ST ). 1)
CR = Fa(Gy = Gg)(p- ). (18)

To evaluate R, the recoil nucleon spin asymmetry with the
spin vector in the scattering plane and perpendicular to the
recoiling nucleon’s momentum, we substitute (p - S) =0
and (k-S)=—/u?-(1+7)(t+7r)?//r(1+7) in
Egs. (16)—(18) above. To evaluate R;, the recoil nucleon
spin asymmetry with the spin vector in the scattering plane
and parallel to the recoiling nucleon’s momentum, we
substitute (p-S)=2+/7(1+7) and (k-S)=(zv—(147) x
(z+7%))/+y/7(1+7) in Egs. (16)=(18) above. The trans-
verse recoil single-spin asymmetry R, 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 R; reaches maximum by an absolute value
at backward angles when the momentum transfer is Q2.
For these kinematic boundaries, the longitudinal target
single-spin asymmetry is given by

2GYF,
ARG e

Ri(Q%) = =+ O(m2). (19)

+0(m?),

For (anti)neutrino scattering with measurements of the
recoil lepton spin S, the asymmetry L is determined by the
following structure-dependent factors A%, BY, and C:

(t+r?)AL = —nA(k-rS) +2(z+ ) FAGY(k+2p - rS)
—2nr?((G})? —I—Fi —4tF3 +4F  Fp)(k-rS),
(20)

C
BY = —2F,GY, (k- rS) +%(k Lopers), (1)
T

CL =0. (22)

To evaluate L, the lepton spin asymmetry with the
spin vector in the scattering plane and perpendicular to
the lepton momentum we substitute (p-rS) =0 and
(k-rS) =2r/u? = (1 +2)(z+1)?//(v+ 1> —1)? =472
in Eqs (20)-(22) above To evaluate L;, the lepton
spin asymmetry with the spin vector in the scattering
plane and parallel to the lepton momentum, we sub-
stitute 2(p - rS) = /(v + 1> —7)> =412 and (k - rS) =
(P =+ (t+ )/ +r?=22-47 in
Egs. (20)-(22) above. The transverse lepton single-spin
asymmetry L, 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., L; =
—n + O(m2).

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 v, and 7, is suppressed by factors m2/E2, m2/M?,
and m?/(ME,), and is therefore negligible at energies
of accelerator experiments. The pseudoscalar form factor
contribution in the scattering of v, and 7, is negligible at
neutrino beam energies FE, above the nucleon mass
E, = 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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FIG. 1.

The spin asymmetry T, in charged current quasielastic muon-neutrino-neutron (upper panel) and antineutrino-proton (lower

panel) scattering at neutrino beam energies £, = 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.

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: Fp(Q?) = 2M?/(m2 + Q?)F4(Q?) (though PCAC
ansatz can be valid only at Q% < Ajcp). 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%. According to definitions above, all
asymmetries are in the range [—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 T, decreases with the neutrino beam energy

The 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 Q% = 0.

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 of 4 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 T, can reach up
to 85% in antineutrino-proton scattering. For all energies,
neutrino and antineutrino scattering, the asymmetry T, as a
function of momentum transfer first raises from O to
maximum and then decreases to 0 as pointed in Sec. IL
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 T, in antineutrino-proton scattering is sensitive
also to the pseudoscalar form factor at lowest neutrino
energies. The asymmetry T is close to 100% inv,n — u™p
and varies almost over all allowed range in 7,p — u*n. As
for the asymmetry T,, 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. 2. The spin asymmetry T, in charged current quasielastic muon-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies £, = 200 MeV, 300 MeV, and 500 MeV.
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The spin asymmetry R, in charged current quasielastic muon neutrino-neutron (upper panel) and antineutrino-proton (lower

panel) scattering at neutrino beam energies £, = 200 MeV, 300 MeV, and 500 MeV.

is positive over all kinematic ranges of low-energy neu-
trinos. R; 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 R, 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, R; 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 R; 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 L,,
see Fig. 5, is sensitive mainly to the axial form factor at
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FIG. 4. The spin asymmetry R, in charged current quasielastic muon-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies E, = 200 MeV, 300 MeV, and 500 MeV.
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FIG. 5. The spin asymmetry L, in charged current quasielastic muon-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies £, = 200 MeV, 300 MeV, and 500 MeV.

low-energy kinematic region. The asymmetry L, is negative ~ precise for neutrino-neutron scattering while the antineu-
both in neutrino-neutron and antineutrino-proton scatter-  trino-proton scattering is more promising for constraints of
ing. In both cases, the transverse recoil lepton single-spin  the axial structure. The longitudinal recoil lepton asym-
asymmetry does not exceed 30% level by an absolute value  metry L,;, see Fig. 6, is negative in neutrino-neutron and
besides antineutrino-proton scattering with the highest  positive in antineutrino-proton CCQE scattering. This
beam energy in Fig. 5. By an absolute value, the asymmetry ~ asymmetry is typically above 80% by an absolute value.
L; has an inverted U-shaped behavior as a function of the It approaches the maximum value increasing the energy of
momentum transfer. As for recoil and target asymmetries  the neutrino beam. In both v,n —p"p and 7,p —
described above, the PCAC-based prediction is more  u'n, this asymmetry is predicted with percent or even
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FIG. 6. The spin asymmetry L; in charged current quasielastic muon-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies £, = 200 MeV, 300 MeV, and 500 MeV.
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FIG. 7. Unpolarized cross sections in charged current quasielastic muon-neutrino-neutron and antineutrino-proton scattering at

neutrino beam energies E, = 200 MeV, 300 MeV, and 500 MeV.

subpercent level of precision which makes the extraction of
the nucleon axial form factor from L a challenging task. At
a certain kinematic region at low energies, the single-spin
polarization observable L; 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 Q% [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 with Q? 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-Q? 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 GeV energies resulting in
smaller total cross sections.

