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Neutrino experiments in a Forward Physics Facility at the Large Hadron Collider can measure neutrino
and antineutrino cross sections for energies up to a few TeV. For neutrino energies below 100 GeV, the
inelastic cross section evaluations have contributions from weak structure functions at low momentum
transfers and low hadronic final state invariant mass. To evaluate the size of these contributions to the
neutrino cross section, we use a parametrization of the electron-proton structure function, adapted for
neutrino scattering, augmented with a correction to account for the partial conservation of the axial vector
current, and normalized to structure functions evaluated at next-to-leading order in QCD, with target mass
corrections and heavy quark corrections. We compare our results with other approaches to account for this
kinematic region in the neutrino cross section for energies between 10–1000 GeVon isoscalar nucleon and
iron targets.
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I. INTRODUCTION

Cross sections for neutrino interactions with nucleons and
nuclei are important ingredients for measurements of neu-
trino mixing angles in neutrino oscillation experiments and
for searches for physics beyond the standard model (BSM)
[1–4]. The Deep Underground Neutrino Experiment
(DUNE) will intercept neutrinos and antineutrinos produced
at Fermilab [5]with energies up tomore than 10GeV tomeet
their physics objectives [6]. The cross sections for neutrino
energies of a few GeV have contributions from quasielastic
scattering (e.g., νμn → μp), resonant production (e.g.,
νμn → Δ0 → μnπþ), and inelastic scattering νμN → μX,
whereN ¼ ðpþ nÞ=2 represents an isoscalar nucleon target
and X refers to all final state hadrons. The quasielastic and
resonant regions of the neutrino cross section are the focus of
much of the theory effort, however, inelastic scattering is also
important for neutrino interactions at DUNE [7]. More than
50% of DUNE events will be inelastic scattering events with
the hadronic final state invariant mass larger than themass of
the Δ resonance, mΔð≈1.4 GeVÞ [8,9].

Inelastic scattering can involve small momentum trans-
fers Q2. Quark-hadron duality [10,11] connects structure
functions in the resonance region with parton-model-based
structure functions at higher Q2 for inelastic scattering
[12,13]. For Eν ¼ 10 GeV, the neutrino charged-current
(CC) cross section can have a contribution of ∼20% from
Q2 < 1 GeV2 [14], a Q2 kinematic regime where a
perturbative QCD parton distribution function decomposi-
tion of the weak structure functions cannot necessarily be
performed.
The opportunity to measure neutrino and antineutrino

cross sections and weak structure functions will arise in
experiments in the forward region at the Large Hadron
Collider (LHC). Recently, two neutrino experiments at the
LHC, FASERν [15], and SND@LHC [16,17] have been
installed in existing caverns along the beam-line direction,
480 m from the ATLAS interaction point, and are taking
data. Both experiments reported their first observations of
collider neutrino events with analysis of the data collected
during 2022 [18,19]. They will operate continuously during
Run 3 of the LHC. The next stage experiments for the high
luminosity phase of the LHC (HL-LHC) would run in the
proposed Forward Physics Facility (FPF). The FPF would
house larger neutrino detectors FASERν2, AdvSND, and a
liquid argon detector FLArE, and additional detectors
designed for BSM searches [14,20]. In this configuration,
a large number of neutrinos from the ATLAS interaction
point emitted in the very forward region could be detected.
With the increased luminosity and detector size at the FPF,
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the expected number of neutrino events is much larger than
in FASERν and SND@LHC. The estimated number of
interactions is ∼106 events for muon neutrinos and thou-
sands for tau neutrinos in FPF experiments [14].
Neutrinos produced at the LHC in the forward region are

distributed in energy up to a few TeV [14,20–25]. The TeV
neutrino energy range has not been reached directly in
neutrino beams produced by accelerators. With a large
number of neutrino events, the FPF can provide a unique
opportunity to investigate neutrino interactions precisely at
unexplored energy ranges for all three flavors [14,26,27].
Although a large fraction of neutrinos is distributed with
energies above 100 GeV, also of interest are neutrinos with
energies below 100 GeV. There will be thousands of
neutrinos in the 10’s of GeV energy range [14,28] where
cross sections are sensitive to low Q2 structure functions.
In this work, we evaluate the charged-current neutrino

deep-inelastic scattering (DIS) cross sections and inves-
tigate the size of the contribution from the transition region
from resonance meson/baryon production to DIS, referred
to as the shallow-inelastic scattering (SIS) region. We probe
how the neutrino DIS cross sections depend on the hadronic
final state invariant mass W and on Q2. We quantify the
impact of ranges of these kinematic variables relevant to the
SIS region for muon neutrino and tau neutrino as well as for
antineutrino cross sections. In the next section, we outline
approaches to low Q2 extrapolations of electromagnetic
structure functions and their translations to weak structure
functions. In Sec. III, we introduce our approximation to
the contributions from the partially conserved axial vector
current. Section IV shows our results for cross sections as a
function of W and Q2, followed by a discussion in Sec. V.
We compare our structure function and cross section results
with other approaches [26,29–32]. For reference, the cross
section formulas for neutrino and antineutrino charge-
current cross sections are collected in Appendix A.
Tables of cross section results are included in Appendix B.

II. STRUCTURE FUNCTIONS AT LOW Q2

In evaluating the cross section of neutrino charged-
current (CC) DIS interaction, essential components are
structure functions Fi;CCðx;Q2Þ for i ¼ 1–5, as shown in
detail in Appendix A. The structure functions are described
by the parton momentum fraction x (or Bjorken variable)
and parton distribution functions (PDFs) qðx;Q2Þ and
q̄ðx;Q2Þ for quarks and antiquarks labeled by their flavors,
written schematically as

F2;CCðx;Q2Þ ¼
X
q;q0

2xðqðx;Q2Þ þ q̄0ðx;Q2ÞÞ; ð1Þ

F3;CCðx;Q2Þ ¼
X
q;q0

2ðqðx;Q2Þ − q̄0ðx;Q2ÞÞ; ð2Þ

at leading order in perturbative QCD for F2;CC and F3;CC.
The sum is over the relevant quark flavors for neutrino and
antineutrino scattering. For more details for the distinction
between neutrino and antineutrino structure functions,
the reader is referred to Appendix A. By comparison, the
electromagnetic structure function F2;EMðx;Q2Þ in the same
approximation is

F2;EM ¼
X
q

e2qxðqðx;Q2Þ þ q̄ðx;Q2ÞÞ: ð3Þ

PDFs are extracted from analyses of lepton-hadron and
hadron-hadron data for ranges of the variables x and
Q2 [33]. For the nCTEQ15 PDFs [34] used in this work,
the ranges of applicability of the PDFs are 5 × 10−6 < x <
1 and 1.3 GeV < Q < 104 GeV. Since perturbative QCD
is not applicable for Q2 ≲ 1 GeV2, PDF-based structure
functions are not reliable in this low Q2 region. The
neutrino cross sections are sensitive to such low Q2 at
low incident neutrino energy, Eν ≲Oð10Þ GeV, whereas
the contributions from Q2 ≲ 1 GeV2 are negligible for
neutrino energies above several hundred GeV. This paper
shows results for neutrino and antineutrino cross sections
from low Q2 extrapolations of the CC structure functions
for incident energies between 10–1000 GeV.
In a discussion of the structure functions, it is useful to

relate x and Q2 to the hadronic final state invariant massW
defined by

W2 ¼ Q2

�
1

x
− 1

�
þm2

N; ð4Þ

where mN is the mass of the nucleon. The DIS region is
typically defined in terms of the W and Q2 as W ≳ 2 GeV
and Q2 ≳ 1–4 GeV2. One can consider the SIS region as
mN þmπ < W ≲ 2 GeV for all Q2 [8]. However, the
boundary between the SIS and DIS regions is not clearly
defined. Inelastic scattering that includes W > Wmin ¼
1.4 GeV includes resonances above the Δ resonance. In
the GENIE Monte Carlo generator, the value of Wmin is set
to 1.7 GeV [35,36].
In the context of the parton model for the lower range of

the applicableQ2, targetmass corrections (TMC)modify the
simplified forms of Eqs. (1) and (2) [37–41]. Among the
modifications is a replacement of the Bjorken-x variable in
the PDFs with the Nachtmann variable ξ defined as

