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We present a state-of-the-art prediction for cross sections of neutrino deep inelastic scattering (DIS) from
nucleon at high neutrino energies, Eν, up to 1000 EeV (1012 GeV). Our calculations are based on the latest
CT18 NNLO parton distribution functions (PDFs) and their associated uncertainties. To make predictions
for the highest energies, we extrapolate the PDFs to small x according to several procedures and
assumptions, thus affecting the uncertainties at ultrahigh Eν; we quantify the uncertainties corresponding to
these choices. Similarly, we quantify the uncertainties introduced by the nuclear corrections that are
required to evaluate neutrino-nuclear cross sections for the neutrino observatories. These results can be
applied to currently running astrophysical neutrino observatories, such as IceCube and KM3NeT, as well as
various future experiments that have been proposed.

DOI: 10.1103/PhysRevD.109.113001

I. INTRODUCTION

Empirical information furnished by the deeply inelastic
scattering (DIS) of high-energy neutrinos from nucleons
and nuclei played an important role in establishing quan-
tum chromodynamics (QCD) as the microscopic theory of
strong interaction. Within this context, charged-current
(CC) neutrino DIS (νDIS) has the potential to be particu-
larly enlightening in that it accesses unique combinations of
quark-flavor currents inside QCD matter, having been
measured in accelerator-based DIS experiments with neu-
trino energies up to Eν ∼ 300 GeV (see Ref. [1] for an
overview). In parallel with these accelerator-based experi-
ments, which have played an invaluable role in

understanding the hadronic and nuclear structure, consid-
erable interest also attaches to neutrino measurements
recorded at energies several orders of magnitude beyond
those accessed in terrestrial experiments; conventionally,
such measurements are designated as high-energy (HE,
103 < Eν < 108 GeV) and ultrahigh energy (UHE, Eν >

108 GeV). A significant share of the interest in HE and
UHE neutrino processes derives from the fact that such
measurements may possess sensitivity to a variety of
beyond-the-standard model (BSM) scenarios, including
nonstandard interactions, leptoquarks, and the possibility
of hidden extra dimensions (see, e.g., Ref. [2] for a recent
review). In addition, (U)HE astrophysical neutrinos can
provide information constraining at least six of the nine
available neutrino flavor-oscillation channels, heightening
their sensitivity to various BSM and nonstandard inter-
action possibilities [2]. It is notable that high-energy
neutrino measurements have motivations extending beyond
fundamental high-energy physics (HEP) to particle astro-
physics; this is due to the fact that the weakness of
neutrinos’ interactions with matter renders them ideal
messengers for astronomy beyond the visible electromag-
netic spectrum, possibly conveying information on the
nature of their astrophysical sources related to the unsolved
question regarding the origin of high-energy cosmic rays.
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An array of experimental facilities, therefore, aims to
measure neutrino cross sections at high energies. For
example, the IceCube Neutrino Observatory is capable
of detecting high-energy neutrinos with its unique instru-
mental volume of about 1 km3 within the Antarctic
ice sheet [3]. Other neutrino observatories under develop-
ment with complementary reach include IceCube-
Gen2 [4], KM3NeT [5], Baikal-GVD [6], GRAND [7],
POEMMA[8], P-ONE [9], and TRIDENT [10]. As pointed
by Ref. [11], the proposed and/or under-construction
GRAND [7] and POEMMA [8] facilities have the oppor-
tunity to measure the ντ-nucleon cross section with
neutrino energies up to Eν ∼ 109 GeV. Meanwhile, the
neutrino DIS cross sections are essential inputs to the
modeling of the detection of high-energy neutrinos as well
as their propagation through the earth, and directly impact
the IceCube’s extracted flux of astrophysical neutrinos
with energies of about 104 GeV to 107 GeV [12,13] as well
as output of earth tomography [14]. We may expect the
observed neutrino energies extended by a few orders of
magnitudes due to large exposure from the next generation
of neutrino observatories. More interestingly, at IceCube
one can also independently extract the total cross sections
using Earth absorption [12] or even differential cross
sections in elasticity [15] in neutrino DIS though with
large uncertainties. See Refs. [16,17] for various system-
atic analyses, in particular the one from the astrophysical
neutrino flux. We also note the recently proposed FASER
(Forward Search Experiment) program [18,19] as well as
other experiments at the Forward Physics Facility (FPF)
[20,21] at the LHC, which can potentially fill the gap
between neutrino energies measured at IceCube and fixed-
target experiments.
For all these reasons, a better understanding of νDIS is

also crucial for programs centered on neutrino observato-
ries and neutrino-based particle astrophysics. Ultimately,
the ability of UHE neutrino measurements to impose
stringent constraints on such scenarios depends on the
current theoretical accuracy for predictions of the purely
standard model neutrino-nucleon (-nucleus) interactions.
Theoretical predictions on neutrino DIS rely on the
theorem of QCD factorization [22] and thus, the hard
coefficient functions that can be calculated perturbatively
and the parton distributions (PDFs) of nucleons and
nuclei. For neutrino energies greater than 107 GeV, the
corresponding DIS cross sections are potentially sensitive
to QCD dynamics in the region of very small x < 10−5.
The PDFs at small x are only loosely constrained by
experimental data from HERA [23] and LHC measure-
ments in the forward region [24], which can lead to large
uncertainties in theoretical predictions. Besides, the astro-
physical neutrino DIS cross sections also depend on the
effects of nuclear modifications since the neutrinos are
colliding with nuclei inside water or the Earth’s crust
rather than free nucleons.

In the current work, we present state-of-the-art predic-
tions on total cross sections for neutrino DIS with neutrino
energies up to 1012 GeV for both the charged-current (CC)
and neutral-current (NC) interactions. We use the CT18
PDFs [25] as our baseline for the nucleon PDFs; these were
fitted at next-to-next-to-leading order (NNLO) to a broad
selection of the world’s high-energy data, including the
most recent LHC precision experiments. For the main
NNLO calculations presented in this work, the hard
coefficient functions are determined consistently in the
S-ACOT-χ heavy-quark scheme [26] and are therefore
based on a systematic evaluation of heavy-quark mass
effects. It will be referred to as the ACOT scheme in this
work. In addition, we explore approximate N3LO correc-
tions using massless Wilson coefficients for both neutral-
and charged-current DIS structure functions [27–32].
Going beyond evaluations of free-nucleon cross sections,
we also estimate nuclear effects and incorporate these into
our analysis by considering recent nuclear PDF studies,
specifically, EPPS21 [33] and nCTEQ15WZ [34]. The
impact of higher-order corrections including small-x
resummed corrections is also discussed.
Our predictions show the combined PDF-driven and

theoretical uncertainties for νDIS cross sections on nuclei
to be several percent at high energies, increasing to a few
tens of percent at ultrahigh energies. Controlling these
uncertainties, especially those at the highest neutrino
energies, will require improved knowledge of free-
nucleon PDFs in the extrapolated region of extremely
small x as well as of nuclear corrections in the far-
shadowing regime at similarly small x. We compare our
cross section predictions to those of CSMS [35], which are
frequently used in IceCube publications, and discuss the
implications of these comparisons for IceCube. In parallel,
we briefly discuss some of the other calculations in
the literature, such as GQRS [36], CTW [37], and BGR
[38,39], as well as the updated ones to include the shallow
inelastic scattering [40] and nuclear structure functions
[41]. An alternative approach based on the color-
dipole model [42] results in a growth of the neutrino
cross section like ln2 s, with

ffiffiffi

s
p

being the central-of-mass
energy of the scattering process, in agreement with
perturbative QCD predictions but with larger theoretical
uncertainty. Recently, Ref. [41] proposed a neural net-
work-based method to parametrize neutrino DIS purely in
terms of structure functions, with extrapolations down to
Q≲ 1 GeV; in this work, however, we concentrate pri-
marily on theory predictions for high-energy neutrino
cross sections with neutrino energy above TeV.
The organization of the paper is as follows. Section II

discusses the neutrino-nucleon cross section, which we
calculate and compare for several assumptions with respect
to the small-x PDF behavior. In Sec. III, we discuss the
impact on the neutrino-nucleon DIS cross section deriving
from the behavior and uncertainty of small-x PDFs, and the
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role of nuclear corrections in the corresponding cross
sections on nuclei. We compare our results with other
calculations and with existing cosmic neutrino data in
Sec. IV before concluding in Sec. V. In addition, we provide
more detailed discussion and supplemental material in
several appendixes. These provide practical neutrino cross
section tables (Appendix A), a more detailed discussion of
kinematics (Appendix B), estimates of neutrino Earth
absorption (Appendix C), and comparative predictions of
the neutrino-electron interaction and Glashow resonance
(Appendix D).

II. THE THEORETICAL FRAMEWORK

The charged-current (CC) or neutral-current (NC) proc-
ess for the deep-inelastic scattering of a neutrino of flavor l
can be written as

νlðkÞ þ NðPÞ ⟶ lðk0Þ þ XðPþ qÞ; ð1Þ

which we illustrate in Fig. 1. Here, the final-state lepton l
can either be a neutrino, νl (corresponding to NC DIS),
or a charged-lepton, l� (for CC scattering). The four-
momentum transfer is q ¼ k − k0. N denotes a nucleon
target, which can be a proton or neutron with mass mN ,
while X represents the inclusive hadronic final state. The
four-momenta k, k0 and P are indicated in Fig. 1. The
familiar kinematic invariants are

s ¼ ðkþ PÞ2 ¼ m2
N þ 2mNEν;

Q2 ¼ −q2;

x ¼ Q2

2P · q
¼ Q2

2mNðEν − E0
νÞ
;

y ¼ P · q
P · k

¼ Eν − E0
ν

Eν

¼ Q2

2xmNEν

; ð2Þ

where Eν is the (initial) neutrino energy in the nucleon
rest frame.

The inclusive DIS (anti)neutrino-nucleon cross section
can be written as [43]

d2σνðν̄Þ

dxdy
¼ G2

FmNEν

πð1þQ2=M2
W;ZÞ2

�

y2

2
2xF1þ

�

1−y−
mNxy

2Eν

�

×F2�y

�

1−
y

2

�

xF3

�

: ð3Þ

Here, Fi (i ¼ 1; 2; 3) are the corresponding structure
functions in the case of charged or neutral current scatter-
ing. The positive (negative) sign in the last term related to
F3 corresponds to the neutrino (antineutrino) scattering, as
a result of spin correlation. We can substitute the longi-
tudinal structure function,

FL ¼ F2ð1þ 4x2m2
N=Q

2Þ − 2xF1; ð4Þ

and obtain

d2σνðν̄Þ

dxdQ2
¼ G2

F

4πxð1þQ2=M2
W;ZÞ2

½YþF2 − y2FL � Y−xF3�;

ð5Þ

where Y� ¼ 1� ð1 − yÞ2. At the leading order (LO), the
neutrino CC structure functions can be written as

F
νðWÞ
2

¼ 2x

�

X

i

di þ
X

j

ūj

�

;

xF
νðWÞ
3

¼ 2x

�

X

i

di −
X

j

ūj

�

;

F
ν̄ðWÞ
2

¼ 2x

�

X

j

uj þ
X

i

d̄i

�

;

xF
ν̄ðWÞ
3

¼ 2x

�

X

j

uj −
X

i

d̄i

�

; ð6Þ

where the index iðjÞ runs over all the light dðuÞ-type
quarks. Similarly, the LO neutral-current structure func-
tions are

F
ν;ν̄ðZÞ
2

¼ x
X

nf

i

ða2i þ v2i Þðqi þ q̄iÞ;

xF
ν;ν̄ðZÞ
3

¼ x
X

nf

i

aiviðqi − q̄iÞ; ð7Þ

where ðaiÞvi are the NC (axial) vector couplings for the
quark qi and i runs over all quarks in the nf flavor number
scheme. At the LO, the longitudinal structure functions are
zeros, Fi

L ¼ 0. In perturbative QCD, the structure functions
FIG. 1. Feynman diagram for neutrino-nucleon deep-inelastic
scattering.
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in Eqs. (6) and (7) as well as Fi
L receive higher-order

corrections, which is one main focus of this work.
In the isospin symmetric limit, the isoscalar uðūÞ

and dðd̄Þ PDFs can be constructed in terms of the proton
PDFs as

fu=I ¼ fd=I ¼ ðfu=p þ fd=pÞ=2;
fū=I ¼ fd̄=I ¼ ðfū=p þ fd̄=pÞ=2; ð8Þ

while other flavors are kept the same. Keep in mind
the positive (negative) sign for neutrino (antineutrino)
cross sections in Eq. (5). Together with the LO structure
functions in Eqs. (6) and (7), we can see that the neutrino-
isoscalar scattering cross sections are generally larger than
the antineutrino ones, both for the CC and NC cases. In
Sec. III A, we present the final, absolute isoscalar cross
sections in Fig. 13 with related discussion; we note that the
(anti)neutrino cross sections differ at the lower energies of
the plotted range.
We point out that Eq. (5) above additionally assumes the

high-energy (massless) limit, corresponding to mN ¼ 0, as
is reasonable for (U)HEneutrino scattering. In the numerical
calculations presented below, however, we implement the
full expression in Eq. (3), though the impact of the hadronic
mass,mN , is in general negligible. ForNCDIS, higher-order
EW corrections can be included through an “improved”
scheme. (See Ref. [38] for details.) As implied by Eqs. (6)
and (7), FL and xF3 are suppressed in comparison with F2,
with respect to the contribution to Eq. (5); as such, the cross
section can be approximated with a simplified form only
involving F2 as explored in Ref. [44]. For the sake of
precision, however, we staywith the full expression givenby
Eq. (3) throughout this work.