IV. AXTAL 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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The spin asymmetries T}, R, R; in charged current quasielastic muon-antineutrino-proton scattering at antineutrino beam

energy E; =1 GeV. Asymmetries for electron antineutrino scattering are indistinguishable from results on these figures.

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 T}, R, R; in Dy,p — £*n 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 F,.

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 R, loses

sensitivity to the axial structure. However, T} and R,
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 T and R, 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

100 100
PCAC VuP = 1 n, v, mode
A N -——— PCAC,Fy- (1:0.2) F® 0
1 N 1 ——= Fp—(1x02) Fg®
~ ==
\\ \\\\
S S

s O SIS ~\\\\ s 07 ©

~ I =

= S| & ~

N 50
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\\\\
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1 2 3 1 2 1 2
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FIG. 9. The spin asymmetries Tj, R;, R; in charged current quasielastic antineutrino-proton scattering averaged over expected DUNE

near-detector flux.
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FIG. 10. Unpolarized cross sections in charged current quasielastic muon-neutrino-neutron and antineutrino-proton scattering at
neutrino beam energies ED” = 0.6 GeV, 1 GeV, and 3 GeV.
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FIG. 12. Unpolarized cross sections in charged current quasielastic tau-neutrino-neutron and antineutrino-proton scattering at neutrino

beam energies £, =5 GeV,7 GeV, and 10 GeV.

threshold, E, = 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
T, as a function of the momentum transfer rapidly increases
from O up to a maximum value and then decreases to
—(40-60)% [—(10-40)% at lower beam energies] at Q% ~
1 GeV? and above where the asymmetry is almost constant
up to Q% ~ 3 GeV2. At 0? < 1 GeV?, 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 the whole kinematic range
0% <3 GeV?. The asymmetry T, 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. 13. The spin asymmetry T, in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower

panel) scattering at neutrino beam energies £, = 5 GeV,7 GeV, and 10 GeV.
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FIG. 14. The spin asymmetry T, in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies £, = 5 GeV,7 GeV, and 10 GeV.

CCQE, the asymmetry T, shows similar dependence on the
momentum transfer and energy at 0% < 1 GeV?2. Above this
momentum transfer, the longitudinal target asymmetry T 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 Q? ~3 GeV? both in v,n — p~p and D,p —
' n processes. The asymmetry R, is positive and has similar
behavior in these two reactions. Assuming the PCAC ansatz

and pion-pole dominance, R, 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 at Q? ~ 3 GeV?>. 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 Q% ~0.5-1 GeV? and saturates at 90-95%
in neutrino-neutron scattering while slowly decreases in
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FIG. 15. The spin asymmetry R, in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower

panel) scattering at neutrino beam energies £, = 5 GeV, 7 GeV, and 10 GeV.
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FIG. 16. The spin asymmetry R; in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower
panel) scattering at neutrino beam energies £, =5 GeV,7 GeV, and 10 GeV.

antineutrino-proton scattering. The asymmetry R; is sensitive
more to the pseudoscalar than to the axial form factor at
lower Q% <0.5 GeV? 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 v,n — u~p than for 7,p — u*n 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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panel) scattering at neutrino beam energies £, = 5 GeV, 7 GeV, and 10 GeV.
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The spin asymmetry L; in charged current quasielastic tau-neutrino-neutron (upper panel) and antineutrino-proton (lower

panel) scattering at neutrino beam energies £, = 5 GeV,7 GeV, and 10 GeV.

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 v,n — u~ p are
negative while the asymmetry L, in 7, p — " n process is
positive. The asymmetry L, in antineutrino-proton scatter-
ing can be either positive or negative. The asymmetry L, in
neutrino-neutron scattering decreases by an absolute value
increasing the neutrino beam energy while the asymmetry
L, in neutrino-neutron scattering increases by an absolute

value. The asymmetry L; in antineutrino-proton scattering
is typically above the level 90-95%.

The recoil and target asymmetries at low Q? are more
sensitive to the pseudoscalar than to the axial form factor.
The lepton polarization asymmetries L; and L, are sensitive
only to the axial form factor. A sizable dataset with v, U,
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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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 E, = 3.5 GeV. The axial form
factor can be extracted from polarization observables at
GeV energies in a complementary way from recoil longi-
tudinal R, and target longitudinal T; asymmetries in 7, p —
e"nand D, p — p"n. 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.