ξ ¼ 2x

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4x2m2

N=Q
2

p : ð5Þ

The Nachtmann variable corresponds to the light-front
momentum fraction of the struck parton in the massless
parton limit, given the massive nucleon target. When
mN → 0, ξ → x. Target mass corrections to the parton
model structure functions are largest for low Q2 and for

YU SEON JEONG and MARY HALL RENO PHYS. REV. D 108, 113010 (2023)

113010-2



large x. The recent work on the TMC for nuclear targets [41]
shows that these corrections are effectively independent of
target mass number. We use here the TMC for structure
functions as outlined in Refs. [39,40].
In the nonperturbative regime, the structure functions can

be phenomenologically modeled by fitting to lepton-
hadron scattering data. There exist several models for such
low Q2 structure functions, e.g., Refs. [26,30,32,42,43]. A
commonly used model is the Bodek-Yang model [30],
which provides effective PDFs at lowQ2 that can be used to
construct electromagnetic and weak structure functions
according to, e.g., Eqs. (1)–(3). The Bodek-Yang approach
uses GRV98 LO PDFs [44] evaluated with a modified
Nachtmann variable and frozen at Q2

0 ¼ 0.8 GeV2, then
multiplied byQ2 dependentK-factors. The parameters in the
Bodek-Yang model are obtained by fitting inelastic charged
lepton-nucleon scattering data [45–47]. The Bodek-Yang
model is implemented in Monte Carlo event generators such
as GENIE [36], NEUT [48], and NuWro [49].
Another approach and the one that we use here starts

with the parametrization of the structure function F2;EM
provided by Capella et al. (CKMT) in Ref. [42]. The
CKMT parametrization [42,43], obtained by fitting to
electromagnetic structure function data, has the form

FCKMT
2;EM ðx;Q2Þ ¼ Fsea

2 ðx;Q2Þ þ Fval
2 ðx;Q2Þ

¼ Ax−ΔðQ2Þð1 − xÞnðQ2Þþ4

�
Q2

Q2 þ a

�
1þΔðQ2Þ

þ Bx1−αRð1 − xÞnðQ2Þ
�

Q2

Q2 þ b

�
αR

× ð1þ fð1 − xÞÞ: ð6Þ

The functions nðQ2Þ and ΔðQ2Þ are

nðQ2Þ ¼ 3

2

�
1þ Q2

Q2 þ c

�
; ð7Þ

ΔðQ2Þ ¼ Δ0

�
1þ 2Q2

Q2 þ d

�
: ð8Þ

The constants entering into the parametrization of the
electromagnetic structure function are in the first two rows
of Table 1.
The functional form of Eq. (6) accounts for terms based

on Pomeron and Reggeon contributions. At low Q2, the
distinction between sea and valence contributions is not
evident, but at large enough Q2, a parton model interpre-
tation has the first term to be interpreted as the sea quark
(and antiquark) contribution and the second term as the
valence contribution.
In electromagnetic scattering, in the limit ofQ2 → 0with

W2 fixed, the real photon-proton cross section in the
CKMT form is

σtotγpðW2Þ ¼ 4π2αEM
Q2

FCKMT
2;EM ðx;Q2ÞjQ2→0

≃ 4π2αEM

�
A
a

�
W2

a

�
Δ0 þ Bð1þ fÞ

b

�
W2

b

�
αR−1

�
;

ð9Þ

where W2 ≃Q2=x for W2 ≫ m2
N. This means that

F2;EM ∼Q2 for low Q2.
The upper panel of Fig. 1 shows F2;EMðx;Q2Þ for

Q2 ¼ 1.69 GeV2. The dot-dashed curve shows the para-
metrization of Jefferson Laboratory electromagnetic struc-
ture function data by Bosted and Christy (BC) [50]. The
dashed line shows the next-to-leading order (NLO) QCD
evaluation of the electromagnetic structure function using the
nCTEQ15 proton PDF. The curve labeled NLOþ TMC also
includes target mass [37,38,51]. The curve labeled CKMT
shows the result using the parametrization of Eq. (6). In the
lower panel of Fig. 1, for Q2 ¼ 0.45 GeV2 where the PDF
approach is not applicable, only the BC and CKMT para-
metrizations of F2;EM are shown.
To the left of vertical dashed lines in Fig. 1 are the regions

of x such thatW is larger than the three valuesWmin ¼ 2, 1.7,
and 1.4GeV givenQ2 ¼ 1.69 GeV2 orQ2 ¼ 0.45 GeV2. In
the upper panel, one can see that the NLO perturbative result
overshoots the data for x ≃ 0.2–0.5, while the NLOþ TMC
does somewhat better in the same range. The CKMT para-
metrization agrees well with the BC parametrization for
W > 2 GeV, and roughly averages the resonance region for
smaller values ofW. The lower panel shows that the CKMT
structure function also roughly averages the structure func-
tion in the resonance region at lower Q2, here shown
for Q2 ¼ 0.45 GeV2.
For CC scattering in the Bodek-Yang approach, the

effective PDFs are assembled according to Eqs. (1) and (2).
For F1;CCðx;Q2Þ we use the relation

Rðx;Q2Þ ¼ F2;CCðx;Q2Þ
2xF1;CCðx;Q2Þ

�
1þ 4m2

Nx
2

Q2

�
− 1 ð10Þ

TABLE I. Parameter values in Ref. [43] for CKMT para-
metrization of the electromagnetic structure function F2. The
quantities B and f are determined from the valence conditions at
Q2 ¼ 2 GeV2.

Δ0 αR a [GeV2] b [GeV2] c [GeV2] d [GeV2]

0.07684 0.4150 0.2631 0.6452 3.5489 1.1170

Process A B f
EM F2 0.1502 1.2064 0.15
νN F2 0.5967 2.7145 0.5962
νN xF3 9.3955 × 10−3 2.4677 0.5962
ν̄N xF3 9.3955 × 10−3 −2.4677 0.5962
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to write F1;CC in terms of F2;CC and R, where a para-
metrization of R is used.
For CC scattering in the CKMT approach, the same

functional form as F2;EM is applied to F2;CC, with modifi-
cations to A, B, and f to reflect the differences between
Eqs. (1) and (3) for the sea, overall valence, and relative
importance of u and d valence contributions, respectively
[52,53]. The functional form for xF3;CC is the same as for
F2;CC, with the substitutions for A and B as indicated in
Table 1. ForF1;CCðx;Q2Þ, we use the relation inEq. (10)with
the parametrization of Whitlow et al. [54] from electromag-
netic scattering, which applies for Q2 > Q2

m ¼ 0.3 GeV2.
Below Q2 ¼ Q2

m, we take Rðx;Q2Þ ¼ Rðx;Q2
mÞ ·Q2=Q2

m.
For ντ and ν̄τ charged current scattering, in principle two

additional structure functions are required: F4;CC and F5;CC.
At leading order in QCD for massless partons,

F4;CCðx;Q2Þ ¼ 0; ð11Þ

F5;CCðx;Q2Þ ¼ F2;CCðx;Q2Þ=ð2xÞ: ð12Þ

These are the so-called Albright-Jarlskog relations [55]. We
take into account the NLO QCD, target mass and heavy
quark mass corrections to F4;CC and F5;CC. For the low-Q2

extrapolations, following the Albright-Jarlskog relations,
we set F4;CC ¼ 0 and extrapolate F5ðQ2 < Q2