A. Treatment of low-x and low-Q PDFs

The total cross section can be integrated in terms of the
differential cross section in Eq. (3) over x and Q2. That is,

σ ¼
Z

2mNEν

Q2

min

dQ2NðQ2Þ
Z

1

xmin

dx

x
F ðx;Q2Þ; ð9Þ

where xmin ¼ Q2=ð2mNEνÞ. The specific functional forms
of NðQ2Þ and F ðx;Q2Þ can be deduced directly from the
structure functions Fi in terms of Eq. (3). In an exper-
imental measurement, the neutrino DIS events are selected
with a Q cut, such as Q ≥ Qmin ¼ 1 GeV in MINERvA
[45], which can be adopted here in Eq. (9).
In Fig. 2, we show the integrated kinematic ðx;QÞ region

for a few representative neutrino energies, Eν. We include
two dashed horizontal lines corresponding to the CT18
starting scale, Q0 ¼ 1.3 GeV, and the upper bound of the
Q grids in the LHAPDF format [46], Qup ¼ 105 GeV. In
our practical treatment, the phase space below Q0 and
above Qup can be obtained through either LHAPDF

extrapolation(s) [46] or APFEL’s backward/forward
DGLAP evolution [47]. Figure 2 plots several vertical
lines indicating the lower x bounds for the corresponding
PDF grids used in this work. The PDFs below these x
bounds rely on the LHAPDF or APFEL extrapolation.
In Fig. 3, we explore the dependence of neutrino-isoscalar

nucleon charged- and neutral-current DIS cross sections on
the choice of Qmin in Eq. (10). We plot results for represen-
tative neutrino energies spanning the range 103–105 GeV,
where the dependence on Bjorken x is fully covered
by the CT18 grids. The cross sections are normalized to
the maximal result, σmax, where Qmin ¼ 1 GeV. The PDFs
below Q0 ¼ 1.3 GeV are obtained with the APFEL’s back-
ward evolution [47]. The structure functions are calculated in
the zero-mass variable-flavor-number (ZM-VFN) scheme at
NNLO with CT18 PDFs. In order to define the charged-
current DIS scattering consistently beyond the leading order,
we take the maximum number of active quark flavors
to be nf ¼ 4, similarly to Ref. [26]. The details about the
heavy-quark mass as well as the flavor number dependence
are left to Sec. II C. In terms of Fig. 3, we see that the
backward evolution region Q∈ ½1; 1.3� GeV contributes at
most approximately 0.8% (1.2%) to the (anti)neutrino cross
sections, with this contribution peaking for Eν ¼ 103 GeV.
With increasing neutrino energy, this low-Q contribution
quickly becomes negligible. A detailed exploration of the
dependence of our calculation on Qmin is presented in
Appendix B. In the end, we find that the kinematic region
aroundQ ∼MW;Z contributes most significantly to the total
cross section, and we designate this the important ðx;QÞ
kinematics, as investigated in Appendix B.
With increasing neutrino energies, we see that the

relevant values of x can fall below the region probed by

FIG. 2. The kinematic ðx;QÞ ranges contributing to the
inclusive neutrino DIS cross section for a given initial neutrino
energy, Eν. The vertical dashed lines represent the lower
boundary in x for which each (nuclear) PDF group convention-
ally provides interpolation tables by default. This should not be
misconstrued as the lowest value of x directly probed by the fitted
datasets in each of these cases, which would generally lie at
significantly higher x than that indicated.
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existing data, and even below the x grid provided by
different PDF groups, as indicated by the vertical lines in
Fig. 2. At ultrahigh neutrino energies, e.g., Eν > 109 GeV,
the kinematics will even cover a momentum fraction below
the lowest x value provided by various PDF groups, such as
xmin ¼ 10−9 in CT18 [25] and NNPDF3.1 [48]/4.0 [49]. In
the CSMS calculation [35], two treatments for low x have
been performed, based on (i) extrapolation or (ii) freeze-in,
fðx < xmin; QÞ ¼ fðxmin; QÞ. We have also explored
another option in which we first extrapolate the provided
LHAPDF grids to obtain PDFs below xmin at the starting
scale, Q0, and then evolve these to cover the whole phase
space shown in Fig. 2; this option is denoted as the
“Evolution” method below. In this approach, we first show
the fraction of the extrapolated region x < xmin contributing
to the total integrated cross section in Fig. 4. Similarly to the
Qmin case, we normalize the cross sections with different
xmin choices to the maximal scenario, where xmin ¼ Q2

min=

ð2mNEνÞ, for a few representative neutrino energies.We see
that this extrapolation only contributes at most 3% for
Eν ¼ 1012 GeV. For smaller energies, the extrapolation
region x<xmin¼ 10−9 contributes negligibly to the total
integrated cross section for CT18 PDFs. This result gives us

confidence that the PDF grids provided in the CT18 global
analysis [25] are sufficient to explore the neutrino cross
section for neutrino energies reaching Eν ≲ 1012 GeV.
Similarly to the Qmin scan, we also explore the impact of
the choice of xmin in the full range ½Q2

min=ð2mNEνÞ; 1� in
Appendix B, which shows the important ðx;QÞ kinematics
around x ∼M2

W;Z=ð2mNEνÞ and Q ∼MW;Z

We point out that the lower boundary in x of the
interpolation grids typically provided by nuclear PDF fits
tends to be higher than the corresponding value in CT18 or
other free-proton analyses; it should be stressed that this
feature reflects both conventions as well as the reality that
high-energy data have not yet constrained A-dependent
nuclear PDFs to as low x as HEP analyses of proton PDFs.1

In Fig. 2, we indicate the lowest value in x reached by grids
of the EPPS21 [33] and nCTEQ [34] nuclear PDFs, which
we examine below to study the possible role of nuclear
effects in DIS cross sections on nuclei. It generally stands to
reason that larger extrapolations over x will potentially
introduce correspondingly larger uncertainties on the inte-
grated neutrino DIS cross sections. In Fig. 5, we compare

FIG. 3. The dependence of the neutrino-isoscalar nucleon charged-current (left) and neutral-current (right) DIS cross sections (σ) on
the lower integration limits Qmin, based on the CT18 NNLO PDFs. The upper integration limit is fixed by collision energy
Qmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mNEν

p
. σmax indicates the maximal cross section with Qmin ¼ 1 GeV.

FIG. 4. Similar to Fig. 3, but for integration limit xmin. The upper integration limit is fixed at xmax ¼ 1. σmax represents the maximal σ
with xmin ¼ Q2

min=ð2mNEνÞ.

1Here, A denotes the nucleon numbers of the scattered nuclei.
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the gluon and flavor-singlet Σ ¼
Pnf

i ðqi þ q̄iÞ nuclear
PDFs for 16

8
O at Q ¼ 10 GeV based on the extrapolation

and evolution approaches applied to EPPS21 (upper panels)
and nCTEQ15WZ (lower panels). We see that the evolution
and extrapolation methods agree exactly for the nuclear
PDFs in those regions of x covered by interpolation grids, as
shown. In contrast, at lower values of x below those covered
by public grids (i.e., in the extrapolation region) the
evolution method can induce a small variation with respect
to the LHAPDF extrapolation [46]. As a consequence, the

induced neutrino-nucleus cross section normalized to the
pure extrapolation is shown in Fig. 6. The corresponding
variation for ultrahigh energy neutrinos, with Eν≳

108 GeV, can be viewed as the uncertainty due to the
low-x extrapolation. We see that the EPPS21 nuclear PDFs
give a similar size for the extrapolation uncertainty in
comparison with that based on CT18. For other PDFs, such
as MSHT20 [50] or nCTEQ15WZ(SIH) [34], the extrapo-
lation uncertainty can be larger. In addition, Fig. 6 also
tells us the variation at low neutrino energy, such as

FIG. 5. Comparisons of the gluon (left) and flavor-singlet Σ ¼
Pnf

i ðqi þ q̄iÞ (right) PDFs at Q ¼ 10 GeV for the nuclear 16

8
O with

“extrapolation” and “evolution” of the EPPS21 (upper) and nCTEQ15WZ (lower) PDF grids.
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FIG. 6. Comparison of the neutrino-isoscalar charged (W) and neutral (Z) current DIS cross sections, obtained with the
“extrapolation” and “evolution” methods for the CT18NNLO [25], EPPS21 [33], and nCTEQ15WZ [34] (n)PDFs.
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Eν ≲ 103 GeV, which results from the difference between
the APFEL backward evolution approach and LHAPDF
extrapolation below the DGLAP starting scale, i.e.,
1 < Q < Q0 ¼ 1.3 GeV. We see that this variation at Eν ¼
100 GeV can be negligible for charged-current DIS, while
1%–3% for the neutral current case.
Until this point, we have been able to include the relevant

phase space in the inclusive neutrino scattering cross
section as, in practice,

Q∈ ½Qmin;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mNEν

p

� and x∈ ½Q2=ð2mNEνÞ;1�; ð10Þ

demonstrated in Fig. 2. Based on this setup, we also show
the Hessian correlation [51], dubbed as correlation cosine
cosϕ between the neutrino-isoscalar cross sections and the
gluon and flavor-singlet PDFs at Q ¼ 1.3 and 100 GeV in
Fig. 7 for charged-current DIS. Here, the neutrino and

antineutrino cross sections are summed. We see that, at
relatively low energy, a strong correlation appears in the
singlet PDFs near x ∼ 10−2–10−1. With increasing energy,
the sensitive momentum fraction x decreases accordingly,
roughly scaling as x ∼ xW ¼ M2

W=ð2mNEνÞ, which con-
firms the important kinematics as examined in Appendix B.
Similar features have been found for the neutral-current
DIS as well. When the neutrino energy goes above
Eν ≳ 109 GeV, the largest sensitivity comes from the gluon
PDFs, below the region x≲ 10−4, reflecting the important
contribution from the gluon partons. As also shown in
Fig. 7, atQ ¼ 100 GeV, far above theQ0 scale, we also see
a correlation with the flavor-singlet PDFs at x < 10−4,
reflecting the coevolution of the singlet and gluon PDFs in
the DGLAP evolution.
We point out that experiments usually require the invari-

ant mass, W, of the recoil system to be in the perturbative

FIG. 7. Correlation cosine angles between the neutrino-isoscalar charge-current cross sections (sum of neutrino and antineutrino) and
the CT18 gluon (left) and flavor-singlet (right) PDFs at Q ¼ 1.3 GeV (upper) and 100 GeV (lower). The color scale, indicated at the
right of each panel, provides the value of cosϕ; note that these scales differ slightly between the two panels.
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region, e.g.,W≥W0¼2GeVas forMINERvA [45], in order
to minimize the contributions from quasielastic scattering
and the excitation of hadronic resonances. This W cut
excludes a small region in the otherwise permissible phase
space as shown in the lower-right corner of Fig. 2, since

x ≤
Q2

W2

0
−m2

N þQ2
≤ 1; ð11Þ

for W2

0
≥ m2

N. However, the removal of this small region
only negligibly affects the (anti)neutrino cross section, since
PDFs in the high x → 1 limit must rapidly vanish for reasons
of momentum conservation as typically parametrized by
assuming an overall ð1 − xÞβ (with β > 0) polynomial
behavior. Therefore, we take the upper integration limit
xmax ¼ 1 in Eq. (10) in practice.