ACKNOWLEDGMENTS

We thank Peter Filip, Richard Hill, and Adam Aurisano
for useful discussions, Tom Junk and Ryan Plestid for
numerous useful suggestions regarding the text and presen-
tation. This work was supported by the U.S. Department of
Energy, Office of Science, Office of High Energy Physics,
under Award No. DE-SC0019095. Fermilab is operated by
Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the United States Department
of Energy. The author would like to acknowledge the
Fermilab theory group and the theory group of Institute for
Nuclear Physics at Johannes Gutenberg-Universitit Mainz
for warm hospitality and support. The work of O.T. is
supported by the Visiting Scholars Award Program of the
Universities Research Association. FeynCalc [139,140] and
Mathematica [141] were useful in this work.

[1] J. Formaggio and G. Zeller, Rev. Mod. Phys. 84, 1307
(2012).

[2] U. Mosel, Annu. Rev. Nucl. Part. Sci. 66, 171 (2016).

[3] L. Alvarez-Ruso et al. (NuSTEC Collaboration), Prog.
Part. Nucl. Phys. 100, 1 (2018).

[4] J. Bernauer et al. (A1 Collaboration), Phys. Rev. Lett. 105,
242001 (2010).

[5] J. Bernauer et al. (A1l Collaboration), Phys. Rev. C 90,
015206 (2014).

[6] W. Xiong et al., Nature (London) 575, 147 (2019).

[7]1 V. Punjabi, C. Perdrisat, M. Jones, E. Brash, and C.
Carlson, Eur. Phys. J. A 51, 79 (2015).

[8] D. Ganichot, B. Grossetete, and D. Isabelle, Nucl. Phys.
A178, 545 (1972).

[9] P.E. Bosted et al., Phys. Rev. C 42, 38 (1990).

[10] S. Rock, R. Arnold, P. E. Bosted, B. Chertok, B. Mecking,
I. Schmidt, Z. Szalata, R. York, and R. Zdarko, Phys.
Rev. D 46, 24 (1992).

[11] W. Mann et al., Phys. Rev. Lett. 31, 844 (1973).

[12] S. Barish et al., Phys. Rev. D 16, 3103 (1977).

[13] K. Miller et al., Phys. Rev. D 26, 537 (1982).

[14] N. Baker, A. Cnops, P. Connolly, S. Kahn, H. Kirk, M.
Murtagh, R. Palmer, N. Samios, and M. Tanaka, Phys.
Rev. D 23, 2499 (1981).

[15] S. Belikov et al., Z. Phys. A 320, 625 (1985).

[16] V. Bernard, L. Elouadrhiri, and U.-G. Meissner, J. Phys. G
28, R1 (2002).

[17] T. Kitagaki et al., Phys. Rev. D 28, 436 (1983).

[18] T. Kitagaki et al., Phys. Rev. D 42, 1331 (1990).

[19] B. Milbrath ef al. (Bates FPP Collaboration), Phys. Rev.
Lett. 80, 452 (1998); 82, 2221(E) (1999).

[20] D. Wright et al., Phys. Rev. C 57, 373 (1998).

[21] T. Gorringe and H. W. Fearing, Rev. Mod. Phys. 76, 31
(2003).

[22] P. Winter, AIP Conf. Proc. 1441, 537 (2012).

[23] B. Bhattacharya, R.J. Hill, and G. Paz, Phys. Rev. D 84,
073006 (2011).

[24] V. Andreev et al. (MuCap Collaboration), Phys. Rev. Lett.
110, 012504 (2013).

[25] V. Andreev et al. (MuCap Collaboration), Phys. Rev. C 91,
055502 (2015).

[26] R.J. Hill, P. Kammel, W.J. Marciano, and A. Sirlin, Rep.
Prog. Phys. 81, 096301 (2018).

[27] V. Lyubushkin et al. (NOMAD Collaboration), Eur. Phys.
J. C 63, 355 (2009).

[28] O. Benhar and D. Meloni, Phys. Rev. D 80, 073003 (2009).

[29] M. Martini, M. Ericson, G. Chanfray, and J. Marteau,
Phys. Rev. C 80, 065501 (2009).

[30] J. Nieves, I. Ruiz Simo, and M. Vicente Vacas, Phys. Lett.
B 707, 72 (2012).

[31] J. Nieves, I. Ruiz-Simo, and M. Vicente-Vacas, J. Phys.
Conf. Ser. 408, 012040 (2013).

[32] C. Anderson et al. (ArgoNeuT Collaboration), Phys. Rev.
Lett. 108, 161802 (2012).

[33] O. Benhar, Int. J. Mod. Phys. E 23, 1430005 (2014).

[34] J. Wolcott, Ph.D. thesis, Rochester University, 2015.

[35] J.D. Devan, Ph.D. thesis, College William, and Mary,
2015.