0Þ with the
functional form of the F2ðQ2 < Q2

0Þ extrapolation dis-
cussed below.
In our evaluations of the neutrino and antineutrino

cross section, we use NLOþ TMC evaluations of the
structure functions that include heavyquarkmass corrections
[39,56–58] and nCTEQ15 PDFs forQ2 ≥ Q2

0. ForQ
2 < Q2

0,
theCKMTneutrino structure functions are used.Wewill take
Q2

0 ¼ 2, 4 GeV2. Comparisons of NLOþ TMC and CKMT
evaluations of F2;CC and xF3;CC atQ2 ¼ 2 GeV2 are shown
in the upper panel of Fig. 2. Numerically, the CKMT
structure function F2;CC at Q2 ¼ 2 GeV2 is within þ9%

to −6% of the NLOþ TMC corrected structure function

FIG. 2. Upper: Comparison of the NLOþ TMC (dashed) and
CKMT (solid) evaluations of F2;CC and xF3;CC. Lower: The ratios
of structure functions evaluated using NLOþ TMC to CKMT for
Q2 ¼ 2 GeV2.

FIG. 1. The structure functions F2ðx;Q2Þ for electron-nucleon
electromagnetic scattering for Q2 ¼ 1.69 GeV2 (upper) and
0.45 GeV2 (lower). The CKMT [42], NLO, and NLOþ TMC
structure functions in the upper panel are compared with a
parametrization of the electromagnetic scattering data by Bosted
and Christy (BC) [50]. The lower panel shows only the BC and
CKMT parametrizations.
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evaluated using the nCTEQ15 PDFs for x < 0.5. The
discrepancy is similar for xF3;CC, within þ11% to −8%.
For reference, in the cross section evaluations below, the

xF3;CC contribution to the νμN CC cross section is ∼10%
for Eν ¼ 10 GeV, reducing to ∼0.4% for Eν ¼ 102 GeV.
For ν̄μN CC scattering, the impact of xF3;CC is larger
because of the minus sign in the differential cross section
(see Appendix A). Regarding the range of x kinematically
allowed for Q2 > 0.1 GeV2, for Eν ¼ 10 GeV, x≳ 6 ×
10−3 in νμN CC scattering, and x≳ 0.2 in ντN CC
scattering [59]. For Eν ≲ 1 TeV, relevant to the neutrinos
that can be detected at the FPF, the neutrino CC cross
sections mostly come from x≳ 0.01 [21]. For example,
when Eν ¼ 1 TeV, the contribution of x > 0.01 is about
95% of the ν̄μN cross section, and it is higher for the νμ, ντ,
and ν̄τ cross sections.
To avoid discontinuities in the structure functions at Q2

0,
we normalize the CKMT structure functions according to

Fi;CCðx;Q2Þ ¼ FCKMT
i;CC ðx;Q2ÞF

NLOþTMC
i;CC ðx;Q2

0Þ
FCKMT
i;CC ðx;Q2

0Þ
; ð13Þ

and we label the CKMT structure functions normalized
with NLOþ TMC at Q2

0 by CKMT-NT. As noted above,
we use the Albright-Jarlskog relation to write FCKMT

5;CC in
terms of FCKMT

2;CC =ð2xÞ to evaluate F5;CC for Q2 < Q2
0. The

normalization factors for F2;CC and xF3;CC are shown in the
lower panel of Fig. 2 for Q2

0 ¼ 2 GeV2. Our results are not
very sensitive to a choice of Q2

0 between 2 GeV2 and
4 GeV2 because the CKMT parametrization follows theQ2

evolution of F2;CC reasonably well. As we show below,
the results of F2;CC evaluated at NLOþ TMC matched to
the low-Q extrapolation for Q2

0 ¼ 2 GeV2 and Q2
0 ¼

4 GeV2 according to Eq. (13) agree within −6% to

þ2% for Q2 ≳ 1 GeV2 (see Fig. 4). For Q2 ¼ 0.1 GeV2,
F2;CC differs by up to ∼10%, however, because FCKMT

2;CC → 0

as Q2 → 0, this difference hardly impacts the cross section
evaluation.
Recently in Ref. [26], low Q2 CC structure functions

(NNSFν) were presented, modeled by a machine-learning
parametrization of experimental data for neutrino and
antineutrino scattering on Ne, Fe, CaCO3, and Pb.
Structure functions for F2;CC; xF3;CC, and FL;CC are pro-
vided in LHAPDF format, separately with low-Q and high-
Q grids [60]. The low-Q grid is intended for Q2 ≲
500 GeV2 and x ≥ 10−3, while the high-Q grid extends
to Q2 outside this region. The low-Q grid is thus suitable
for the x range for cross sections for Eν ≲ 1 TeV.
Contributions from Q2 > 500 GeV2 are less than 8% for
both νμN and ντN cross sections at Eν ¼ 1 TeV, and less
than ∼1% for their antineutrino cross sections. Therefore,
we use only the low-Q grids for the NNSF structure
functions in our evaluations, and we label the results for
deuterium structure functions by NNSFνðDÞ. For reference,
the cross sections evaluated using the low-Q grid and the
high-Q grid agree within 1% at 10 TeV, and the discrepancy
becomes 2–3% at 1 TeV.
The two panels of Fig. 3 show a comparison of the two

structure functions F2;CC and xF3;CC for low Q2 from the
normalized CKMT-NT for neutrino CC interactions, the
Bodek-Yang model, and the NNSFνðDÞ structure functions,
each for several choices ofQ2: 0.1, 1, and 2 GeV2. One can
see that the results from Bodek-Yang and CKMT-NT are
comparable except for Q2 ¼ 0.1 GeV2. The NNSFνðDÞ
structure functions are consistently larger than Bodek-
Yang and CKMT-NT, especially for Q2 ¼ 0.1 GeV2. Both
the Bodek-Yang and CKMT-NT parametrizations have
F2;CC → 0 as Q2 → 0 as in electromagnetic interactions,
while the NNSFν approach does not a priori require this.

Q2 = 2 GeV2

Q2 = 1 GeV2

Q2 = 0.1 GeV2

CKMT- NT

Bodek- Yang

NNSF (D)

0.005 0.010 0.050 0.100 0.500
0.0

0.5

1.0

1.5

2.0

2.5

x

F
2
,C

C
(x
,
Q

2
)

Q2 = 2 GeV2

Q2 = 1 GeV2

Q2 = 0.1 GeV2

CKMT- NT

Bodek- Yang

NNSF (D)

0.005 0.010 0.050 0.100 0.500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

x

x
F
3
,C

C
(x
,
Q

2
)

FIG. 3. The structure functions F2;CCðx;Q2Þ (left) and xF3;CCðx;Q2Þ (right) for neutrino-nucleon charged current scattering for
Q2 ¼ 0.1, 1, and 2 GeV2. The parametrizations of the neutrino CC structure functions from CKMT-NT [42,52], Bodek-Yang [30], and
NNSFνðDÞ [26] are presented for comparison. The CKMT-NT structure functions are normalized at Q2

0 ¼ 2 GeV2 in the curves
shown here.
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In fact, modifications of F2;CC due to partial conservation of
the axial vector current (PCAC) change theQ2 → 0 limit, as
we discuss below.