B. Perturbative orders up to an approximate N3LO

In the demonstration above, we used the zero-mass
scheme for structure functions at next-to-next-to-leading
order (NNLO). In this section, we explore possible varia-
tions arising from performing the calculation at different
orders in perturbation theory.
The CT18 global analysis is performed at both NLO

and NNLO, with the corresponding error sets determined
with the Hessian method [25]. Afterward, the leading
order analysis was released based on a few special
considerations to improve the quality of fit [52]. In
Fig. 8, we show the CT18 predictions for the neutrino-
isoscalar charged and neutral current DIS cross sections
at different perturbative QCD orders, with the numerical
values of the NNLO predictions presented in Tables I
and II of Appendix A. Here, the LO [52] and NLO [25]
PDFs are adopted with the same corresponding order of
Wilson coefficients in the LO and NLO cross sections.
Compared to NNLO, we see that the LO and NLO
predictions are larger, and the increments become increas-
ingly significant when Eν > 107 GeV. These differences
are mainly driven by two factors: the strong coupling αs at

different orders and higher-order corrections to the struc-
ture functions. In the CT18LO analysis [52], the strong
coupling is chosen to be a larger value, αsðMZÞ ¼ 0.135 in
order to compensate for the missing higher order correc-
tions, especially for the Drell-Yan data. In the CT18 NLO
fit, the strong coupling is determined as αsðMZÞ ¼ 0.118,
similar to the NNLO fit. However, when the scale Q runs
down to lower values, which contribute to the majority of
the total integrated neutrino-nucleon cross section as
shown in Fig. 23 in Appendix B, the corresponding strong
couplings are larger than that obtained at NNLO. On the
other hand, the higher-order corrections contribute neg-
atively to the structure functions. (See Fig. 11 of Ref. [53]
for a specific example.) As a consequence, we obtain
NNLO cross sections smaller than the LO and NLO ones,
as shown in Fig. 8.
As we see above, the neutrino DIS cross section

decreases as the perturbative order increases. A natural
question one may ask is whether our result shows
evidence of convergence in the perturbative expansion.
Similarly to our previous work [26], we estimate an
approximate N3LO contribution (denoted as N3LO0) with

FIG. 8. Comparison of the neutrino-isoscalar charged (left) and neutral (right) current DIS cross sections at different orders of QCD
perturbation theory and the ratios with respect to the corresponding NNLO predictions. The LO and NLO cross sections are calculated
with the corresponding CT18 PDFs at LO [52] and NLO [25].

FIG. 9. The N3LO0 ZM-VFN predictions to the (anti)neutrino-
isoscalar charged (W) and neutral (Z) current DIS cross sections,
with respect to the NNLO ones.
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the ZM N3LO structure functions implemented in the
v1.2.0-struct-func-devel version of HOPPET
[27]. The resulting cross sections normalized to the
NNLO ones as KN3LO0 factors (N3LO0=NNLO ratios)
are displayed in Fig. 9 and the numerical value tabulated
in Tables I and II. We see that N3LO0 corrections give a
small decrease at low energy, while a slightly larger
increase at high energy. The size of the difference is
much smaller than that of the NNLO/NLO one as shown
in Fig. 8. This result gives us confidence that, in terms of
the perturbative expansion, our predictions are already
showing strong evidence of convergence at NNLO. In the
rest of this work, we will adopt the NNLO calculation as
our baseline, with N3LO0 corrections included with the
KN3LO0 factors.

C. A general-mass variable-flavor-number scheme

Up to now, we have adopted the ZM-VFN scheme with
CT18 PDFs, which include nf ¼ 4 parton flavors. One may
wonder about the heavy-quark mass effects as well as the
potential contribution from the third-generation quarks,
especially when

ffiffiffi

s
p

≫ m2

b;t, which we will examine care-
fully in this subsection.
The heavy-quark mass corrections to NC DIS at NNLO

have been obtained by several groups within corresponding
general-mass schemes, such as the ACOT scheme
employed in the CTEQ-TEA group [54], the FONLL
scheme by the NNPDF group [55], and the optimal TR
scheme in the MSHT group [56]. For CC DIS, the
asymptotic heavy-quark corrections at large momentum
transfers (Q ≫ m) to the structure functions are known up
to Oðα2sÞ [57,58] and even Oðα3sÞ [59,60]. Recently, the
complete mass corrections to CC DIS have been achieved
up to NNLO [61,62]. The general-mass corrections to the
structure functions have been implemented in the ACOT
framework [26], which we will mainly rely on in this work.
In Fig. 10 (left), we show the charm mass correction

to the (anti)neutrino cross sections, with the ACOT

general-mass scheme normalized to the ZM-VFN scheme
up to nf ¼ 4 flavors, with the numerical values as KGM
factors (GM/ZM ratios) presented in Tables I and II. At
lower neutrino energies, e.g., Eν ¼ 102 GeV, the full
charm-mass dependent structure functions reduce the anti-
neutrino (neutrino) CCDIS cross section by about 2% (1%).
In comparison, the massive corrections to the NC DIS cross
section can be positive, mainly driven by an enhancement
of the F2 structure function at low scales, such asQ≲ 2mc.
(See Fig. 5 of Ref. [54] for details.) The size of the impact is
smaller than that in the CC case, with 0.6% (0.3%) for
antineutrino (neutrino) NC DIS cross sections, respectively.
We remind the reader that the charm-mass corrections to
antineutrino cross sections are always larger than the
neutrino ones, mainly because of the relatively smaller
absolute antineutrino cross section with respect to the
analogous neutrino calculation.2 Meanwhile, the mass
effect vanishes very quickly with increasing neutrino
energy. With Eν ≳ 104 GeV, the general-mass results are
almost identical to those obtained in the ZM scheme. For
this reason, we will assume the ZM-VFN scheme for the
remainder of this work, with heavy-quark mass effects
folded in via KGM-factors in Tables I and II.
The CT18 PDFs adopt nf ¼ 5 as their default [25]. For

nf ≥ 5, the CC scatterings involve the gW�
→ tb̄ðt̄bÞ

partonic subprocesses beginning at NLO; these contain a
collinear singularity in the g → bb̄ðtt̄Þ splittings in the zero-
mass limit. The g → bb̄ collinear divergence can be
absorbed into a redefinition of b-quark PDF. Similarly,
we have to introduce t-quark PDF to absorb the g → tt̄
collinear divergence when the top quark becomes massless.
For this reason, we take nf ¼ 6 to include the third-
generation quarks in the zero-mass scheme beyond the

FIG. 10. The cross section ratios of (anti)neutrino-isoscalar charged-current DIS in the general-mass and zero-mass schemes (left) and
different flavors (right).

2We note that the apparent equality of the NC neutrino
and antineutrino GM/ZM ratios near Eν ∼ 3 TeV is an
artificial smoothing effect due to numerical imprecision at the
permille level.
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leading order consistently. The nf ¼ 6 cross sections
normalized to the nf ¼ 4 ones are shown in Fig. 10 (right),
with the numerical values as Knf

factors in Tables I and II.
We remind that the nf ¼ 4 and nf ¼ 6 PDFs are obtained
with the same CT18 parametrization as well as strong
coupling at the starting scale Q0. In such a way, the light-
flavor PDFs remain identical below the heavy-flavor mass.
The difference only appears once the factorization scale
crosses the corresponding partonic threshold when the
heavy quarks become active.
In Fig. 10 (right), we see that the nf ¼ 6 scheme gives at

most about 5% larger cross sections at Eν ¼ 1012 GeV than
the nf ¼ 4 ones for the CC (NC) DIS processes. For the NC
scattering, the nf ¼ 6 enhancement from the contribution
of b, t partons is identical at high (anti)neutrino energies. In
comparison, at low energies, the neutrino enhancement is
slightly smaller than the antineutrino one, due to the
correspondingly larger absolute NC cross section as men-
tioned before. Similarly, the larger neutrino CC cross
section leads the corresponding nf ¼ 6 enhancement to
be smaller than the antineutrino one at high energy.
Starting from this point, we will take nf ¼ 6 as the

default to include the bottom and top parton’s contribution
in the rest of this work. Similarly to the charm mass effect
as examined above, the top/bottom mass can slightly
reduce the neutrino-nucleon cross section. However, con-
sidering the relatively small contribution from the third-
general quark PDF even at extremely high energy, we can
safely neglect the mass effect without a noticeable effect.

III. PDF UNCERTAINTIES: PROTON AND

NUCLEAR PDFS AT LOW x

A. Small-x resummation

As we see in Sec. II A, the neutrino cross section in the
ultrahigh-energy region is very sensitive to the PDFs,
especially gluon, in the small x region. On general grounds,
for Bjorken xB < 10−3 and momentum transfer Q around a
few GeV, we would expect that the small-x logarithms will
be enhanced, and eventually enter a partonic saturation
phase as x→ 0. In the NNPDF [63] and xFitter [64]
frameworks, a small-x logarithm has been resummed up to
the next-to-leading level (NLLx) based on BFKL dynamics
[65–70]. It is found that the description of the low-x DIS
data, especially data measured at HERA [23,71], has been
improved.
In this work, we have interfaced the HELL [72,73]

package with APFEL [47] to resum large ∼ logð1=xÞ
logarithmic corrections for parton evolution up to NNLx
with matching to the NNLO DGLAP evolution; we dub the
resulting distributions as CT18sx PDFs [74]. The gluon and
singlet PDFs compared to the nominal CT18 ones are
displayed in Fig. 11. Small-x resummation enhances the
gluon PDF but reduces singlet PDFs in the small-x region at
low factorization scales. However, this small-x variation

gradually dies out at larger scales, as can be observed by
comparing the gluon PDF at Q ¼ 2 GeV up to that at
Q ¼ 100 GeV. A similar effect can be obtained with an
x-dependent DIS scale, motivated by the partonic saturation
model [75].
Applying the correspondingly matched DIS Wilson

coefficient functions provided by the HELL framework
[72,73], we explored the small-x resummed (anti)neutrino
cross sections normalized to the NNLO fixed-order ones, as
shown in Fig. 12, with the numerical values tabulated as
KNLLx factors in Tables I and II. At first sight, we see that
the small-x resummed cross section is almost identical for
the neutrino and antineutrino DIS cross sections. A closer
examination reveals that at low neutrino energies
ðEν ≲ 105 GeVÞ, the small-x resummation has no impact
at all, as the corresponding kinematics only cover the
intermediate to the large-x region, cf. Fig. 2. Starting
around Eν ∼ 106 GeV, we obtain a slight reduction of
the resummed cross section, as a result of the smaller quark
PDFs, indicated in Fig. 12. A turnover appears around
Eν ∼ 108 GeV, which roughly corresponds to Q ¼ MW

and x ¼ 10−5–10−4 according to the important ðx;QÞ
kinematics, as explained in Appendix B. When the neutrino
energy continues to increase above Eν ≳ 1010 GeV, we get
a cross section enhancement, mainly driven by the enlarged
gluon PDF in the extremely small-x region. When
Eν ∼ 1012 GeV, the small-x resummed enhancement can
be as large as 10%. Due to this reason, we will adopt the
small-x resummed cross section in the main presentation of
this work.
In Fig. 13, we display the final CT18 predictions on the

neutrino-isoscalar scattering cross sections and the cor-
responding PDF uncertainties. As discussed above, we
take the ZM-VFN scheme up nf ¼ 6 and the small-x
resummation as a baseline, with K factors from the
approximate N3LO0 fixed-order perturbation, the heavy-
quark mass corrections in the ACOT scheme, as tabulated
in Tables I and II. The specific numerical results are
presented in Tables III and IV of Appendix A. In general,
the charged current-cross sections are a few times larger
than the neutral current ones. The high-energy neutrino
and antineutrino cross sections converge as a result of the
asymptotically identical quark and antiquark densities in
the small-x region. At low (anti)neutrino energy, the
neutrino cross sections are larger than the antineutrino
ones, as a result of valence contribution to xF3 at large x as
indicated in Eqs. (6) and (7). The antineutrino DIS gives
larger relative PDF uncertainty than the neutrino one,
mainly as a result of the larger antiquark (i.e., sea quark)
uncertainty with respect to the quark (mainly valence) one
in xF3.
In Fig. 14, we compare the predictions of neutrino-

isoscalar scattering cross sections of modern PDFs, CT18
[25], MSHT20 [50], NNPDF3.1 [48], and NNPDF4.0 [49],
as well as the corresponding PDF uncertainties. We see that
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all four modern PDFs give overall consistent predictions
when 103 ≲ Eν ≲ 108 GeV. At a low neutrino energy
when Eν ≲ 103 GeV, MSHT20 gives larger cross sections
while the NNPDF3.1 and NNPDF4.0 give smaller ones,
with respect to the CT18 predictions. At an ultrahigh
energy when Eν ≳ 108 GeV, the NNPDF3.1 and 4.0 cross
sections are more or less comparable to the CT18 ones. In
comparison, MSHT20 gives sizably smaller predictions,
reflecting the extrapolated low-x PDF behavior when
x < 10−6. In the insets of Fig. 14, we normalize the
PDF uncertainties to the corresponding central sets to
show the relative error sizes. The CT18 PDF uncertainties
are shown in Fig. 13, already. In comparison with the
CT18 ones, we see that MSHT20 and NNPDF3.0 give
slightly smaller error bands in the neutrino energy range

FIG. 11. The comparison of gluon and flavor-singlet PDFs for CT18 and CT18sx at the scales Q ¼ 2, 10, 100 GeV, respectively.