013006-14


https://doi.org/10.1103/RevModPhys.84.1307
https://doi.org/10.1103/RevModPhys.84.1307
https://doi.org/10.1146/annurev-nucl-102115-044720
https://doi.org/10.1016/j.ppnp.2018.01.006
https://doi.org/10.1016/j.ppnp.2018.01.006
https://doi.org/10.1103/PhysRevLett.105.242001
https://doi.org/10.1103/PhysRevLett.105.242001
https://doi.org/10.1103/PhysRevC.90.015206
https://doi.org/10.1103/PhysRevC.90.015206
https://doi.org/10.1038/s41586-019-1721-2
https://doi.org/10.1140/epja/i2015-15079-x
https://doi.org/10.1016/0375-9474(72)90480-0
https://doi.org/10.1016/0375-9474(72)90480-0
https://doi.org/10.1103/PhysRevC.42.38
https://doi.org/10.1103/PhysRevD.46.24
https://doi.org/10.1103/PhysRevD.46.24
https://doi.org/10.1103/PhysRevLett.31.844
https://doi.org/10.1103/PhysRevD.16.3103
https://doi.org/10.1103/PhysRevD.26.537
https://doi.org/10.1103/PhysRevD.23.2499
https://doi.org/10.1103/PhysRevD.23.2499
https://doi.org/10.1007/BF01411863
https://doi.org/10.1088/0954-3899/28/1/201
https://doi.org/10.1088/0954-3899/28/1/201
https://doi.org/10.1103/PhysRevD.28.436
https://doi.org/10.1103/PhysRevD.42.1331
https://doi.org/10.1103/PhysRevLett.80.452
https://doi.org/10.1103/PhysRevLett.80.452
https://doi.org/10.1103/PhysRevLett.82.2221
https://doi.org/10.1103/PhysRevC.57.373
https://doi.org/10.1103/RevModPhys.76.31
https://doi.org/10.1103/RevModPhys.76.31
https://doi.org/10.1063/1.3700609
https://doi.org/10.1103/PhysRevD.84.073006
https://doi.org/10.1103/PhysRevD.84.073006
https://doi.org/10.1103/PhysRevLett.110.012504
https://doi.org/10.1103/PhysRevLett.110.012504
https://doi.org/10.1103/PhysRevC.91.055502
https://doi.org/10.1103/PhysRevC.91.055502
https://doi.org/10.1088/1361-6633/aac190
https://doi.org/10.1088/1361-6633/aac190
https://doi.org/10.1140/epjc/s10052-009-1113-0
https://doi.org/10.1140/epjc/s10052-009-1113-0
https://doi.org/10.1103/PhysRevD.80.073003
https://doi.org/10.1103/PhysRevC.80.065501
https://doi.org/10.1016/j.physletb.2011.11.061
https://doi.org/10.1016/j.physletb.2011.11.061
https://doi.org/10.1088/1742-6596/408/1/012040
https://doi.org/10.1088/1742-6596/408/1/012040
https://doi.org/10.1103/PhysRevLett.108.161802
https://doi.org/10.1103/PhysRevLett.108.161802
https://doi.org/10.1142/S0218301314300057

AXIAL AND PSEUDOSCALAR FORM FACTORS ...

PHYS. REV. D 103, 013006 (2021)

[36] K. Gallmeister, U. Mosel, and J. Weil, Phys. Rev. C 94,
035502 (2016).

[37] K.P. Hurtado Anampa, Ph.D. thesis, Rio de Janeiro,
CBPF, 2016.

[38] D. Grover, K. Saraswat, P. Shukla, and V. Singh, Chin.
Phys. C 42, 123104 (2018).

[39] N. Rocco, C. Barbieri, O. Benhar, A. De Pace, and A.
Lovato, Phys. Rev. C 99, 025502 (2019).

[40] A. Nikolakopoulos, N. Jachowicz, N. Van Dessel, K.
Niewczas, R. Gonzilez-Jiménez, J.M. Udias, and V.
Pandey, Phys. Rev. Lett. 123, 052501 (2019).

[41] R. Gonzailez-Jiménez, A. Nikolakopoulos, N. Jachowicz,
and J. Udias, Phys. Rev. C 100, 045501 (2019).

[42] A. Lovato, J. Carlson, S. Gandolfi, N. Rocco, and R.
Schiavilla, Phys. Rev. X 10, 031068 (2020).

[43] K. Abe et al. (T2K Collaboration), Phys. Rev. D 101,
112001 (2020).

[44] G. King, K. Mahn, L. Pickering, and N. Rocco, Phys. Rev.
C 101, 065502 (2020).

[45] S. Choi et al., Phys. Rev. Lett. 71, 3927 (1993).

[46] V. Bernard, U. Meissner, and N. Kaiser, Phys. Rev. Lett.
72, 2810 (1994).

[47] K. Blomgvist et al., Z. Phys. A 353, 415 (1996).

[48] A. Liesenfeld ef al. (A1 Collaboration), Phys. Lett. B 468,
20 (1999).

[49] S. Kamalov, G.-Y. Chen, S.-N. Yang, D. Drechsel, and L.
Tiator, Phys. Lett. B 522, 27 (2001).

[50] R. Gran et al. (K2K Collaboration), Phys. Rev. D 74,
052002 (20006).

2015.

[52] T. Alion et al. (DUNE Collaboration), arXiv:1606.09550.

[53] B. Abi et al. (DUNE Collaboration), arXiv:2002.03005.

[54] K. Abe et al. (Hyper-Kamiokande Collaboration), Report
No. KEK-PREPRINT-2016-21, No. ICRR-REPORT-701-
2016-1, 2016, https://www.hyperk.org/?p=215.

[55] E. Baussan ef al. (ESSnuSB Collaboration), Nucl. Phys.
B885, 127 (2014).

[56] N. Dombey, Rev. Mod. Phys. 41, 236 (1969).