III. PARTIALLY CONSERVED AXIAL VECTOR
CURRENT

There are recent investigations into modifications based
on PCAC [31,32,61], for which the weak structure function
F2;CC does not have the same Q2 → 0 limit as the
corresponding electromagnetic structure function. Indeed,
for F2;CC which includes both transverse and longitudinal
structure functions, the Q2 → 0 limit of the longitudinal
structure function FL does not vanish. In Ref. [61], Kulagin
and Petti find that for F2;CC ¼ ðFT þ FLÞ=ð1þ 4x2m2

N=
Q2Þ, PCAC corrections to FL are

FPCAC
L ¼ f2πσπðW2Þ

π
fPCACðQ2Þ

fPCACðQ2Þ ¼
�
1þ Q2

M2
PCAC

�
−2

σπ ≃ XðW2Þϵ þ YðW2Þ−η1 : ð14Þ

Here, fπ ¼ 0.93mπ is the pion decay constant, MPCAC ¼
0.8 GeV [61]. The parameters in the πp cross section σπ are
ϵ ≃ 0.09, η1 ≃ 0.36, X ≃ 12.1 mb, and Y1 ≃ 26.2 mb, given
W2 in units of GeV. For Q2 → 0 keeping W2 fixed, the
longitudinal structure function written in terms of the
constants a and b in Table 1 are

FLðx;Q2ÞjQ2¼0 ≃ AL

�
W2

a

�
ϵ

þ BL

�
W2

b

�
−η1

; ð15Þ

where AL ≃ 0.147 and BL ≃ 0.423.
Precisely how the full x andQ2 dependence of FLðx;Q2Þ

proceeds in weak interactions is still to be determined. To
estimate how a nonzero limit of F2;CCðx;Q2Þ for Q2 → 0

would affect the neutrino and antineutrino cross section and
to compare the NNSFνðDÞ structure function, we para-
metrize FPCAC

2;CC ðx;Q2Þ with

F2;CC
PCAC ¼

�
APCACx−ΔðQ2Þð1 − xÞnðQ2Þþ4

�
Q2

Q2 þ a

�
ΔðQ2Þ

þ BPCACx1−αRð1 − xÞnðQ2Þ
�

Q2

Q2 þ b

�
αR−1

× ð1þ fð1 − xÞÞ
�
fPCACðQ2Þ ð16Þ

with APCAC ¼ AL ≃ 0.147 and BPCAC ¼ BL=ð1þ fÞ≃
0.265. This form of FPCAC

2;CC reduces to Eq. (15) in the
low Q2 limit holding W2 fixed, as long as we can
approximate ϵ ≃ Δ0 and η1 ≃ 1 − αR. This is not exact,

but it gives a good starting point for understanding how big
the PCAC corrections to the neutrino and antineutrino cross
sections will be. We keep F1;CC and F3;CC as above. With
this approximation, the PCAC correction to F2;CC can be
almost ∼10% for some values of x at Q2 ¼ 2 GeV2, so we
take the normalization scale Q2

0 ¼ 4 GeV2 where PCAC
corrections are smaller, and we make the following sub-
stitution for Q2 < 4 GeV2 to include PCAC corrections.
We set

Q2 = 2 GeV2

Q2 = 1 GeV2

Q2 = 0.1 GeV2

CKMT+PCAC- NT
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FIG. 4. Upper: The structure functions F2;CCðx;Q2Þ for neu-
trino-nucleon charged current scattering for Q2 ¼ 0.1, 1, and
2 GeV2 with the CKMT-NT form of the structure function
(dashed) extrapolated below Q2

0 normalized according to
Eq. (13) and the CKMT+PCAC-NT (solid) normalized according
to Eq. (17), both for Q2

0 ¼ 4 GeV2. For Q2 ¼ 2 GeV2, the
structure function for NNSFνðDÞ (dot-dashed) [26] and for
NLOþ TMC (dotted) are presented for comparison. Lower:
The structure functions F2;CCðx;Q2Þ with CKMT-NT for two
normalization scales, Q2

0 ¼ 2 and 4 GeV2, and the ratio of the
CKMT-NT results with Q2

0 ¼ 4 GeV2 to Q2
0 ¼ 2 GeV2, for

Q2 ¼ 0.1, 1, and 2 GeV2.
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F2;CCðx;Q2Þ ¼ ½FCKMT
2;CC ðx;Q2Þ þ FPCAC

2;CC ðx;Q2Þ�

×
FNLOþTMC
2;CC ðx;Q2

0Þ
FCKMT
2;CC ðx;Q2

0Þ
; ð17Þ

and we designate the structure function normalized this
way as CKMTþ PCAC-NT.
Figure 4 shows a comparison of F2;CCðx;Q2Þ for normal-

izedCKMT [Eq. (13), CKMT-NT] and normalizedCKMTþ
PCAC [Eq. (17), CKMTþ PCAC-NT], both with
Q2

0 ¼ 4 GeV2, for Q2 ¼ 0.1, 1, and 2 GeV2. Also shown
for reference are the NLOþ TMC and NNSFνðDÞ structure
functions forQ2 ¼ 2 GeV2. Evenwith the PCACcorrection,
F2;CCðx;Q2Þ in our approach (CKMTþ PCAC-NT) is
much smaller than the NNSFνðDÞ structure function for
most of the range of x.

IV. NEUTRINO CROSS SECTIONS

In this section, the impacts of W and Q2 kinematic
regions on the neutrino DIS CC cross sections are inves-
tigated using both the CKMT-NT and CKMTþ PCAC-NT
extrapolations. All cross sections are for isoscalar nucleon
targets unless specified. We evaluate the νμ, ν̄μ, ντ, and ν̄τ
CC cross sections with a default value of hadronic final
state invariant mass W > Wmin ¼ 1.4 GeV.
Results for σCC=Eν are shown in Fig. 5 for νμN and ντN

CC scattering (upper panel) and ν̄μN and ν̄τN CC scattering
(lower panel). Cross sections for CKMT-NT evaluated with
Q2

0 ¼ 4 GeV2 agree with cross sections evaluated with
Q2

0 ¼ 2 GeV2 to within 1% for νμN CC scattering and to
within 2% for ν̄μN CC scattering, with similar results for
ντN and ν̄τN CC scattering with Eν ≳ 10 GeV.
Also shown in Fig. 5 are the cross sections evaluated

using the Bodek-Yang model using GRV98LO PDFs
(dot-dashed) and with the NNSFνðDÞ structure functions.
There is very good agreement for σCC=Eν between the
Bodek-Yang and CKMT-NT evaluations. The CKMTþ
PCAC-NT cross sections are larger than the CKMT-NT
evaluations by ∼4ð7Þ% for νN scattering and ∼10ð20Þ%
for ν̄N scattering at Eν ¼ 10 GeV for muon neutrinos (tau
neutrinos). These cross sections are closer to each other at
higher energies, where larger Q2 values contribute more to
the cross sections.
Given that the NNSFνðDÞ structure functions shown in

Fig. 3 are higher than the other curves, it is not surprising
that the NNSFνðDÞ cross sections are also larger than the
other evaluations in Fig. 5. As noted in Ref. [26], the
NNSFνðDÞ uncertainty bands for the CC cross section do
not overlap the Bodek-Yang cross section for νμN scatter-
ing forW > 2 GeV. This is also the case forW > 1.4 GeV.
As shown in Fig. 5, the NNSFνðDÞ uncertainty bands
overlap neither our cross sections with the CKMTþ
PCAC-NT nor the Bodek-Yang cross sections.