FIG. 12. The (anti)neutrino-isoscalar cross sections for charged
(W) and neutral (Z) currentDIS,with small-x resummed up to next-
to-leading logarithms (NLLx) with respect to NNLO predictions.
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Eν ≲ 108 GeV, resulted from the corresponding smaller
PDF uncertainties. Many PDF comparisons can be found
in Refs. [76,77]. In the ultrahigh energy region
Eν ≳ 108 GeV, MSHT20 gives larger PDF error bands,
also driven by the low-x extrapolation, as discussed
in Sec. II A. As a final remark, the NNPDF4.0 gives
noticeably smaller uncertainties than others, while the
reliability of the PDF error quantification still remains as a
puzzle [78].

B. Nuclear PDFs and uncertainties

Owing to the small magnitude of GF, neutrino-scattering
experiments have historically relied on nuclear targets to
maximize the relevant cross sections. This has been true for
terrestrial neutrino oscillation and DIS measurements,
which typically involve heavy nuclei such as 40Ar and
56Fe. In the meantime, present or planned neutrino observa-
tories, including IceCube and KM3NeT, entail Cherenkov

FIG. 13. Left: the CT18 predictions for neutrino-isoscalar scattering cross sections σ; and Right: the corresponding PDF uncertainties,
δσ=σ.

FIG. 14. The comparison of the predictions of neutrino-isoscalar scattering cross sections as well as the uncertainties of modern PDFs
from CT18, MSHT20, and NNPDF3.1/4.0, respectively.
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detection of the charged lepton from CC neutrino reactions
with ice or water, such that the predominant nuclear
interaction is with H2O or the isoscalar nuclei O. In all
such experiments, incident neutrinos resolve the partonic
substructure of nuclei rather than of free nucleons; thus,
such nuclear DIS events are subject to modifications,
relative to scattering from free nucleons, due to the
influence of the nuclear medium. See Refs. [79–81] and
references therein for various nuclear effects.
In this work, we follow the BGR calculation [38] to take

the nuclear parton distribution functions (nPDFs) to
account for the effects of nuclear binding on the free-
nucleon PDFs—physics which is known to possess rich
phenomenology from very low to high x. Much like the
proton PDFs at very low x, nuclear PDFs remain essentially
unconstrained for x < 10−4, driving significant uncertain-
ties which can, in turn, propagate to high-energy nuclear
cross sections. This lack of constraints comes not only from
the challenge, familiar from studies of proton PDFs, of
probing QCD bound states at very high energies, but from
the additional complication of gathering such information
from a sufficient variety of nuclear species as to allow a
detailed unfolding of the nPDFs’ A dependence; such
knowledge is required to leverage the world’s nuclear data
to improve nPDF predictions for specific nuclei like O
relevant to IceCube. See the reviews [82,83] for the latest
progress of nuclear PDFs.

In our present study of neutrino DIS at ultrahigh energy,
the prevailing nuclear corrections are those at very low x,
where the nuclear medium produces a relative suppression
of the nPDFs in a phenomenon known as nuclear shadow-
ing, as shown in Fig. 15. In contrast, the mild enhancement
of nuclear PDFs—so-called antishadowing—occurs at
substantially larger x ∼ 0.1 but remains incompletely
determined, especially for neutrino scattering. As a result,
a sizable contribution to the full uncertainty in ultrahigh
energy neutrino-nuclear DIS cross section originates with
the incomplete knowledge of the exact size of nPDFs and x
dependence of the low-x nuclear shadowing corrections.
As these considerations are important in deriving real-

istic uncertainty estimates for the neutrino-nuclear cross
section at very high energies, we consider two main
scenarios for the nPDFs in this work. Specifically, in
Fig. 15, we compare the gluon and flavor-singlet nPDFs
for O based on two recent extractions: EPPS21 [33] and
nCTEQ15WZ [34]. We remind the reader that the EPPS21
nPDFs start with the CT18A NLO fits of the free proton
PDFs [25] and include the global nuclear data, fitting a
nuclear correction factor, R, on top of this free-proton
baseline. In contrast, the nCTEQ PDFs implement an
alternative philosophy of fitting nPDFs which are directly
parametrized with an explicit A dependence but yielding an
assumed free-proton baseline as an A ¼ 1 boundary con-
dition of the parametrization. In either case, additional

FIG. 15. Comparison of the gluon and flavor-singlet PDFs of 16
8
O atQ ¼ 10 GeV, with the EPPS21 and nCTEQ15WZ nPDF sets. The

low-x PDFs are obtained with the “extrapolation” method.
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theoretical uncertainty comes from the long-standing issue
of the applicability and limits of QCD factorization in
nuclear DIS and the question of whether there may be
differences between electromagnetic vs weak interactions
with the nuclear medium. Were there differences, these
might be realized as distinct nuclear corrections to the DIS
structure functions measured in the scattering of charged
leptons vs neutrinos from nuclear targets, including the
degree to which (anti)shadowing corrections equally apply
to such interactions at low x.
Since the behavior of nuclear corrections in neutrino

scattering at low x may influence the high-energy neutrino-
nuclear cross sections investigated in this study, we
also consider an alternative nPDF scenario (dubbed as
“DimuNeu”) based only on fits to neutrino data [84] as a
means of cross-checking our primary calculations based on
the recent nPDFs of EPPS21 [33] and nCTEQ15WZ
[34]. We emphasize that the (heavy) nuclear corrections
computed on the basis of nuclear PDFs as discussed above
are in addition to the nonperturbative QCD considerations
that are already present for free nucleons and arise from
target mass effects and subleading terms in the twist
expansion (so-called higher twist); notably, these effects
have been explored for the proton and have analogous
realizations for nuclei [85], but their impacts are generally
limited to large x and modest values of Q2. For this reason,
we do not give them special attention in this study, although
they form a marginal contribution to the full neutrino-
nuclear uncertainty.
An array of LHC measurements involving nuclei—

including inclusive W and Z production in pPb
collisions—have been recorded by the ALICE, ATLAS,
CMS, and LHCb experiments [86–94]. Despite this
progress, the current global datasets constrain nPDFs only
at somewhat higher values of x≳ 10−4 relative to free-
proton analyses; that is, the lower bound in x of nPDF fits is
considerably larger than the corresponding low-x frontier in
modern proton PDF determinations, which are constrained
by high-energy data down to x≳ 10−5. Given this present

situation, we rely on extrapolations of existing nPDFs. We
note that these polynomial extrapolations to small x are
unavoidable on the grounds of numerical stability, despite
the naive nature of the extension of interpolation grids to
very small x based on parametrizations that have not been
constrained by data to such low x; again, we showed the
extrapolated free-nucleon PDFs in Fig. 5 and the corre-
sponding neutrino-nucleon cross sections in Fig. 6.
In the context of this behavior observed for the free-

nucleon case, we present in Fig. 16 the nuclear corrections
as the (anti)neutrino cross section ratios of nuclear to
isoscalar scatterings,

RO ¼
σνðν̄ÞO
σνðν̄ÞI

; ð12Þ

with the corresponding nuclear PDF uncertainties, where O
and I indicate the 16

8
O and isoscalar targets. We also collect

associated numerical values in Tables III and IV of
Appendix A for the cross sections and nuclear corrections
ratios RO. As done for earlier plots, the left and right panels
of Fig. 16 correspond to scattering mediated by W and Z
exchange, respectively, and we show the nuclear correction
ratio for both ν and ν̄ cross sections based on the EPPS21,
nCTEQ15WZ, and the recent nCTEQ DimuNeu analysis.
For the former two analyses, the plotted error band
represents the nPDF uncertainty obtained in those studies;
for the DimuNeu calculations, in contrast, we simply
display the best fit for the sake of comparison against
EPPS21 and nCTEQ15WZ as baselines.
As can be seen in both panels of Fig. 16, the nuclear

correction ratio is generally consistent with unity—up to
nPDF uncertainties—at the lower energies that we plot (for
Eν ≲ 104 GeV), with little evidence of an enhancement
above RO ¼ 1. Intriguingly, the Eν dependence in the
calculation based only on fits to neutrino data,
DimuNeu, suggests a slight enhancement consistent with
nuclear antishadowing for Eν ∼ 105–106 GeV, although
this behavior is within the 1σ error band determined in

FIG. 16. The nuclear correction ratios, RO defined in Eq. (12), of the neutrino-nuclear charged (left) and neutral (right) current DIS
cross sections.
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nCTEQ15WZ. However, EPPS21 reflects no such
enhancement, suggesting a need to further investigate
the presence of antishadowing in nPDFs for neutrino
scattering. In all cases, with growing neutrino energy,
the neutrino-nucleus cross section is increasingly sup-
pressed relative to the free-nucleon cross section as nuclear
shadowing becomes ever more significant at low x. In
addition, the nuclear corrections at ultrahigh energy
become universal in terms of flavor ν=ν̄ as well as the
charged/neutral current, much as we had observed for
scattering from free nucleons. We see that in a large Eν

range, the nuclear uncertainty is the dominant one, until at
an extremely high energy, such as 1012 GeV.
In the IceCube experiment, the high-energy neutrinos are

scattered by ice/water. The mass-averaged structure func-
tions of ice can be written as

F
H2O
i ¼ 1

2þ A
ð2Fp

i þ AFO
i Þ; ð13Þ

where A ¼ 16 and Z ¼ N ¼ 8 for the O nucleus.
Correspondingly, the averaged-nucleon cross section can
be expressed as

σνH2O ¼ 1

2þ A
ð2σνp þ AσνOÞ: ð14Þ

We show the neutrino-proton DIS cross sections as well
as the (anti)neutrino cross section ratios of proton to
isoscalar Rp=I in the upper panels of Fig. 17. In the low
energy region, the charged-current DIS gives smaller
(larger) cross sections for (anti-)neutrino-proton scattering
than isoscalar scattering. This can be understood in terms of
the leading partonic subprocesses,

νþ d → l
− þ u; ν̄þ u → l

þ þ d: ð15Þ

In terms of its valence content, the free proton contains
fewer down but more up quarks than the isoscalar nucleon,
leading to a corresponding difference in the CC DIS cross

sections. The neutral-current scattering gives R
ν̄ðZÞ
p=I ∼ 1,

which is resulted from an accidental numerical cancellation
between the spin correlation [i.e., in the minus sign in
Eq. (5)] and the difference between d, u PDFs. A similar
accidental cancellation happens to the CC scattering of the
proton target, which gives almost identical cross sections

for neutrino and antineutrino. In contrast, RνðZÞ
p=I ≲ 1, as a

result of the accumulation of both effects. We also notice
that the proton PDF uncertainty is largely canceled in this
ratio, especially in the ultrahigh-energy limit, which is
slightly more pronounced in the NC current case than the
CC one.