[57] A. Akhiezer and M. Rekalo, Sov. J. Part. Nucl. 4, 277
(1974).

[58] C. Perdrisat, V. Punjabi, and M. Vanderhaeghen, Prog.
Part. Nucl. Phys. 59, 694 (2007).

[59] M. Jones et al. (Jefferson Lab Hall A Collaboration), Phys.
Rev. Lett. 84, 1398 (2000).

[60] O. Gayou et al. (Jefferson Lab Hall A Collaboration),
Phys. Rev. Lett. 88, 092301 (2002).

[61] V. Punjabi et al., Phys. Rev. C 71, 055202 (2005); 71,
069902(E) (2005).

[62] A. Puckett et al., Phys. Rev. Lett. 104, 242301 (2010).

[63] G. Ron et al. (Jefferson Lab Hall A Collaboration), Phys.
Rev. C 84, 055204 (2011).

[64] X. Zhan et al., Phys. Lett. B 705, 59 (2011).

[65] T. Lee and C.-N. Yang, Phys. Rev. 126, 2239 (1962).

[66] S. Adler, Nuovo Cimento 30, 1020 (1963).

[67] V. Florescu and P. Minnaert, Phys. Rev. 168, 1662
(1968).

[68] A. Pais, Ann. Phys. (N.Y.) 63, 361 (1971).

[69] T. Cheng and W.-K. Tung, Phys. Rev. D 3, 733 (1971); 3,
2923(E) (1971).

[70] R. Tarrach, Nucl. Phys. B70, 70 (1974).

[71] L. Oliver and T. Pham, Phys. Rev. D 10, 993 (1974).

[72] J.E. Kim, P. Langacker, and S. Sarkar, Phys. Rev. D 18,
123 (1978).

[73] F. Ridener and R. Good, Phys. Rev. D 28, 2875
(1983).

[74] F. Ridener, H. Song, and R. Good, Phys. Rev. D 32, 2921
(1985).

[75] S.M. Bilenky and E. Christova, J. Phys. G 40, 075004
(2013).

[76] S. Bilenky and E. Christova, Phys. Part. Nucl. Lett. 10, 651
(2013).

[77] K. M. Graczyk and B. E. Kowal, Phys. Rev. D 101, 073002
(2020).

[78] K. M. Graczyk and B.E. Kowal, Acta Phys. Pol. B 50,
1771 (2019).

[79] A.Fatima, M. Sajjad Athar, and S. Singh, Phys. Rev. D 98,
033005 (2018).

[80] A. Fatima, M. Sajjad Athar, and S. Singh, Eur. Phys. J. A
54, 95 (2018).

[81] K. Kodama et al. (DONUT Collaboration), Phys. Lett. B
504, 218 (2001).

[82] K. Kodama et al. (DONuT Collaboration), Phys. Rev. D
78, 052002 (2008).

[83] N. Agafonova et al. (OPERA Collaboration), Phys. Rev. D
89, 051102 (2014).

[84] W. M. Bonivento (SHiP Collaboration), J. Phys. Conf. Ser.
878, 012014 (2017).

[85] K. Hagiwara, K. Mawatari, and H. Yokoya, Nucl. Phys.
B668, 364 (2003); B701, 405 (2004).

[86] K. Hagiwara, K. Mawatari, and H. Yokoya, Nucl. Phys. B,
Proc. Suppl. 139, 140 (2005).

[87] K. M. Graczyk, Nucl. Phys. B, Proc. Suppl. 139, 150 (2005).

[88] K. M. Graczyk, Nucl. Phys. A748, 313 (2005).

[89] C. Bourrely, J. Soffer, and O. V. Teryaev, Phys. Rev. D 69,
114019 (2004).

[90] K. S. Kuzmin, V. V. Lyubushkin, and V. A. Naumov, Mod.
Phys. Lett. A 19, 2919 (2004).

[91] K. S. Kuzmin, V. V. Lyubushkin, and V. A. Naumov, Nucl.
Phys. B, Proc. Suppl. 139, 154 (2005).

[92] M. Aoki, K. Hagiwara, K. Mawatari, and H. Yokoya, Nucl.
Phys. B727, 163 (2005).

[93] M. Aoki, K. Hagiwara, K. Mawatari, and H. Yokoya, Nucl.
Phys. B, Proc. Suppl. 144, 297 (2005).

[94] J. Sobczyk, N. Rocco, and J. Nieves, Phys. Rev. C 100,
035501 (2019).

[95] A. Fatima, M. Sajjad Athar, and S. Singh, arXiv:2010
.10311.

[96] N. Jachowicz, K. Vantournhout, J. Ryckebusch, and K.
Heyde, Phys. Rev. Lett. 93, 082501 (2004).

[97] N. Jachowicz, K. Vantournhout, J. Ryckebusch, and K.
Heyde, Phys. Rev. C 71, 034604 (2005).

[98] P. Lava, N. Jachowicz, M. Martinez, and J. Ryckebusch,
Phys. Rev. C 73, 064605 (2006).

[99] A. Meucci, C. Giusti, and F. D. Pacati, Phys. Rev. C 77,
034606 (2008).