The remaining figures in this section come from eval-
uations with CKMTþ PCAC-NT with Q2

0 ¼ 4 GeV2.
Figure 6 shows the ratios of charged current cross sections
forWmin ¼ 1.4 GeV, 1.7 GeV, and 2.0 GeV with respect to
the cross section with Wmin ¼ mN þmπ , the minimum
hadronic invariant mass for inelastic scattering. The figure
shows the results for muon neutrinos and antineutrinos in
the upper panel, and for tau neutrinos and antineutrinos in
the lower panel. The effect of Wmin appears at energies
below a few hundred GeV, and it is more significant at
lower energies. The cuts on Wmin reduce more the cross
sections for tau neutrinos than the cross sections for muon
neutrinos for both neutrinos and antineutrinos. While the
cross sections with Wmin ¼ 2.0 GeV, for example, are
suppressed by 3% compared to the results with Wmin ¼
mN þmπ at Eν ¼ 100 GeV for both muon neutrinos and
tau neutrinos, the suppression at 10 GeV is approximately
27% for muon neutrinos and 64% for tau neutrinos. In
addition, the impact of Wmin is larger on the antineutrino
cross sections than the neutrino cross sections. The corre-
sponding suppression for ν̄μ and ν̄τ CC cross sections is

Wmin = 1.4 GeV

CKMT- NT

CKMT+PCAC- NT

Bodek- Yang

NNSF (D)

10 50 100 500 1000
0.0

0.2

0.4

0.6

0.8

1.0

E [GeV]

cc
/A

/E
[1
0
–
3
8
cm

2
/G

eV
]

Wmin 1.4 GeV CKMT NT

CKMT PCAC NT

Bodek Yang

NNSF (D)

10 50 100 500 1000
0.0

0.2

0.4

0.6

0.8

1.0

E [GeV]

cc
/ A
/E

[1
0
–
3
8
cm

2
/G

eV
]

FIG. 5. The charged current cross sections per nucleon of muon
neutrino and tau neutrino (upper) and their antineutrino (lower)
scattering with isoscalar nucleons for Wmin ¼ 1.4 GeV for
CKMT-NT and CKMTþ PCAC-NT evaluations. The predic-
tions evaluated with the Bodek-Yang and NNSFν with its error
band are presented for comparison.
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6–7% at 100 GeV, and about 47% and 86% at 10 GeV,
respectively. Given the fact that for Δð1232Þ resonance
production, 1.1 GeV≲W ≲ 1.4 GeV, one can use W >
Wmin ¼ 1.4 GeV to exclude the Δ resonance region. For
W > Wmin ¼ 1.4 GeV, the cross sections are suppressed
by ∼10 (15)% and ∼25 (40)% with respect to the results
with Wmin ¼ mN þmπ for νμ and ντ (antineutrinos) at
Eν ¼ 10 GeV, and such impacts are reduced to less than
∼2% at Eν ¼ 100 GeV. The dependence of the cross
sections on Wmin is not very sensitive to whether or not
FPCAC
2;CC is included.
The Q2 dependence of the neutrino and antineutrino CC

cross sections are shown in Fig. 7. In the figure, the ratios of
the cross sections evaluated with the minimum values of
Q2

min ¼ 1 GeV2 and 1.69 GeV2 to those with full Q2 range
are presented for muon neutrinos (upper) and tau neutrinos
(lower) with Wmin ¼ 1.4 GeV as in Fig. 5. Considering

Eq. (4), W > Wmin enforces a minimum Q2 with a value
greater than 0 as a function of parton momentum fraction x.
Nonetheless, we denote Q2

min ¼ 0 to indicate that there are
no additional restrictions on Q2 beyond the requirement
that W > Wmin. The value of 1.3 GeV for Q is selected
from the minimum value of the nCTEQ15 PDFs used in our
evaluation.
From the upper panel of the figure for muon neutrinos

(upper) and antineutrinos (lower), one can see that the
impact of Q2

min appears over a wider energy range with
more significant effects than the impacts of Wmin. The
figure indicates that for example, at Eν ¼ 10 GeV, 40%
and 63% of the muon neutrino and antineutrino cross
sections come from the region of Q2 ≲ 1.69 GeV2. Such
large effect is reduced with increasing energy, however,
even for Eν ¼ 100 GeV, the corresponding contributions to
the νμN and ν̄μN cross sections from Q2 < Q2

min ≃
1.69 GeV2 are about 8% and 14%, respectively.

FIG. 7. The ratio of the CC cross sections with the cut of
Q2

min ¼ 1 and 1.32 GeV2 to the ones with full Q2 range for the
scattering of muon neutrino and antineutrino (upper), and tau
neutrino and antineutrino (lower) with nucleon for Wmin ¼
1.4 GeV using CKMTþ PCAC-NT with Q2

0 ¼ 4 GeV2.

FIG. 6. The ratios of the charged current cross sections for
muon neutrino and antineutrino (upper) and tau neutrino and
antineutrino (lower) scattering with isoscalar nucleons as func-
tion of energy for the values of the minimum hadronic final state
invariant mass Wmin ¼ 1.4, 1.7, and 2 GeV to the cross sections
with Wmin ¼ mN þmπ using CKMTþ PCAC-NT with
Q2

0 ¼ 4 GeV2.
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For tau neutrino scattering cross sections, the contribu-
tions from Q2 ≤ 1.69 GeV2 are comparable to the muon
neutrino case at Eν ¼ 100 GeV. On the other hand, the
respective fractions of the cross sections at 10 GeV become
30% and 50%, which shows the impact of the cutoff on Q2

is lower than the impact on the muon neutrino and
antineutrino cross sections when Wmin ¼ 1.4 GeV. This
lower impact of Q2 for tau neutrinos and antineutrinos at
low energies reflects kinematic constraints on tau produc-
tion given Wmin [59], as also shown in Fig. 8.
Figure 8 presents the ratios as in Fig. 7 in more detail for

selected energies. The CC cross sections normalized to the
cross sections with full Q2 range are shown, now as a
function of Q2

min. We show the results for several values of
Wmin and for Eν ¼ 10, 50, and 100 GeV for muon neutrinos
in the left panels and for tau neutrinos in the right panels.
From the upper panels, one can see that the impact of
kinematic restrictions appears more clearly at lower ener-
gies. First, the results with the different values of Wmin are

distinguishable for Eν ¼ 10 GeV while the corresponding
results for Eν ¼ 100 GeV almost overlap. The effect of the
cutoff on Q2 is more appreciable. For muon neutrinos, for
example, setting Q2

min ¼ 1 GeV2 suppresses the cross
section by 23% at 10 GeV whereas it reduces only 4%
at 100 GeV when Wmin ¼ 1.4 GeV. For tau neutrinos, the
fractions with the same conditions are 12% and 3% at
10 GeVand 100 GeV, respectively. In case of tau neutrinos,
the influence of kinematic conditions for tau production
and Wmin is included as shown in the low energy results
obviously in particular for 10 GeV. As shown in Fig. 6, the
restrictions for tau production and the cutoff on Wmin
already significantly suppress the tau neutrino cross sec-
tions with full Q2 range, and consequently the low Q2

impact on the ratios diminishes as Wmin increases. In the
lower panels of Fig. 8, the ratios of the CC cross sections
for antineutrinos are compared with the results for neu-
trinos for Wmin ¼ 1.4 GeV. It is evident that the cutoff on
the Q2

min has more significant impact on the antineutrino

FIG. 8. The ratio of the CC neutrino-isoscalar nucleon cross sections with a minimum value ofQ2 to the cross section with allQ2, as a
function of Q2

min. The upper row shows the results for muon neutrinos (left) and tau neutrinos (right) for the Wmin ¼ mN þmπ , 1.4 and
2 GeV, whereas the results for neutrino and antineutrino forWmin ¼ 1.4 GeV are presented in the lower panels. Here, we use CKMTþ
PCAC-NT with Q2

0 ¼ 4 GeV2.
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cross sections than on the neutrino cross sections for both
muon neutrinos and tau neutrinos. In addition, we evaluated
these ratios with different PDF sets, HERAPDF20 [62],
NNPDF4.0 [63], MSHT [64], and checked that the
results are largely independent of the PDF choice. For
σccðQ2

minÞ=σcc ≳ 0.1, the ratios with the different PDFs
differ by less than 10% from the one with our default PDFs,
nCTEQ15.