FIG. 17. The neutrino-proton DIS cross-section (upper left), and the cross section ratios of proton to isoscalar (upper right), and the
ratio of H2O to O nuclei (lower). The bands in the upper right plot indicate proton Hessian uncertainties of CT18 PDFs.
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In the right panel of Fig. 17, we show the averaged
neutrino-water cross section normalized to the oxygen
nucleus as

RH2O=O ¼ 2σνp þ AσνO

ð2þ AÞ =σνO: ð16Þ

The corresponding numerical values are listed in Tables III
and IV in Appendix A. Taking the universal nuclear
correction in the high-energy limit to be RO ∼ 0.81
[cf. Eq. (12) and Fig. 16 based on EPPS21], we determine
that the averaged molecular water-to-oxygen ratio
approaches a constant RH2O=O ∼ 1.026 at high energy, as
shown in Fig. 17. The final H2O-averaged cross section can
then be obtained with

σνH2O ¼ σνIRORH2O=O; ð17Þ

with the corresponding uncertainty propagated as

δσνH2O

σνH2O
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�

δσνI

σνI

�

2

þ
�

A

2þ A

δRO

RO

�

2

s

: ð18Þ

IV. PREDICTIONS FOR NEUTRINO SCATTERING

EXPERIMENTS

So far, we have explained our theoretical calculation of
the (anti)neutrino-nucleus scattering in great detail, includ-
ing both the cross section on free nucleons as well as
nuclear corrections. Our predicted cross sections, tabulated
in Tables III and IV in Appendix A, can be directly
compared to experimental measurements, both current
and future. Here, we mainly focus on the IceCube experi-
ment [13] and the proposed future IceCube-Gen2 [95]. We
will comment on the collider neutrino energy gap filled by
the FASERν experiment [96] at the LHC as well.

A. Comparisons with CSMS and other calculations

For the IceCube measurements [12,13], the calculation
of Cooper-Sarkar, Mertsch, and Sarkar (CSMS) [35] has
been adopted for both neutrino-flux calibrations as well
the comparison with the experimental measurement. In
addition, a number of similar calculations exist in the
literature, such as the Gandhi, Quigg, Reno, and Sarcevic
(GQRS) [36], Connolly, Thorne, and Waters (CTW) [37],
as well as Bertone, Gauld, and Rojo (BGR) [38,39], and
two recent updates from Jeong and Reno (JR) [40] as well
as NNSFν [41]. Similar to our framework, all these
calculations adopt the structure-function approach, but
with different schemes at different orders, as well as
different PDFs. Both the GQRS and CTW took the LO
structure functions, while PDFs are based on CTEQ4M
[97] and MSTW08 [98], respectively. The CSMS
calculation is performed with the Thorne-Roberts

scheme [99,100] at NLO with the HERAPDF1.5 PDFs
[101]. The BGR calculation [38,39] is the most closed one
to our framework, with the heavy-flavor structure function
in the FONLL scheme up to nf ¼ 6 flavors [55] together
with the small-x resummation [63] included. The recent
JR calculation [40] includes contribution from the shallow
inelastic scattering. In comparison, the NNSFν approach
[41] adopts a neural network to fit the neutrino DIS
structure functions (SFs) while the low-Q2 F3 is taken
from the Bodek-Yang parametrization [102–107]. In this
work, we have gone beyond in two aspects. We have
included the complete heavy-quark effect up to NNLO in
the ACOT scheme [26]. It turns out the heavy-flavor effect
is negligible at an ultrahigh energy, while a negative 2%
when Eν ∼ 100 GeV, as examined in Sec. II. We also
extend our calculation up to approximate N3LO, with
zero-mass Wilson coefficient functions.
In this work, we are mainly targeting a state-of-the-art

prediction for the high-energy neutrino cross section
measured at IceCube. In Fig. 18, we compare our calcu-
lation with the CSMS result—the theoretical prediction
adopted in IceCube [12,13], with our numerical results
tabulated in Appendix A. Compared to the free-nucleon
(isoscalar) CT18 predictions, the CSMS calculation gives
overall larger cross sections for charged-current DIS, while
the neutral-current cross section is in good agreement. The
larger CC cross section can be understood in terms of the
corresponding larger small-x PDFs, as shown in Fig. 19.
Relative to the free-isoscalar cross section, the H2O
nucleon-averaged calculation receives a negative nuclear
correction as examined in Sec. III B.
The HERAPDF1.5 PDFs, adopted in the CSMS calcu-

lation, give smaller PDF error bands, reflecting the different
criteria adopted in two sets. In addition, CSMS realized that
member 9 of HERAPDF1.5 gives the largest deviation of
neutrino cross sections from the central set, shown as the
lower boundary line in Fig. 18. This particular member was
argued to be excluded when quantifying PDF uncertainty in
Ref. [35] as it gives negative gluon at low x and low Q.
However, it has been shown that negative PDFs should be
acceptable as long as the physical observables, such as
cross section, remain positive [108]. In comparison,
HERAPDF adopts the Δχ2 ¼ 1 criterion in generating
its 68% confidence level (CL) Hessian eigenvector sets,
while CT18 takes Δχ2 ¼ 100 for the 90% CL uncertainty
in order to capture variations in the nonperturbative para-
metrization forms, selection of data sets as well as the
variation of theoretical setups [109,110]. The 68% CL error
band is obtained by dividing the 90% CL one by a factor of
1.645. We remind that HERAPDF also released VAR sets,
in order to capture variations of some theoretical param-
eters, such as strong coupling, heavy-quark mass, evolution
starting scale, etc. [101]. In Fig. 19, we also show the error
band including the HERAPDF15VAR set, which indicates
its comparable uncertainty with the CT18 prediction.
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B. IceCube high-energy neutrino measurements

The IceCube Collaboration has observed high-energy
astrophysical neutrinos since 2013 [111]. Two measure-
ments of neutrino-nucleon cross sections have been
reported. In Ref. [12], the Earth absorption cross section
is analyzed for energies between 6.3 TeV and 980 TeV, by
using the upward-going neutrino-induced muons with
10784 events. In Ref. [13], neutrino cross sections includ-
ing all three neutrino flavors were reported for neutrino
energies from 60 TeV to 10 PeV, based on the 60

high-energy starting events (HESE) with 7.5 years of data.
We also note that IceCube has recently reported the
measurement of a possible Glashow resonance event [112],
providing further motivation to quantify the neutrino-
nucleon cross section at corresponding kinematics so as to
understand backgrounds to neutrino-electron scattering. We
discuss this aspect in further detail in Appendix D.
In Fig. 20, we show the CT18 and CSMS predictions for

the neutrino charged-current DIS cross sections, compared
with IceCube data. Similar to the IceCube simulation [113],

FIG. 18. Comparison of the neutrino-isoscalar cross sections with the existing calculations between the CT18 and CSMS [35], for the
CC (upper) and NC (lower) scattering processes.

FIG. 19. The comparison of gluon and flavor-singlet PDFs atQ ¼ 10 GeV between the CT18 NNLO and HERAPDF1.5 NLO PDFs.
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in the Earth absorption (up-going muon) case, neutrino and
antineutrino cross section was flux weighted as

σν;wgt ¼
Φνσν þΦν̄σν̄

Φν þΦν̄

; ð19Þ

with the corresponding flux ratio Φν=Φν̄ taken from
Refs. [114,115]. Similarly to the IceCube analysis, nuclear
corrections are not included in this comparison due to the
complication of the Earth’s nuclear abundance. In the all-
flavor HESE cross section, the average of neutrino and
antineutrino CC DIS events was reported. We include the
data with both Bayesian and Frequentist analyses [13]. A
previous analysis based on 33 events [116] has been
superseded and is not shown here. Our theoretical pre-
dictions with and without nuclear corrections based on the
H2O nucleon average are provided in this case.
We include the CSMS predictions as well, which were

used in the IceCube analysis. The difference between our
predictions and CSMS, including relative uncertainties, can
be inferred from Fig. 18. Both the CSMS and CT18 (both
with and without nuclear effects estimated according to
EPPS21) predictions provide good descriptions of the
IceCube data, considering the large experimental uncer-
tainty, while the CT18 incorporates more comprehensive
effects, as detailed in Secs. II and III. In comparison with
CSMS NLO calculation, the CT18 baseline is at NNLO,
which receives negative a few percent corrections at low
(anti)neutrino energy, with size growing up to 20% when
Eν ¼ 1012 GeV. The approximate N3LO contribution has
been estimated with the zero-mass structure functions,
which can give 2% corrections for CC DIS and 4% to
NC DIS. The heavy-quark mass effect has been examined
with the recently developed ACOT scheme at the NNLO
[26,62], which turns out to be −2% at low (anti)neutrino
energy around Eν ∼ 100 GeV and diminishes very quickly
with energy increasing. The quark flavors have been

included up to nf ¼ 6, and top quarks can contribute
2%–4% to the total cross section when Eν ¼ 1012 GeV.
In addition, we have also included the small-x resummation
based on the BFKL matched to the DGLAP evolution,
which enhances the neutrino cross section up to 20% at
high (anti)neutrino energy. Finally, based on nuclear PDF
sets, EPPS21 and nCTEQ15WZ, we have estimated the
nuclear corrections to be negative −20% as a result of
the nuclear shadowing effect. The comparison between the
CT18 and CSMS results can be found in Sec. IVA.
As shown in Fig. 20, the experimental uncertainties are

overwhelming in comparison with the theoretical ones,
both driven by the statistic errors and the complicated
systematics, such as the neutrino flux and the earth model.
Therefore, a better understanding of systematics as well as
higher statistics will be critical in future measurements.
IceCube Collaboration has proposed a significant upgrade
of the IceCube Antarctic neutrino observatory, to be called
IceCube-Gen2 [95]. Two distinct features of Gen2, (i) a
larger (by a factor of 10) volume of the ice Cherenkov
detector and (ii) an additional shallow radio array to detect
higher-energy neutrinos with Eν > 1011 GeV, will provide
better measurements for the neutrino cross sections. Our
theoretical predictions apply to IceCube-Gen2 as well.
Neutral-current (NC) cross sections. One goal of the

IceCube Collaboration is to measure the flux of cosmic
neutrinos as a function of neutrino energy [117]. The
IceCube Observatory uses Cherenkov radiation to detect
charged particles as a proxy for UHE neutrinos. High-
energy neutrinos that undergo charged current (CC) inter-
actions in the detector create high-energy charged leptons,
which radiate Cherenkov light. Obviously, the theoretical
CC cross section is important for interpreting the IceCube
Observatory results.
The theoretical neutral current (NC) cross section is also

important because the IceCube Collaboration uses the

absorption of neutrinos by the Earth to estimate the flux

FIG. 20. Comparison of the theoretical predictions of charged-current neutrino cross sections with the IceCube measurements [12,13].
In the left panel for measurements with up-going muon neutrinos [12], the neutrino and antineutrino cross sections are weighted with
flux as Eq. (19). In the right panel for the HESE sample, the neutrino and antineutrino cross sections are averaged, with both Bayesian
and Frequentist analyses shown here [13]. The CT18 error bands indicate the PDF uncertainty, while the H2O averaged band combines
the EPPS21 nuclear uncertainty in terms of Eq. (18).
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of neutrinos incident on the Earth. Neutrinos incident on
the Earth from the Northern Hemisphere must pass through
a fraction of the Earth, depending on their direction, before
reaching the IceCube Observatory at the South Pole. As
they travel through the Earth, some neutrinos will be
absorbed or scattered by interacting with matter, including
both CC and NC interactions. In such a way, a better
determination of the NC cross section will play a role in the
earth absorption rate, as discussed further in Appendix C.