[100] C. Llewellyn Smith, Phys. Rep. 3, 261 (1972).
[101] V. Bernard, H. W. Fearing, T.R. Hemmert, and U.G.

Meissner, Nucl. Phys. A635, 121 (1998); A642, 563(E)
(1998).

013006-15


https://doi.org/10.1103/PhysRevC.94.035502
https://doi.org/10.1103/PhysRevC.94.035502
https://doi.org/10.1088/1674-1137/42/12/123104
https://doi.org/10.1088/1674-1137/42/12/123104
https://doi.org/10.1103/PhysRevC.99.025502
https://doi.org/10.1103/PhysRevLett.123.052501
https://doi.org/10.1103/PhysRevC.100.045501
https://doi.org/10.1103/PhysRevX.10.031068
https://doi.org/10.1103/PhysRevD.101.112001
https://doi.org/10.1103/PhysRevD.101.112001
https://doi.org/10.1103/PhysRevC.101.065502
https://doi.org/10.1103/PhysRevC.101.065502
https://doi.org/10.1103/PhysRevLett.71.3927
https://doi.org/10.1103/PhysRevLett.72.2810
https://doi.org/10.1103/PhysRevLett.72.2810
https://doi.org/10.1007/BF01285153
https://doi.org/10.1016/S0370-2693(99)01204-6
https://doi.org/10.1016/S0370-2693(99)01204-6
https://doi.org/10.1016/S0370-2693(01)01241-2
https://doi.org/10.1103/PhysRevD.74.052002
https://doi.org/10.1103/PhysRevD.74.052002
https://arXiv.org/abs/1606.09550
https://arXiv.org/abs/2002.03005
https://www.hyperk.org/?p=215
https://www.hyperk.org/?p=215
https://www.hyperk.org/?p=215
https://doi.org/10.1016/j.nuclphysb.2014.05.016
https://doi.org/10.1016/j.nuclphysb.2014.05.016
https://doi.org/10.1103/RevModPhys.41.236
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1103/PhysRevLett.84.1398
https://doi.org/10.1103/PhysRevLett.84.1398
https://doi.org/10.1103/PhysRevLett.88.092301
https://doi.org/10.1103/PhysRevC.71.055202
https://doi.org/10.1103/PhysRevC.71.069902
https://doi.org/10.1103/PhysRevC.71.069902
https://doi.org/10.1103/PhysRevLett.104.242301
https://doi.org/10.1103/PhysRevC.84.055204
https://doi.org/10.1103/PhysRevC.84.055204
https://doi.org/10.1016/j.physletb.2011.10.002
https://doi.org/10.1103/PhysRev.126.2239
https://doi.org/10.1007/BF02828811
https://doi.org/10.1103/PhysRev.168.1662
https://doi.org/10.1103/PhysRev.168.1662
https://doi.org/10.1016/0003-4916(71)90018-2
https://doi.org/10.1103/PhysRevD.3.733
https://doi.org/10.1103/PhysRevD.3.2923.2
https://doi.org/10.1103/PhysRevD.3.2923.2
https://doi.org/10.1016/0550-3213(74)90358-7
https://doi.org/10.1103/PhysRevD.10.993
https://doi.org/10.1103/PhysRevD.18.123
https://doi.org/10.1103/PhysRevD.18.123
https://doi.org/10.1103/PhysRevD.28.2875
https://doi.org/10.1103/PhysRevD.28.2875
https://doi.org/10.1103/PhysRevD.32.2921
https://doi.org/10.1103/PhysRevD.32.2921
https://doi.org/10.1088/0954-3899/40/7/075004
https://doi.org/10.1088/0954-3899/40/7/075004
https://doi.org/10.1134/S154747711307011X
https://doi.org/10.1134/S154747711307011X
https://doi.org/10.1103/PhysRevD.101.073002
https://doi.org/10.1103/PhysRevD.101.073002
https://doi.org/10.5506/APhysPolB.50.1771
https://doi.org/10.5506/APhysPolB.50.1771
https://doi.org/10.1103/PhysRevD.98.033005
https://doi.org/10.1103/PhysRevD.98.033005
https://doi.org/10.1140/epja/i2018-12534-2
https://doi.org/10.1140/epja/i2018-12534-2
https://doi.org/10.1016/S0370-2693(01)00307-0
https://doi.org/10.1016/S0370-2693(01)00307-0
https://doi.org/10.1103/PhysRevD.78.052002
https://doi.org/10.1103/PhysRevD.78.052002
https://doi.org/10.1103/PhysRevD.89.051102
https://doi.org/10.1103/PhysRevD.89.051102
https://doi.org/10.1088/1742-6596/878/1/012014
https://doi.org/10.1088/1742-6596/878/1/012014
https://doi.org/10.1016/S0550-3213(03)00575-3
https://doi.org/10.1016/S0550-3213(03)00575-3
https://doi.org/10.1016/j.nuclphysb.2004.09.011
https://doi.org/10.1016/j.nuclphysbps.2004.11.201
https://doi.org/10.1016/j.nuclphysbps.2004.11.201
https://doi.org/10.1016/j.nuclphysbps.2004.11.230
https://doi.org/10.1016/j.nuclphysa.2004.10.029
https://doi.org/10.1103/PhysRevD.69.114019
https://doi.org/10.1103/PhysRevD.69.114019
https://doi.org/10.1142/S0217732304016184
https://doi.org/10.1142/S0217732304016184
https://doi.org/10.1016/j.nuclphysbps.2004.11.221
https://doi.org/10.1016/j.nuclphysbps.2004.11.221
https://doi.org/10.1016/j.nuclphysb.2005.08.036
https://doi.org/10.1016/j.nuclphysb.2005.08.036
https://doi.org/10.1016/j.nuclphysbps.2005.02.040
https://doi.org/10.1016/j.nuclphysbps.2005.02.040
https://doi.org/10.1103/PhysRevC.100.035501
https://doi.org/10.1103/PhysRevC.100.035501
https://arXiv.org/abs/2010.10311
https://arXiv.org/abs/2010.10311
https://doi.org/10.1103/PhysRevLett.93.082501
https://doi.org/10.1103/PhysRevC.71.034604
https://doi.org/10.1103/PhysRevC.73.064605
https://doi.org/10.1103/PhysRevC.77.034606
https://doi.org/10.1103/PhysRevC.77.034606
https://doi.org/10.1016/0370-1573(72)90010-5
https://doi.org/10.1016/S0375-9474(98)00175-4