V. DISCUSSION

We have investigated contributions of the W and Q2

outside the DIS region to the inelastic CC cross sections of
neutrinos and antineutrinos incident on isoscalar targets,
using theoretically motivated and phenomenological para-
metrizations of the low-Q2 weak structure functions as a
starting point to developing a better understanding of this
interesting kinematic regime. As mentioned in Sec. II, the
DIS region is generally defined as W > 2 GeV and
Q2 > 1 GeV2, whereas in GENIE [36], Wmin ¼ 1.7 GeV
is used for the DIS contribution to the cross section. Our
interest in the lowW and lowQ2 region is in part motivated
by current and upcoming experiments to detect neutrinos
produced in the forward direction from LHC collisions with
neutrino energies up to a few TeV.
We have focused here on the relative sizes of contribu-

tions of different kinematic regions to the neutrino-nucleon
CC cross sections. In our evaluations using the CKMT
extrapolation of F2;EM [42,43] adapted to F2;CC [52] and
matched to NLO QCD with target mass corrections,
together with an approximation to the PCAC correction
[61], the contributions to the CC neutrino (antineutrino)
cross sections from the range of mN þmπ < W < 2 GeV
are less than ∼3ð7Þ% at Eν ¼ 100 GeV for both muon
neutrinos and tau neutrinos, and they are even less at higher
energies. The low-Q2 region contributes a small fraction of
neutrino CC cross sections for Eν > 100 GeV. For
Wmin ¼ 2 GeV, 3(6)% of the νμðν̄μÞ CC cross sections
comes from Q2 < 1 GeV2 at Eν ¼ 100 GeV. This is
comparable to results with Wmin ¼ 1.4 GeV as can be
seen in Fig. 8. Slightly lower CC cross section fractions
come from Q2 < 1 GeV2 for ντ and ν̄τ. Thus, our con-
clusion is that the impact of lowW andQ2 outside the range
for DIS interaction on the neutrino and antineutrino cross
sections is at most a few percent level for a neutrino energy
of 100 GeV, and negligible for neutrino energies above a
few hundred GeV, the main energy range that can be
explored by the FPF.
Our CC cross sections differ from predictions using

NNSFνðDÞ structure functions [26]. Figure 9 shows
σCC=A=Eν with theoretical evaluations for νμ and ν̄μ CC
scattering on isoscalar nucleons and data from neutrino
experiments with a range of targets [65–73]. The dot-dashed
curve shows the NNSFνðDÞ cross section for Wmin ¼
1.4 GeV and the dashed curve shows our CKMTþ
PCAC-NT result, alsowithWmin ¼ 1.4 GeV. For reference,

we also show the CKMT-NT and CKMTþ PCAC-NT for
Wmin ¼ mN þmπ , where the latter (solid curve) represents
our best approximation of the full CC cross section even at
Eν ¼ 10 GeV. For Eν ¼ 200 GeV where Wmin is not
important, the NNSFνðDÞ cross section is a factor of ∼1.1
larger for νμN CC scattering and a factor of ∼1.2 larger for
ν̄μN CC scattering than the CKMTþ PCAC-NT result.
Cross sections evaluated using the Bodek-Yang model agree
well with the CKMTþ PCAC-NT evaluations, as shown
in Fig. 5.
As noted, the data shown in Fig. 9 come from neutrino

experiments using a range of targets. For example, the
data for energies up to ∼350 GeV from CCFR [70] and
NuTeV [65] come from neutrino and antineutrino scattering
on iron. The NNSFνðFeÞ structure functions are more
similar to the CKMTþ PCAC-NT structure functions
evaluated with nCTEQ15 iron PDFs than the NNSFνðDÞ
structure functions are to the CKMTþ PCAC-NT isoscalar
nucleon structure functions. The upper panel of Fig. 10
shows F2;CC for iron, and the lower panel shows the cross
sections per nucleon, scaled by incident energy, for νμ and
ν̄μ CC scattering given Wmin ¼ 1.4 GeV. The dashed
curves show the same quantities for CKMTþ PCAC-NT
from scattering with isoscalar nucleons. The agreement
between the evaluations using CKMTþ PCAC-NT and
NNSFνðFeÞ for iron targets is better than for isoscalar
nucleon targets.
A similar agreement between CKMTþ PCAC-NT and

NNSFνðFeÞ for iron targets is seen in Fig. 11 where now
Wmin ¼ 2 GeV. This is the minimum W for the NNSFν
structure function analysis. The NNSFν error bands for
isoscalar and iron targets are also shown.

FIG. 9. The νμN and ν̄μN CCcross sections forWmin ¼ 1.4 GeV
using CKMTþ PCAC-NT (dashed) and NNSFνðDÞ structure
functions for deuterium (dot-dashed), and for Wmin ¼ mN þmπ

for CKMT-NT (dotted) and CKMTþ PCAC-NT normalized
according to Eq. (17) (solid). Data are shown for neutrino experi-
ments using a range of targets [65–73]. The light gray dashed lines
are at 0.675 and 0.33.
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The disagreements between isoscalar nucleon results for
CKMTþ PCAC-NT and NNSFνðDÞ CC cross sections
persist forWmin ¼ 2 GeV, even at high energies where one
expects that the PDFs rather than the low-Q2 structure
function extrapolations account for most of the cross
section. In our approach, PDF uncertainties in the CC
cross section cannot account for the discrepancies. For
example, for Eν ¼ 100 GeV using the default PDFs, PDF
uncertainties are ∼2% for νμN and ∼4% for ν̄μN CC cross
sections with Wmin ¼ 2 GeV. We also compared with the
results evaluated using the central set of other PDFs,
HERAPDF20 [62], NNPDF4.0 [63], MSHT [64], which
agree with our results with default PDFs, nCTEQ15 for the
CKMT+PCAC-NT, to within �4% for both muon neu-
trinos and antineutrinos for 10 GeV ≤ Eν ≤ 1 TeV.
The fits of NNSFν to neutrino and antineutrino data are

from scattering with Ne, CaCO3, Fe, and Pb targets. The
good agreement between results for scattering with Fe may
suggest that the NNSFν extrapolations to A ¼ 2 have larger

uncertainties than described in Ref. [26]. One test of the
NNSF extrapolation to low A could be made by performing
an extraction of the electromagnetic structure function
(NNSFγ) for A values comparable to those used for
NNSFν, then to compare its extrapolation to smaller A
with small A electromagnetic scattering data. In any case,
the CC cross section comparisons presented here empha-
size the value of new neutrino and antineutrino scattering
data in the 10 GeV–1 TeV energy range.
In summary, using our approach to extrapolate PDF-

based structure functions to low Q2, for neutrino energies
less than 100 GeV, the kinematic regions of W and Q2 are
more important than for higher incident neutrino energies,
the impact of which can be more than 50% for
Eν ¼ Oð10Þ GeV. As indicated above, the low-Q2 struc-
ture functions used in this work are theoretically motivated,
tied to the electromagnetic structure functions and the
partial conservation of the axial vector current, but more
work studying the low-Q2 behavior of weak structure
functions is merited and has begun (e.g., in Ref. [32]).
On the experimental side, neutrino experiments at the

FPF will be able to measure a large number of neutrinos up
to a few TeV energies. The majority of the neutrino events
will be distributed in the energies above 100 GeV. An
estimate of the number of interacting νμ þ ν̄μ for the FLArE
detector at the FPF, with 3000 fb−1, is of order 1.5 × 105

for Eν ¼ 100 GeV − 1 TeV [74]. However, simulations
show that there can be a considerable number of events at
lower energies. For example, again for FLArE at the FPF,
of order 2 × 104 νμ þ ν̄μ interactions are anticipated for
neutrino energies in the range of 50–100 GeV [74]. An
estimate of 2,000 FLArE CC events in the resonance

FIG. 10. Upper: the structure functions F2;CCðx;Q2Þ for neu-
trino CC scattering with iron (Fe) for Q2 ¼ 0.1, 1, and 2 GeV2

with the CKMTþ PCAC-NT (solid) and NNSFνðFeÞ (dot-
dashed). Lower: the νμN and ν̄μN CC cross sections for Wmin ¼
1.4 GeV using NNSFνðFeÞ structure functions (dot-dashed) and
CKMTþ PCAC-NT using nCTEQ15 iron PDFs, normalized
according to Eq. (17) (solid). Also shown are the Bodek-Yang
cross sections for comparison.