C. Accelerator neutrinos and the energy gap

In Fig. 21 (left), we compare our theoretical predictions
for the neutrino-isoscalar charged current cross section in
comparison with the data measured at accelerator experi-
ments, such as NuTeV [118], CCFR [119], and NOMAD
[120]. We remind the reader that the NOMAD has released
only the neutrino rather than antineutrino CC inclusive
cross sections so far [120]. Due to the complication of
different target materials used in different experiments, we
do not include nuclear corrections here, which deserve
future dedicated studies. In general, we see that these three
experiments give consistent results for both the neutrino
and antineutrino beams. In comparison, our theoretical
calculations give a good description of the high-energy
data. The low-energy predictions are smaller than the
experimental measurements. This behavior was already
noticed in our previous work [26], which indicates the
importance of missing contributions from other nuclear
scattering processes, such as quasielastic scattering and the
hadronic resonance production, which dominate at the
neutrino-nuclear cross section at low energies [43].
In Fig. 21 (right), we show the averaged (anti)neutrino-

isoscalar charged-current cross section divided by the (anti)
neutrino energy σðEνÞ=Eν. We also include the cross
section measured by the NuTeV Collaboration, as one of

the highest energies reached for accelerator neutrinos [118].
The “energy gap” between the NuTeV (≲360 GeV) and the
IceCube data (≳6 TeV) can be bridged by ongoing and
future measurements at the LHC, such as the FASER
(Forward Search Experiment) [121] as well as other experi-
ments at the Forward Physics Facility (FPF) [20,21].
Meanwhile, the first neutrino interaction candidates were
reported in 2021 [122], and the first direct observation was
made very recently [123]. The maximum neutrino energy
produced at the LHC can potentially reach the order of
10 TeV. As an optimistic consequence, the energy gap can
be completely closed by these experiments. Our theoretical
cross section is also shown as the red line in Fig. 21 (right),
which provides state-of-the-art predictions for the neutrino
scattering measured at these FPFs [20,21].

V. CONCLUSIONS

In this work, we have presented up-to-date theoretical
calculations for neutrino-nucleon deeply inelastic scatter-
ing (DIS) mediated by both charged- and neutral-current
interactions over a wide range of neutrino energies, span-
ning Eν ∼ 50 GeV up to 1012 GeV. We have also gener-
alized these results to neutrino DIS from nuclei by
estimating high-energy nuclear corrections to interactions
with free (isoscalar) nucleons. As is typical, we separate the
cross section into a (weak) leptonic tensor as well as a
corresponding hadronic tensor. This latter quantity may be
expanded on a complete basis of allowed Lorentz struc-
tures, such that folded into the hadronic tensor are the
structure functions of the target nucleon or nucleus; these in
turn can be computed according to well-established QCD
factorization theorems that facilitate the separation of short-
distance matrix elements, which are now calculable to high
perturbative order (at present, N3LO0), from the non-
perturbative parton distribution functions (PDFs) of the

FIG. 21. Left: the CT18 predictions for the neutrino-isoscalar charged-current cross sections divided by the (anti)neutrino energy,
σ=Eν, in comparison with data measured at accelerator-based experiments [118–120]. Right: the CT18 prediction of the averaged
neutrino-isoscalar charged-current cross sections divided by neutrino energy in the energy gap (360 GeV≲ Eν ≲ 6 TeV), which can be
measured by the FASER and other FPFs at the LHC [20,21]. We included cross sections below 360 GeV measured by NuTeV [118] and

above 6.3 (60) TeV by IceCube upgoing νμ
ð−Þ

[12] (HESE Bayesian [13]) analyzes.
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nucleon or nucleus. On the basis of this formalism, we
predict neutrino DIS cross sections, leveraging recent
developments in QCD perturbation theory and the most
current PDF determinations provided by global QCD
analyses, which systematically unfold the PDFs from
diverse high-energy data taken at collider and fixed-target
experiments. This work, therefore, provides the current best
theoretical description for both accelerator-based neutrino
experiments at higher energies, as well as astrophysical
neutrino observatories, which can potentially observe
events in the ultrahigh energy regime.
Using the recent CT18 NNLO proton PDFs [25] together

with the Wilson coefficients calculated up to N3LO0, which
includes the exact NNLO heavy-parton mass effect [26,62]
and N3LO contribution with zero-mass partons [27], we
carefully examine each of the stages of the neutrino-
nucleon DIS cross section calculation. As the total neutrino
cross sections involve broad integrations over the ðx;QÞ
phase space, knowledge of the structure functions, includ-
ing those at low scales, is a prerequisite. In the low-Q
region, below the starting scale of the CT18 PDFs
(Q0 ¼ 1.3 GeV), we have explored the impact on the total
DIS cross section of taking either LHAPDF extrapolation
[46] or APFEL backward evolution [47] to lower Q. We
find that the dependence on this selection produces
approximately percent-level variations in the cross section
at neutrino energies of Eν ¼ 103 GeV; at larger values of
Eν, this difference quickly vanishes. On the other hand, as
the neutrino energy enters the ultrahigh energy region,
Eν > 108 GeV, the cross section increasingly gains con-
tributions from very small parton momentum fractions,
x ≪ 1, extending the dependence of the cross section to
values of x which have not been directly probed exper-
imentally, and potentially even beyond the lower x bounds
of available PDF interpolation grids. We have quantified
the contribution(s) from this low-x extrapolation region,
which ultimately amounts to ∼3% of the total cross
section at Eν ¼ 1012 GeV. The corresponding uncertainty
is quantified with the LHAPDF extrapolation and
APFEL extrapolation together with evolution, which is
found to be at most 1% for CT18 NNLO. This uncertainty
is larger for other PDF sets, such as the nCTEQ15WZ
nuclear PDFs [34], due to a larger extrapolation
region from a larger x value. Furthermore, we have
identified the important ðx;QÞ kinematics, which is
around ðx;QÞ ∼ ðM2

W;Z=ð2mNEνÞ;MW;ZÞ, based on sepa-
rate scans of integration limits xmin and Qmin as well as the
joint two-dimensional scan.
We have also explored higher-order effects by comparing

the LO, NLO, and NNLO calculations implemented along-
side the corresponding CT18 PDFs consistently determined
at the same orders. These corrections up to NNLO are
generally negative, about a few percent at low neutrino
energies, but increasing to 20% percent at Eν ¼ 1012 GeV.
The missing higher-order effect is estimated with zero-mass

N3LO Wilson coefficients together with NNLO PDFs and
found to be 2% for CC DIS, and 4% for NC DIS. We have
also investigated heavy-quark effects using the recent
NNLO ACOT calculation for CC DIS [26], which we find
to be at most 2% for Eν ¼ 102 GeV before rapidly
becoming negligible at higher energies. Moreover, the
contribution from the third quark generation is examined
within a variable-flavor-number scheme. We find that the
bottom quark and top quarks contribute negligibly at low
(anti)neutrino energy when Eν < 106 GeV. With increas-
ing (anti)neutrino energy, each can contribute at most
∼2%–4% for Eν ¼ 1012 GeV. As the small-x phase space
contribution becomes important with increasing neutrino
energy, we have included small-x resummation effects
based on the BFKL evolution using the HELL [72,73]
framework interfaced to APFEL [47], finding the associ-
ated effect can be as large as 10% for Eν ¼ 1012 GeV.
Moreover, the effects of nuclear corrections were estimated
using two of the latest nuclear PDF extractions, EPPS21
[33] and nCTEQ15WZ [34]. For example, if we base our
default nuclear correction estimates on EPPS21, we obtain
a negative shift in the neutrino-oxygen cross section
relative to isoscalar (free-nucleon) scattering up to −20%

when Eν ≳ 1010 GeV, a result of the nuclear shadowing
effect at small x. We also find the uncertainties associated
with these nuclear-medium effects, especially the low-x
shadowing, to be particularly sizable and an important
limitation to the precision of ultra-high energy neutrino-
nuclear scattering predictions.
We have compared our predictions to those obtained in

the CSMS model [35], which is based on an NLO QCD
calculation using HERAPDF1.5 PDFs. While our calcu-
lation agrees with CSMS for NC DIS, our results are
∼10% − 20% smaller for CC DIS. This difference is a
consequence of two primary factors: the negative NNLO
corrections included in our calculation as well as the
(comparatively) smaller gluon PDF obtained by CT18 in
the small-x region relative to HERAPDF1.5. We also
provide the PDF uncertainty based on the Hessian eigen-
vector sets [109]. It is found to be a few percent at
intermediate high energy when Eν ≲ 107 GeV, which
grows up to 60%–70% at Eν ¼ 1012 GeV. Our PDF
uncertainties are generally larger than the CSMS result,
mainly because of different uncertainty criteria. In the
CT18 PDFs, the 90% CL Hessian eigenvector sets are
determined by a 100-unit increase, Δχ2 ¼ 100, in the
global χ2 (out of a total global χ2 ≈ 4300); this extended
tolerance captures the full PDF error stemming from
tensions among fitted data as well as uncertainties from
the non-perturbative parametrization and other QCD
parameters [109,110]. In comparison, HERAPDF assumes
a Δχ2 ¼ 1 criteria to determine its error bands at the
68% CL, while other QCD parameter uncertainties are
quantified by corresponding VAR sets [101], which are
comparable with the CT18 ones.
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In addition to other theoretical calculations, we have
also compared our results to existing measurements,
including the high-energy events at IceCube as well as
the accelerator-based neutrino experiments. Our theoretical
predictions give a good description of the IceCube results,
both for the Earth absorption cross sections [12] and the so-
called high-energy starting events [13]. Compared to the
theoretical calculations, current experimental uncertainties
are much larger, driven by complicated systematics as well
as limited statistics. As for the accelerator neutrino cross
sections [118–120], our theoretical calculations agree well
with the high-energy tails with Eν ≳ 250 GeV but under-
predict the data at more modest energies, indicating the
importance of missing contributions from low-energy
nuclear processes like quasielastic scattering and resonance
production, which are beyond the scope of this work. In
between the accelerator neutrinos and the IceCube
Observatory, an energy gap exists for 360 GeV≲ Eν≲
6 TeV, which may potentially be filled by the ongoing
and future FASER [19] as well as other experiments at the
Forward Physics Facility (FPF) [20,21] at the LHC.
A number of improvements to the present work can be

pursued in the future. For instance, very recently, approxi-
mate N3LO PDFs have been released based on the global
analysis of the MSHT group [124]. A complete N3LO PDF
set is needed to obtain the full N3LO contribution. As we
have seen, theoretical uncertainties increase significantly
with neutrino energy, mainly induced by the large free-
nucleon and nuclear PDF uncertainties in the small-x
region. Constraining small-x PDFs, especially the gluon
PDF, better can greatly enhance the accuracy of high-
energy theoretical predictions. This might be furthered by
incorporating LHCb data on the forward production of D
and B mesons [125,126] into global QCD analyses of
PDFs. In addition, obtaining improved theoretical control
over gluon saturation effects at small x [127], further
investigating the systematics of PDF extrapolation to low
x, and pursuing studies of nuclear PDF issues related to
shadowing at x ≪ 1 would all be invaluable to next-
generation precision for neutrino-nuclear scattering.
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APPENDIX A: NEUTRINO CROSS SECTIONS

In this section, we collect the numerical values of the
CT18 predictions for the neutrino-nucleus charged- and
neutral-current deep inelastic scattering cross sections in
Tables I–IV, with the detailed explanations in Secs. II
and III.
As discussed in Sec. II B, we first present the CT18

next-to-next-to-leading order (NNLO) predictions to the
neutrino-isoscalar scattering cross sections in the zero-mass
variable-flavor-number (ZM-VFN) scheme up to nf ¼ 4, in
Tables I and II. In the corresponding blocks, the second
columns indicate to the K factors from the approximate
N3LO corrections (N3LO0), calculated with the massless
N3LOWilson coefficients with the CT18 NNLO PDFs. In
the third column, we show the heavy-quark mass correc-
tions in the ACOT general-mass scheme as the K-factor
ratios KGM ¼ σGM=σZM, with discussion in Sec. II C.
Afterwards, the flavor-number dependence is displayed
as the ratios Knf

¼ σðnf¼6Þ=σðnf¼4Þ in the fourth column.
Finally, the small-x resummation effect is shown as the fifth
column, with details in Sec. III A. The antineutrino cross
sections follow after as another block.
In Tables III and IV, we summarize our final CT18

predictions to the neutrino-isoscalar cross sections σνI , with
nf ¼ 6 parton flavors and the small-x resummation
together with the K factors from the approximate N3LO0

and the ACOT general-mass scheme as tabulated in Tables I
and II. In the corresponding block, the second column
indicates the CT18 proton PDF uncertainty quantified with
the traditional Hessian error method at the 68% confidence
level (CL) [109]. In the third (RνO) and fourth columns, we
present the nuclear corrections to the oxygen (16

8
O) target

and the corresponding uncertainty, based on the EPPS21
nuclear PDF sets [33], explored in Sec. III B. The fifth
column (RH2O=O) denotes the water (H2O) nucleon-
averaged ratio defined in Eq. (16). The final neutrino-water
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TABLE I. The charged-current neutrino-isoscalar scattering cross sections σW
νðν̄ÞI and the corresponding K factors. The first column in

each block denotes the next-to-next-to leading order (NNLO) cross section in the zero-mass variable-flavor-number (ZM-VFN) scheme
up to nf ¼ 4. The rest ones areK factors from approximate N3LO KN3LO0 , the ACOT general-mass scheme KGM (up to nf ¼ 4), the six-
flavor scheme Knf

¼ σðnf¼6Þ=σðnf¼4Þ, as well as the small-x logarithms resummed up to the next-to-leading level KNLLx.