OLEKSANDR TOMALAK

PHYS. REV. D 103, 013006 (2021)

[102] T. Fuchs, Other thesis, Johannes Gutenberg-Universitit
Mainz, 2002.

[103] N. Kaiser, Phys. Rev. C 67, 027002 (2003).

[104] M. Schindler, T. Fuchs, J. Gegelia, and S. Scherer, Phys.
Rev. C 75, 025202 (2007).

[105] M. E. Lutz, U. Sauerwein, and R. G. Timmermans, Eur.
Phys. J. C 80, 844 (2020).

[106] C. Chen, C.S. Fischer, C.D. Roberts, and J. Segovia,
arXiv:2011.14026.

[107] T. Yamazaki and S. Ohta (RBC and UKQCD Collabora-
tions), Proc. Sci., LATTICE2007 (2007) 165 [arXiv:
0710.0422].

[108] C. Alexandrou, G. Koutsou, T. Leontiou, J. W. Negele,
and A. Tsapalis, Phys. Rev. D 76, 094511 (2007); 80,
099901(E) (2009).

[109] J. Bratt et al. (LHPC Collaboration), Phys. Rev. D 82,
094502 (2010).

[110] C. Alexandrou, M. Brinet, J. Carbonell, M. Constantinou,
P. Harraud, P. Guichon, K. Jansen, T. Korzec, and M.
Papinutto (ETM Collaboration), Phys. Rev. D 83, 045010
(2011).

[111] G. von Hippel, D. Djukanovic, J. Hua, B. Jdger, P.
Junnarkar, H. Meyer, T. Rae, and H. Wittig, Proc. Sci.,
LATTICE2015 (2016) 139.

[112] S. Capitani, M. Della Morte, D. Djukanovic, G. M. von
Hippel, J. Hua, B. Jdger, P. M. Junnarkar, H. B. Meyer,
T. D. Rae, and H. Wittig, Int. J. Mod. Phys. A 34, 1950009
(2019).

[113] J. Green, N. Hasan, S. Meinel, M. Engelhardt, S. Krieg,
J. Laeuchli, J. Negele, K. Orginos, A. Pochinsky, and S.
Syritsyn, Phys. Rev. D 95, 114502 (2017).

[114] C. Alexandrou, M. Constantinou, K. Hadjiyiannakou, K.
Jansen, C. Kallidonis, G. Koutsou, and A. Vaquero Aviles-
Casco, Phys. Rev. D 96, 054507 (2017).

[115] C. Alexandrou, S. Bacchio, M. Constantinou, K.
Hadjiyiannakou, G. Koutsou, K. Jansen, and A. Vaquero,
Proc. Sci., LATTICE2018 (2018) 142.

[116] G.S. Bali, L. Barca, S. Collins, M. Gruber, M. Loffler,
A. Schifer, W. Soldner, P. Wein, S. Weishidupl, and T.
Wurm (RQCD Collaboration), J. High Energy Phys. 05
(2020) 126.

[117] N. Hasan, J. Green, S. Meinel, M. Engelhardt, S. Krieg, J.
Negele, A. Pochinsky, and S. Syritsyn, Phys. Rev. D 99,
114505 (2019).

[118] Y.-C. Jang, T. Bhattacharya, R. Gupta, B. Yoon, and H.-W.
Lin (PNDME Collaboration), Proc. Sci., LATTICE2016
(2016) 178.

[119] R. Gupta, Y.-C. Jang, H.-W. Lin, B. Yoon, and T.
Bhattacharya, Phys. Rev. D 96, 114503 (2017).

[120] G. Bali, S. Collins, M. Gruber, A. Schifer, P. Wein, and T.
Wurm, Phys. Lett. B 789, 666 (2019).

[121] Y.-C. Jang, R. Gupta, B. Yoon, and T. Bhattacharya, Phys.
Rev. Lett. 124, 072002 (2020).

[122] O. Bar, Phys. Rev. D 101, 034515 (2020).

[123] O. Bar, Phys. Rev. D 100, 054507 (2019).