FIG. 11. A comparison of the νμA and ν̄μA CC cross sections
divided by incident energy per A for Wmin ¼ 2 GeV for A ¼ 2
(isoscalar nucleons, solid) and A ¼ 56 (Fe, dashed) for CKMTþ
PCAT-NT and NNSFν structure functions. The results with
NNSFν are shown with uncertainty bands. The data are shown
as in Fig. 9.
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region, and an even larger number of CC events in
FASERν2, will be relevant for the SIS interactions (see
Sec. 7.3 of Ref. [14] and Ref. [28]). From a combined
analysis of the neutrino fluxes and cross sections at the FPF
[23], cross section measurements will provide a unique
opportunities to investigate neutrino interactions in the
kinematic region for SIS and DIS and at low Q2, comple-
mentary to the cross section analyses of DUNE in the
future.
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APPENDIX A: DEEP INELASTIC SCATTERING
CROSS SECTION

We summarize the formulas for neutrino νlðkÞ þ
NðpÞ → lðk0Þ þ X and antineutrino ν̄lðkÞ þ NðpÞ →
lðk0Þ þ X charged-current (CC) cross sections in this
appendix. The differential cross sections for neutrino and
antineutrino CC scattering can be written

d2σνðν̄Þ

dxdy
¼ G2

FmNEν

πð1þQ2=M2
WÞ2
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y2xþ m2
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þ
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; ðA1Þ

for x ¼ Q2=ð2p · qÞ and y ¼ p · q=p · k, given q ¼ k − k0

and Q2 ¼ −q2. The sign of the F3;CC term is þð−Þ for
neutrinos (antineutrinos).
The CC structure function decomposition for νp and ν̄p

scattering, at leading order in QCD for two generations of
massless quarks, in terms of proton parton distribution
functions labeled by their flavors are

F2;CC ¼ 2xðdþ sþ ūþ c̄Þ ðνpÞ ðA2Þ

F3;CC ¼ 2ðdþ s − ū − c̄Þ ðνpÞ ðA3Þ

F2;CC ¼ 2xðuþ cþ d̄þ s̄Þ ðν̄pÞ ðA4Þ

F3;CC ¼ 2ðuþ c − d̄ − s̄Þ ðν̄pÞ ðA5Þ

where the structure functions and parton distribution
functions depend on x and Q2. For isoscalar nucleon
targets, we equate the up quark PDF in the neutron with
the down quark PDF in the proton, and similarly for the up
antiquark, down quark, and down antiquark PDFs in the
neutron. Next-to-leading order QCD corrections, quark
mass corrections, and target mass corrections modify the
expressions, as summarized in, e.g, Refs. [39,57].
The limits of integration for Eq. (A1) are

m2
l

2mNðEν −mlÞ
≤ x ≤ 1; ðA6Þ

a − b ≤ y ≤ aþ b; ðA7Þ

where a and b are defined by
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�
ð2þmNx=EνÞ:

APPENDIX B: CROSS SECTION TABLES

Tables II–IV show the charged current cross sections of
neutrino scattering with nucleons for muon neutrinos, tau
neutrinos, and their antineutrinos. We present the results
evaluated using CKMTþ PCAC-NT and the nCTEQ15
PDFs for Wmin ¼ mN þ nπ, 1.4 and 2 GeV.
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TABLE II. The charged current cross sections of νμ, ν̄μ, ντ, and ν̄τ scattering with isoscalar nucleon for
Wmin ¼ mN þmπ , evaluated using the nCTEQ15 PDFs and CKMTþ PCAC-NT with Q2

0 ¼ 4 GeV2.

σccðνNÞ=Eν [10−38 cm2=GeV], Wmin ¼ mN þmπ

Eν [GeV] νμ ν̄μ ντ ν̄τ

1.000 × 10þ01 6.818 × 10−01 3.006 × 10−01 1.335 × 10−01 6.223 × 10−02

1.259 × 10þ01 6.850 × 10−01 3.062 × 10−01 1.800 × 10−01 8.408 × 10−02

1.585 × 10þ01 6.847 × 10−01 3.108 × 10−01 2.282 × 10−01 1.066 × 10−01

1.995 × 10þ01 6.854 × 10−01 3.152 × 10−01 2.758 × 10−01 1.286 × 10−01

2.512 × 10þ01 6.849 × 10−01 3.185 × 10−01 3.215 × 10−01 1.499 × 10−01

3.162 × 10þ01 6.849 × 10−01 3.218 × 10−01 3.639 × 10−01 1.694 × 10−01

3.981 × 10þ01 6.833 × 10−01 3.237 × 10−01 4.028 × 10−01 1.878 × 10−01

5.012 × 10þ01 6.801 × 10−01 3.253 × 10−01 4.369 × 10−01 2.047 × 10−01

6.310 × 10þ01 6.787 × 10−01 3.276 × 10−01 4.682 × 10−01 2.200 × 10−01

7.943 × 10þ01 6.770 × 10−01 3.298 × 10−01 4.953 × 10−01 2.343 × 10−01

1.000 × 10þ02 6.732 × 10−01 3.305 × 10−01 5.176 × 10−01 2.465 × 10−01

1.259 × 10þ02 6.686 × 10−01 3.309 × 10−01 5.359 × 10−01 2.576 × 10−01

1.585 × 10þ02 6.662 × 10−01 3.327 × 10−01 5.524 × 10−01 2.675 × 10−01

1.995 × 10þ02 6.613 × 10−01 3.331 × 10−01 5.652 × 10−01 2.763 × 10−01

2.512 × 10þ02 6.584 × 10−01 3.340 × 10−01 5.759 × 10−01 2.841 × 10−01

3.162 × 10þ02 6.538 × 10−01 3.345 × 10−01 5.834 × 10−01 2.906 × 10−01

3.981 × 10þ02 6.477 × 10−01 3.338 × 10−01 5.881 × 10−01 2.959 × 10−01

5.012 × 10þ02 6.421 × 10−01 3.347 × 10−01 5.920 × 10−01 3.017 × 10−01

6.310 × 10þ02 6.370 × 10−01 3.348 × 10−01 5.938 × 10−01 3.058 × 10−01

7.943 × 10þ02 6.299 × 10−01 3.342 × 10−01 5.933 × 10−01 3.090 × 10−01

1.000 × 10þ03 6.200 × 10−01 3.329 × 10−01 5.892 × 10−01 3.107 × 10−01

1.259 × 10þ03 6.102 × 10−01 3.321 × 10−01 5.843 × 10−01 3.127 × 10−01

1.585 × 10þ03 5.993 × 10−01 3.296 × 10−01 5.771 × 10−01 3.130 × 10−01

1.995 × 10þ03 5.851 × 10−01 3.260 × 10−01 5.669 × 10−01 3.119 × 10−01

2.512 × 10þ03 5.725 × 10−01 3.237 × 10−01 5.568 × 10−01 3.114 × 10−01

3.162 × 10þ03 5.591 × 10−01 3.216 × 10−01 5.447 × 10−01 3.101 × 10−01

3.981 × 10þ03 5.400 × 10−01 3.157 × 10−01 5.282 × 10−01 3.065 × 10−01

5.012 × 10þ03 5.188 × 10−01 3.090 × 10−01 5.092 × 10−01 3.014 × 10−01

6.310 × 10þ03 4.965 × 10−01 3.021 × 10−01 4.887 × 10−01 2.954 × 10−01

7.943 × 10þ03 4.729 × 10−01 2.939 × 10−01 4.664 × 10−01 2.885 × 10−01

1.000 × 10þ04 4.480 × 10−01 2.857 × 10−01 4.424 × 10−01 2.807 × 10−01

TABLE III. The charged current cross sections of νμ, ν̄μ, ντ, and ν̄τ scattering with isoscalar nucleon for
Wmin ¼ 1.4 GeV, evaluated using the nCTEQ15 PDFs and CKMT+PCAC-NT with Q2

0 ¼ 4 GeV2.