Eν [GeV]

σWνI σWν̄I

NNLO KN3LO0 KGM Knf
KNLLx NNLO KN3LO0 KGM Knf

KNLLx

5 × 101 0.301 0.992 0.984 1.000 1.000 0.133 0.990 0.978 1.000 1.000

1 × 102 0.620 0.993 0.989 0.999 1.000 0.292 0.990 0.983 1.000 1.000

2 × 102 1.25 0.994 0.992 0.999 1.000 0.617 0.991 0.987 0.999 0.999

5 × 102 3.09 0.995 0.995 0.999 1.000 1.60 0.993 0.992 0.999 0.999

1 × 103 6.02 0.996 0.997 0.999 0.999 3.24 0.995 0.994 0.999 0.999

2 × 103 1.15×101 0.997 0.998 0.998 0.999 6.45 0.996 0.996 0.999 0.999

5 × 103 2.56×101 0.998 0.998 0.998 0.999 1.54×101 0.997 0.998 0.998 0.998

1 × 104 4.46×101 0.998 0.999 0.997 0.999 2.87×101 0.998 0.998 0.998 0.998

2 × 104 7.37×101 0.999 0.999 0.997 0.998 5.14×101 0.998 0.999 0.998 0.997

5 × 104 1.33×102 0.999 0.999 0.997 0.997 1.03×102 0.998 0.999 0.998 0.996

1 × 105 1.97×102 0.999 0.999 0.997 0.996 1.64×102 0.999 0.999 0.998 0.995

2×105 2.85×102 0.999 0.999 0.998 0.995 2.51×102 0.999 1.000 0.998 0.994
5×105 4.49×102 0.999 1.000 0.999 0.992 4.16×102 0.999 1.000 1.000 0.992
1×106 6.22×102 0.999 1.000 0.999 0.990 5.92×102 0.999 1.000 1.002 0.989
2×106 8.47×102 0.999 1.000 1.000 0.988 8.21×102 0.999 1.000 1.004 0.987
5×106 1.25×103 0.999 1.000 1.002 0.984 1.23×103 0.999 1.000 1.007 0.984
1×107 1.68×103 1.000 1.000 1.003 0.982 1.66×103 1.000 1.000 1.009 0.982
2×107 2.20×103 1.000 1.000 1.005 0.981 2.18×103 1.000 1.000 1.011 0.980
5×107 3.12×103 1.001 1.000 1.007 0.980 3.09×103 1.001 1.000 1.014 0.980
1×108 4.13×103 1.001 1.000 1.008 0.980 4.09×103 1.001 1.000 1.016 0.980
2×108 5.25×103 1.002 1.000 1.010 0.982 5.20×103 1.002 1.000 1.019 0.982
5×108 7.13×103 1.003 1.000 1.012 0.987 7.06×103 1.003 1.000 1.021 0.987
1×109 8.93×103 1.003 1.000 1.014 0.993 8.84×103 1.004 1.000 1.024 0.993
2×109 1.11×104 1.004 1.000 1.016 1.000 1.10×104 1.004 1.000 1.026 1.000
5×109 1.56×104 1.006 1.000 1.018 1.013 1.54×104 1.006 1.000 1.028 1.013
1×1010 1.91×104 1.007 1.000 1.019 1.024 1.89×104 1.007 1.000 1.030 1.024
2×1010 2.34×104 1.008 1.000 1.021 1.037 2.31×104 1.008 1.000 1.032 1.037
5×1010 3.01×104 1.010 1.000 1.023 1.058 2.98×104 1.010 1.000 1.034 1.058
1×1011 3.68×104 1.012 1.000 1.026 1.076 3.64×104 1.012 1.000 1.037 1.076
2×1011 4.42×104 1.013 1.000 1.027 1.097 4.37×104 1.013 1.000 1.039 1.097
5×1011 5.60×104 1.015 1.000 1.029 1.128 5.53×104 1.016 1.000 1.041 1.128
1×1012 6.91×104 1.017 1.000 1.031 1.155 6.83×104 1.017 1.000 1.043 1.155
2×1012 8.16×104 1.019 1.000 1.033 1.184 8.07×104 1.019 1.000 1.045 1.184
5×1012 1.01×105 1.022 1.000 1.035 1.226 1.00×105 1.022 1.000 1.047 1.226
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TABLE II. Similar to Table I, but for the neutral current case.

Eν [GeV]

σZνI σZν̄I

NNLO KN3LO0 KGM Knf
KNLLx NNLO KN3LO0 KGM Knf

KNLLx

5×101 0.0946 0.986 1.004 1.000 1.000 0.0487 0.982 1.007 1.000 1.000
1×102 0.195 0.988 1.003 1.000 1.000 0.105 0.981 1.006 1.000 1.000
2×102 0.393 0.989 1.003 1.000 1.000 0.221 0.982 1.006 1.000 1.000
5×102 0.977 0.991 1.003 0.999 1.000 0.569 0.987 1.005 1.000 0.999
1×103 1.92 0.993 1.002 0.999 1.000 1.15 0.990 1.003 1.000 0.999
2×103 3.70 0.995 1.001 0.999 0.999 2.29 0.992 1.002 1.000 0.999
5×103 8.46 0.996 1.001 0.999 0.999 5.51 0.995 1.000 1.001 0.999
1×104 1.51×101 0.997 1.000 0.999 0.999 1.04×101 0.996 1.000 1.001 0.998
2×104 2.58×101 0.997 1.000 1.000 0.998 1.88×101 0.997 0.999 1.002 0.998
5×104 4.83×101 0.998 1.000 1.001 0.998 3.85×101 0.997 0.999 1.003 0.997
1×105 7.40×101 0.998 1.000 1.002 0.997 6.27×101 0.998 0.999 1.003 0.996
2×105 1.10×102 0.998 1.000 1.003 0.996 9.80×101 0.998 0.999 1.004 0.995
5×105 1.79×102 0.998 1.000 1.005 0.994 1.67×102 0.998 1.000 1.005 0.993
1×106 2.53×102 0.999 1.000 1.006 0.992 2.42×102 0.998 1.000 1.006 0.991
2×106 3.52×102 0.999 1.000 1.007 0.990 3.43×102 0.999 1.000 1.007 0.989
5×106 5.35×102 0.999 1.000 1.008 0.987 5.29×102 0.999 1.000 1.009 0.987
1×107 7.24×102 1.000 1.000 1.009 0.985 7.19×102 1.000 1.000 1.009 0.985
2×107 9.70×102 1.000 1.000 1.010 0.983 9.66×102 1.000 1.000 1.010 0.983
5×107 1.40×103 1.002 1.000 1.012 0.983 1.40×103 1.002 1.000 1.012 0.982
1×108 1.84×103 1.003 1.000 1.013 0.983 1.84×103 1.003 1.000 1.013 0.983
2×108 2.39×103 1.004 1.000 1.014 0.985 2.39×103 1.004 1.000 1.014 0.985
5×108 3.32×103 1.006 1.000 1.016 0.989 3.32×103 1.006 1.000 1.016 0.989
1×109 4.22×103 1.007 1.000 1.018 0.994 4.22×103 1.007 1.000 1.018 0.994
2×109 5.32×103 1.009 1.000 1.020 1.000 5.32×103 1.009 1.000 1.020 1.000
5×109 7.18×103 1.012 1.000 1.022 1.012 7.18×103 1.012 1.000 1.022 1.012
1×1010 8.98×103 1.014 1.000 1.024 1.022 8.98×103 1.014 1.000 1.024 1.022
2×1010 1.12×104 1.016 1.000 1.026 1.035 1.12×104 1.016 1.000 1.026 1.035
5×1010 1.47×104 1.020 1.000 1.029 1.053 1.47×104 1.020 1.000 1.029 1.053
1×1011 1.78×104 1.023 1.000 1.032 1.070 1.78×104 1.023 1.000 1.032 1.070
2×1011 2.17×104 1.026 1.000 1.034 1.088 2.17×104 1.026 1.000 1.034 1.088
5×1011 2.79×104 1.030 1.000 1.038 1.117 2.79×104 1.030 1.000 1.038 1.117
1×1012 3.35×104 1.034 1.000 1.041 1.141 3.35×104 1.034 1.000 1.041 1.141
2×1012 4.01×104 1.037 1.000 1.044 1.168 3.01×104 1.038 1.000 1.044 1.168
5×1012 5.06×104 1.043 1.000 1.048 1.208 5.06×104 1.043 1.000 1.048 1.208

TABLE III. Charged current neutrino-isoscalar scattering cross sections σW
νðν̄ÞI , calculated with the CT18 PDFs with flavor up to

nf ¼ 6, approximate N3LO corrections (N3LO0), as well as small-x resummed up to next-to-leading logarithmic level (NLLx). The
δσνðν̄ÞI column indicates the isoscalar uncertainty from proton PDFs at 68% CL, while the nuclear correction as cross-section ratios of O
to isoscalar targets Rνðν̄ÞO are obtained with EPPS21 and uncertainty folded in δRνðν̄ÞO. The water cross section ratios RH2O=O are defined
in Eq. (16), with the final cross section propagated with Eq. (17) and uncertainty with Eq. (18).

Eν [GeV] σWνI [pb] δσWνI ½%� RW
νO δRW

νO½%� R
νðwÞ
H2O=O

σWν̄I [pb] δσWν̄I ½%� RW
ν̄O δRW

ν̄O½%� R
ν̄ðwÞ
H2O=O

5×101 0.294 1.3 0.992 1.0 0.962 0.129 2.7 0.984 1.8 1.036
1×102 0.608 1.4 0.991 1.0 0.964 0.283 2.7 0.983 1.8 1.033
2×102 1.23 1.4 0.990 1.0 0.965 0.602 2.7 0.981 1.7 1.031

(Table continued)
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TABLE III. (Continued)