[124] T. Bhattacharya, R. Gupta, and B. Yoon, Proc. Sci.,
LATTICE2019 (2020) 247 [arXiv:2003.08490].

[125] S. Park, T. Bhattacharya, R. Gupta, Y.-C. Jang, B. Joo,
H.-W. Lin, and B. Yoon, Proc. Sci., LATTICE2019 (2020)
136 [arXiv:2002.02147].

[126] Y.-C. Jang, R. Gupta, T. Bhattacharya, S. Park, B. Yoon,
and H.-W. Lin, Proc. Sci., LATTICE2019 (2020) 131
[arXiv:2001.11592].

[127] C. Alexandrou et al., arXiv:2011.13342.

[128] L. Alvarez-Ruso et al., Neutrino Scattering Measurements
on Hydrogen and Deuterium, Snowmass 2021 Lol
(2020), https://snowmass21.org/loi.

[129] R.J.Hill and O. Tomalak, Phys. Lett. B 805, 135466 (2020).

[130] A.S. Meyer, M. Betancourt, R. Gran, and R.J. Hill, Phys.
Rev. D 93, 113015 (2016).

[131] K. Borah, R.J. Hill, G. Lee, and O. Tomalak, Phys. Rev. D
102, 074012 (2020).

[132] Dune fluxes, http://home.fnal.gov/~1jf26/DUNEFluxes/.

[133] K. Abe et al. (T2K Collaboration), Phys. Rev. D 87,
012001 (2013); 87, 019902(A) (2013).

[134] K. Abe et al. (T2K Collaboration), Phys. Rev. D 91,
072010 (2015).

[135] R. Acciarri et al. (DUNE Collaboration), arXiv:1512.06148.

[136] M. Anelli et al. (SHiP Collaboration), arXiv:1504.04956.

[137] S. Alekhin et al., Rep. Prog. Phys. 79, 124201 (2016).

[138] S. Aoki et al. (DsTau Collaboration), J. High Energy Phys.
01 (2020) 033.

[139] R. Mertig, M. Bohm, and A. Denner, Comput. Phys.
Commun. 64, 345 (1991).

[140] V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.
Commun. 207, 432 (2016).

[141] W.R. Inc., Mathematica, Version 12.1.1.0, Champaign, IL,
2020.

013006-16


https://doi.org/10.1103/PhysRevC.67.027002
https://doi.org/10.1103/PhysRevC.75.025202
https://doi.org/10.1103/PhysRevC.75.025202
https://doi.org/10.1140/epjc/s10052-020-8417-5
https://doi.org/10.1140/epjc/s10052-020-8417-5
https://arXiv.org/abs/2011.14026
https://arXiv.org/abs/0710.0422
https://arXiv.org/abs/0710.0422
https://doi.org/10.1103/PhysRevD.76.094511
https://doi.org/10.1103/PhysRevD.80.099901
https://doi.org/10.1103/PhysRevD.80.099901
https://doi.org/10.1103/PhysRevD.82.094502
https://doi.org/10.1103/PhysRevD.82.094502
https://doi.org/10.1103/PhysRevD.83.045010
https://doi.org/10.1103/PhysRevD.83.045010
https://doi.org/10.1142/S0217751X1950009X
https://doi.org/10.1142/S0217751X1950009X
https://doi.org/10.1103/PhysRevD.95.114502
https://doi.org/10.1103/PhysRevD.96.054507
https://doi.org/10.1007/JHEP05(2020)126
https://doi.org/10.1007/JHEP05(2020)126
https://doi.org/10.1103/PhysRevD.99.114505
https://doi.org/10.1103/PhysRevD.99.114505
https://doi.org/10.1103/PhysRevD.96.114503
https://doi.org/10.1016/j.physletb.2018.12.053
https://doi.org/10.1103/PhysRevLett.124.072002
https://doi.org/10.1103/PhysRevLett.124.072002
https://doi.org/10.1103/PhysRevD.101.034515
https://doi.org/10.1103/PhysRevD.100.054507
https://arXiv.org/abs/2003.08490
https://arXiv.org/abs/2002.02147
https://arXiv.org/abs/2001.11592
https://arXiv.org/abs/2011.13342
https://snowmass21.org/loi
https://snowmass21.org/loi
https://doi.org/10.1016/j.physletb.2020.135466
https://doi.org/10.1103/PhysRevD.93.113015
https://doi.org/10.1103/PhysRevD.93.113015
https://doi.org/10.1103/PhysRevD.102.074012
https://doi.org/10.1103/PhysRevD.102.074012
http://home.fnal.gov/%7Eljf26/DUNEFluxes/
http://home.fnal.gov/%7Eljf26/DUNEFluxes/
http://home.fnal.gov/%7Eljf26/DUNEFluxes/
https://doi.org/10.1103/PhysRevD.87.012001
https://doi.org/10.1103/PhysRevD.87.012001
https://doi.org/10.1103/PhysRevD.87.019902
https://doi.org/10.1103/PhysRevD.91.072010
https://doi.org/10.1103/PhysRevD.91.072010
https://arXiv.org/abs/1512.06148
https://arXiv.org/abs/1504.04956
https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1007/JHEP01(2020)033
https://doi.org/10.1007/JHEP01(2020)033
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2016.06.008