σccðνNÞ=Eν [10−38 cm2=GeV], Wmin ¼ 1.4 GeV

Eν [GeV] νμ ν̄μ ντ ν̄τ

1.000 × 10þ01 6.240 × 10−01 2.495 × 10−01 1.033 × 10−01 3.768 × 10−02

1.259 × 10þ01 6.385 × 10−01 2.641 × 10−01 1.522 × 10−01 5.968 × 10−02

1.585 × 10þ01 6.490 × 10−01 2.768 × 10−01 2.037 × 10−01 8.391 × 10−02

1.995 × 10þ01 6.568 × 10−01 2.875 × 10−01 2.544 × 10−01 1.082 × 10−01

2.512 × 10þ01 6.628 × 10−01 2.959 × 10−01 3.036 × 10−01 1.320 × 10−01

3.162 × 10þ01 6.665 × 10−01 3.038 × 10−01 3.486 × 10−01 1.545 × 10−01

3.981 × 10þ01 6.686 × 10−01 3.092 × 10−01 3.905 × 10−01 1.754 × 10−01

5.012 × 10þ01 6.694 × 10−01 3.140 × 10−01 4.271 × 10−01 1.943 × 10−01

6.310 × 10þ01 6.691 × 10−01 3.183 × 10−01 4.596 × 10−01 2.115 × 10−01

(Table continued)
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TABLE III. (Continued)

σccðνNÞ=Eν [10−38 cm2=GeV], Wmin ¼ 1.4 GeV

Eν [GeV] νμ ν̄μ ντ ν̄τ

7.943 × 10þ01 6.699 × 10−01 3.223 × 10−01 4.885 × 10−01 2.273 × 10−01

1.000 × 10þ02 6.681 × 10−01 3.247 × 10−01 5.124 × 10−01 2.410 × 10−01

1.259 × 10þ02 6.648 × 10−01 3.265 × 10−01 5.320 × 10−01 2.530 × 10−01

1.585 × 10þ02 6.624 × 10−01 3.290 × 10−01 5.489 × 10−01 2.640 × 10−01

1.995 × 10þ02 6.588 × 10−01 3.302 × 10−01 5.626 × 10−01 2.734 × 10−01

2.512 × 10þ02 6.561 × 10−01 3.318 × 10−01 5.737 × 10−01 2.819 × 10−01

3.162 × 10þ02 6.520 × 10−01 3.328 × 10−01 5.818 × 10−01 2.887 × 10−01

3.981 × 10þ02 6.464 × 10−01 3.324 × 10−01 5.868 × 10−01 2.945 × 10−01

5.012 × 10þ02 6.412 × 10−01 3.333 × 10−01 5.911 × 10−01 3.003 × 10−01

6.310 × 10þ02 6.360 × 10−01 3.339 × 10−01 5.929 × 10−01 3.048 × 10−01

7.943 × 10þ02 6.290 × 10−01 3.335 × 10−01 5.924 × 10−01 3.083 × 10−01

1.000 × 10þ03 6.194 × 10−01 3.325 × 10−01 5.887 × 10−01 3.101 × 10−01

1.259 × 10þ03 6.099 × 10−01 3.317 × 10−01 5.839 × 10−01 3.124 × 10−01

1.585 × 10þ03 5.990 × 10−01 3.293 × 10−01 5.768 × 10−01 3.126 × 10−01

1.995 × 10þ03 5.848 × 10−01 3.256 × 10−01 5.666 × 10−01 3.116 × 10−01

2.512 × 10þ03 5.724 × 10−01 3.235 × 10−01 5.567 × 10−01 3.111 × 10−01

3.162 × 10þ03 5.589 × 10−01 3.214 × 10−01 5.445 × 10−01 3.100 × 10−01

3.981 × 10þ03 5.398 × 10−01 3.155 × 10−01 5.281 × 10−01 3.063 × 10−01

5.012 × 10þ03 5.187 × 10−01 3.092 × 10−01 5.091 × 10−01 3.013 × 10−01

6.310 × 10þ03 4.964 × 10−01 3.019 × 10−01 4.886 × 10−01 2.953 × 10−01

7.943 × 10þ03 4.729 × 10−01 2.939 × 10−01 4.663 × 10−01 2.884 × 10−01

1.000 × 10þ04 4.480 × 10−01 2.857 × 10−01 4.424 × 10−01 2.806 × 10−01

TABLE IV. The charged current cross sections of νμ, ν̄μ, ντ, and ν̄τ scattering with isoscalar nucleon for
Wmin ¼ 2.0 GeV, evaluated using the nCTEQ15 PDFs and CKMTþ PCAC-NT with Q2

0 ¼ 4 GeV2.

σccðνNÞ=Eν [10−38 cm2=GeV], Wmin ¼ 2.0 GeV

Eν [GeV] νμ ν̄μ ντ ν̄τ

1.000 × 10þ01 4.983 × 10−01 1.586 × 10−01 4.849 × 10−02 8.933 × 10−03

1.259 × 10þ01 5.370 × 10−01 1.860 × 10−01 9.893 × 10−02 2.484 × 10−02

1.585 × 10þ01 5.684 × 10−01 2.104 × 10−01 1.545 × 10−01 4.699 × 10−02

1.995 × 10þ01 5.930 × 10−01 2.321 × 10−01 2.104 × 10−01 7.234 × 10−02

2.512 × 10þ01 6.107 × 10−01 2.493 × 10−01 2.652 × 10−01 9.869 × 10−02

3.162 × 10þ01 6.259 × 10−01 2.661 × 10−01 3.161 × 10−01 1.249 × 10−01

3.981 × 10þ01 6.368 × 10−01 2.787 × 10−01 3.636 × 10−01 1.500 × 10−01

5.012 × 10þ01 6.436 × 10−01 2.891 × 10−01 4.048 × 10−01 1.728 × 10−01

6.310 × 10þ01 6.493 × 10−01 2.985 × 10−01 4.415 × 10−01 1.941 × 10−01

7.943 × 10þ01 6.530 × 10−01 3.057 × 10−01 4.730 × 10−01 2.123 × 10−01

1.000 × 10þ02 6.552 × 10−01 3.119 × 10−01 5.004 × 10−01 2.286 × 10−01

1.259 × 10þ02 6.545 × 10−01 3.158 × 10−01 5.223 × 10−01 2.429 × 10−01

1.585 × 10þ02 6.547 × 10−01 3.207 × 10−01 5.412 × 10−01 2.560 × 10−01

1.995 × 10þ02 6.524 × 10−01 3.237 × 10−01 5.565 × 10−01 2.671 × 10−01

2.512 × 10þ02 6.509 × 10−01 3.266 × 10−01 5.685 × 10−01 2.768 × 10−01

3.162 × 10þ02 6.477 × 10−01 3.282 × 10−01 5.777 × 10−01 2.845 × 10−01

3.981 × 10þ02 6.431 × 10−01 3.292 × 10−01 5.835 × 10−01 2.913 × 10−01

5.012 × 10þ02 6.383 × 10−01 3.307 × 10−01 5.882 × 10−01 2.978 × 10−01

(Table continued)
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