Eν [GeV] σWνI [pb] δσWνI ½%� RW
νO δRW

νO½%� R
νðwÞ
H2O=O

σWν̄I [pb] δσWν̄I ½%� RW
ν̄O δRW

ν̄O½%� R
ν̄ðwÞ
H2O=O

5×102 3.05 1.4 0.989 1.0 0.967 1.58 2.6 0.978 1.6 1.029
1×103 5.97 1.4 0.987 1.0 0.969 3.20 2.5 0.977 1.6 1.028
2×103 1.14×101 1.5 0.986 1.0 0.970 6.38 2.5 0.975 1.5 1.027
5×103 2.54×101 1.5 0.985 1.0 0.973 1.53×101 2.4 0.973 1.5 1.025
1×104 4.43×101 1.5 0.984 1.1 0.975 2.85×101 2.3 0.972 1.5 1.024
2×104 7.32×101 1.6 0.981 1.1 0.978 5.10×101 2.2 0.969 1.6 1.022
5×104 1.32×102 1.7 0.974 1.3 0.983 1.02×102 2.2 0.962 1.7 1.020
1×105 1.96×102 1.9 0.965 1.5 0.987 1.63×102 2.2 0.955 1.9 1.019
2×105 2.83×102 2.0 0.954 1.9 0.991 2.49×102 2.3 0.946 2.1 1.018
5×105 4.44×102 2.3 0.937 2.4 0.997 4.12×102 2.4 0.931 2.7 1.017
1×106 6.14×102 2.4 0.923 2.9 1.000 5.87×102 2.6 0.919 3.1 1.017
2×106 8.36×102 2.6 0.909 3.5 1.004 8.13×102 2.7 0.907 3.6 1.017
5×106 1.24×103 2.8 0.892 4.3 1.008 1.22×103 2.9 0.891 4.4 1.018
1×107 1.66×103 3.0 0.881 4.9 1.011 1.64×103 3.0 0.880 5.0 1.019
2×107 2.17×103 3.2 0.871 5.5 1.013 2.16×103 3.2 0.870 5.5 1.019
5×107 3.08×103 3.4 0.860 6.1 1.016 3.07×103 3.5 0.859 6.1 1.020
1×108 4.08×103 3.6 0.852 6.6 1.018 4.08×103 3.7 0.852 6.6 1.021
2×108 5.21×103 4.0 0.846 7.0 1.019 5.21×103 4.0 0.846 7.0 1.022
5×108 7.14×103 4.7 0.838 7.5 1.020 7.14×103 4.7 0.838 7.5 1.022
1×109 9.02×103 5.4 0.833 7.8 1.021 9.02×103 5.4 0.833 7.8 1.023
2×109 1.14×104 6.3 0.829 8.1 1.022 1.14×104 6.3 0.829 8.1 1.024
5×109 1.62×104 7.6 0.823 8.5 1.023 1.62×104 7.6 0.823 8.5 1.024
1×1010 2.01×104 9.2 0.820 8.7 1.024 2.01×104 9.2 0.820 8.7 1.025
2×1010 2.49×104 11 0.816 8.9 1.025 2.49×104 11 0.816 8.9 1.025
5×1010 3.29×104 15 0.812 9.2 1.025 3.29×104 15 0.812 9.2 1.026
1×1011 4.11×104 19 0.809 9.4 1.026 4.11×104 19 0.809 9.4 1.026
2×1011 5.05×104 24 0.807 9.5 1.026 5.05×104 24 0.807 9.5 1.027
5×1011 6.60×104 32 0.805 9.7 1.027 6.60×104 23 0.805 9.7 1.027
1×1012 8.36×104 40 0.804 9.9 1.027 8.36×104 40 0.804 9.9 1.027
2×1012 1.02×105 51 0.804 10 1.027 1.02×105 51 0.804 10 1.027
5×1012 1.31×105 73 0.805 10 1.027 1.31×105 73 0.805 10 1.027

TABLE IV. Similar to Table III, but for the neutral current case.

Eν [GeV] σZνI [pb] δσZνI½%� RZ
νO δRZ

νO½%� R
νðZÞ
H2O=O

σZν̄I [pb] δσZν̄I ½%� RZ
ν̄O δRZ

ν̄O½%� R
ν̄ðZÞ
H2O=O

5×101 0.0935 1.2 0.992 0.9 0.994 0.0480 2.1 0.986 1.3 1.001
1×102 0.193 1.3 0.991 0.9 0.995 0.104 2.1 0.985 1.3 1.001
2×102 0.389 1.3 0.990 0.9 0.995 0.217 2.1 0.985 1.2 1.001
5×102 0.969 1.2 0.989 0.9 0.995 0.563 2.0 0.983 1.2 1.002
1×103 1.90 1.2 0.987 0.9 0.996 1.14 1.9 0.982 1.1 1.002
2×103 3.67 1.2 0.986 0.9 0.996 2.27 1.8 0.980 1.1 1.002
5×103 8.42 1.2 0.985 0.9 0.997 5.48 1.7 0.979 1.2 1.002
1×104 1.51×101 1.1 0.984 0.9 0.997 1.03×101 1.6 0.978 1.2 1.002
2×104 2.57×101 1.2 0.981 1.0 0.998 1.88×101 1.5 0.976 1.2 1.002
5×104 4.82×101 1.2 0.974 1.1 0.999 3.84×101 1.5 0.971 1.4 1.002
1×105 7.38×101 1.3 0.966 1.3 1.001 6.25×101 1.5 0.965 1.6 1.003
2×105 1.10×102 1.4 0.954 1.6 1.002 9.77×101 1.6 0.957 1.8 1.004
5×105 1.78×102 1.6 0.947 2.1 1.005 1.67×102 1.7 0.943 2.3 1.006
1×106 2.52×102 1.7 0.934 2.7 1.007 2.41×102 1.8 0.931 2.8 1.008
2×106 3.51×102 1.9 0.921 3.2 1.009 3.42×102 1.9 0.918 3.3 1.009
5×106 5.33×102 2.1 0.904 4.0 1.011 5.26×102 2.2 0.903 4.1 1.012

(Table continued)
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cross section can be obtained with Eq. (17) and uncertainty
with Eq. (18).

APPENDIX B: THE IMPORTANT ðx;QÞ
KINEMATICS

In Sec. II A, we have performed the two separate scans
over xmin and Qmin in the low-x and low-Q region. We
found the extrapolation region only makes up to a percent
level for the total cross sections. These scans can be
extended to higher x and larger Q values, which can give
us an idea of the integration contribution from various
kinematic ðx;QÞ regions. A more transparent and direct
way can come from a joint two-dimensional scan of xmin
and Qmin. Therefore, we perform the integration of Eq. (9)
in the trapezoid region,

Q∈ ½Qmin;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mNEν

p

�; x∈ ½maxðxmin;Q
2=ð2mNEνÞ;1�:

ðB1Þ

With a few representative energies, we show the
percentage of the total cross section as contour plots in
Fig. 22. The projections to one-dimensional xmin and
Qmin directions are plotted in Figs. 23 and 24, similar
to Figs. 3 and 4. We found that the integrated cross
sections decreases drastically around Qmin ∼MW;Z and
x ∼ xW;Z ¼ M2

W;Z=ð2mNEνÞ. It indicates that a large part
of the total cross section comes from the integration around
the region ðx;QÞ ∼ ðM2

W;Z=ð2mNEνÞ;MW;ZÞ, which we call
the important ðx;QÞ kinematics. This can be understood
naturally in terms of the integration in Eq. (3). On one side
in the asymptotic limitQ ≫ MW;Z, the integrand dies away

quickly due to the suppression from the prefactor,
1=ð1þQ2=M2

W;ZÞ2. That is, the large-Q region does not
contribute much to the total cross section in the integration.
Conversely, for Q ≪ MW;Z, the prefactor becomes a con-
stant; in that case, the integration is mainly driven by the
region with large structure functions. In comparison with
F2, FL, and F3 are generally small. Due to the DGLAP
evolution effect, F2 generally increases with the scale, Q2,
which can be seen in some simplistic parametric forms,
such as those of Refs. [128–130]. Consequently, the weight
contribution to the cross section integration grows with
energy Q, which is explored in Ref. [44] and leads to the
Froissart bound [98,131].

APPENDIX C: THE EARTH ABSORPTION

The neutrinos measured at the IceCube can come from
both the northern and southern skies. The neutrinos from
the northern sky need to pass through the whole earth
before arriving at the IceCube detectors located at the
geographic South Pole. As a result, the upward-going
events, proportional to the neutrino arrival flux with the
zenith angle θ∈ ½90°; 180°�, are subject to the Earth’s
absorption rate, which in turn depends on neutrino
scattering cross sections. The IceCube collaboration
has taken the CSMS calculation [35] in the corresponding
experimental simulation and event analyses, for the
neutrino DIS cross sections based on up-going muon
neutrinos [12] and the high-energy starting events
(HESE) sample [13].
Recall that high-energy neutrinos detected at IceCube

mainly come from atmospheric and astrophysical

TABLE IV. (Continued)

Eν [GeV] σZνI [pb] δσZνI½%� RZ
νO δRZ

νO½%� R
νðZÞ
H2O=O

σZν̄I [pb] δσZν̄I ½%� RZ
ν̄O δRZ

ν̄O½%� R
ν̄ðZÞ
H2O=O

1×107 7.20×102 2.3 0.892 4.6 1.013 7.14×102 2.4 0.891 4.6 1.013
2×107 9.64×102 2.6 0.881 5.2 1.015 9.60×102 2.6 0.881 5.2 1.015
5×107 1.40×103 2.9 0.869 5.9 1.016 1.40×103 2.9 0.869 5.9 1.017
1×108 1.84×103 3.2 0.861 6.4 1.018 1.83×103 3.2 0.861 6.3 1.018
2×108 2.40×103 3.6 0.854 6.8 1.019 2.41×103 3.6 0.854 6.8 1.019
5×108 3.36×103 4.2 0.846 7.3 1.020 3.42×103 4.2 0.846 7.3 1.020
1×109 4.30×103 4.8 0.840 7.6 1.021 4.30×103 4.8 0.840 7.6 1.021
2×109 5.48×103 5.6 0.835 7.9 1.022 5.48×103 5.6 0.835 7.9 1.022
5×109 7.51×103 7.0 0.830 8.3 1.023 7.51×103 7.0 0.830 8.3 1.023
1×1010 9.54×103 8.4 0.826 8.5 1.023 9.54×103 8.4 0.826 8.5 1.023
2×1010 1.21×104 10 0.822 8.8 1.024 1.21×104 10 0.822 8.8 1.024
5×1010 1.63×104 13 0.817 9.0 1.025 1.63×104 13 0.817 9.0 1.025
1×1011 2.01×104 16 0.814 9.2 1.025 2.01×104 16 0.814 9.2 1.025
2×1011 2.51×104 21 0.812 9.4 1.026 2.51×104 21 0.812 9.4 1.026
5×1011 3.33×104 28 0.809 9.6 1.026 3.33×104 28 0.809 9.6 1.026
1×1012 4.11×104 35 0.808 9.7 1.026 4.11×104 35 0.808 9.8 1.026
2×1012 5.07×104 45 0.808 9.9 1.026 5.07×104 45 0.808 9.9 1.026
5×1012 6.67×104 61 0.809 10 1.026 6.67×104 61 0.809 10 1.026
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FIG. 22. The ratio contours of neutrino-isoscalar DIS cross sections with variations of integration limits ðxmin; QminÞ, with respect to

the maximal one with xmin ¼ Q2

2mNEν
and Qmin ¼ 1 GeV.

FIG. 23. Similar to Fig. 3, but with an extendedQmin scan, as a projection of Fig. 22 to theQmin direction with xmin ¼ Q2

min=ð2mNEνÞ.
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resources [132,133]. Based on the simplest single-power-
law flux model, the neutrino flux can be parametrized as

ΦνðEνÞ ¼ ϕ ·

�

Eν

100 TeV

�

−γ

; ðC1Þ

where ϕ indicates the value at Eν ¼ 100 TeV, and γ is the
power law spectral index, with both fitted from astro-
physical data [132,133]. The event rate of upward-going
neutrino-induced muons observed in the IceCube
observatory can be written as

Nνðν̄ÞðEν; θÞ ∼ σW
νðν̄ÞðEνÞΦνðEνÞPtransðEν; θÞ: ðC2Þ

Here, σW
νðν̄ÞðEνÞ is the charged-current cross section of the

(anti)neutrino scattered with the IceCube material, such
as H2O. PtransðEν; θÞ denotes the neutrino’s transmission
(or survival) probability when passing through the earth
in the direction of zenith angle θ. For neutrino travels
through the path of chord z∈ ½0; L ¼ 2Rj cos θj� as shown

in Fig. 25 (left), the transmission probability can be
obtained in terms of

PtransðEν;θÞ¼
Y

Δz

PααðEν;ΔzÞexpf−Δz=λðr;EνÞg: ðC3Þ

PααðEν;ΔzÞ is the oscillation probability of neutrino
flavor α ¼ e, μ, τ. Also, λðr; EνÞ ¼ 1

nNðrÞσνðν̄ÞðEνÞ is the

mean-free path, which depends on the Earth’s nucleon
density nNðrÞ ¼ ρEðrÞ=mN at a distance to the Earth
center as

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðR sin θÞ2 þ ðRj cos θj − zÞ2
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ z2 þ 2Rz cos θ
p

; ðC4Þ

as well as the absorption cross section σνðν̄ÞðEνÞ ¼
σW
νðν̄ÞðEνÞ þ σZ

νðν̄ÞðEνÞ, including both NC and CC scatter-

ings. In principle, neutrino-electron scattering should be

FIG. 24. Similar to Fig. 4, but with an extended xmin scan as a projection of Fig. 22 to the xmin direction.

FIG. 25. Left: a schematic path for neutrino traveling through the chord in the direction of zenith angle θ. The Earth’s internal structure
is assumed to be spherical symmetric, with density (right) taken from the preliminary reference Earth model (PREM) [137].
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included as well. However, the corresponding cross
section only contributes at most 2%–3% to the total rate
[134], with an exception around the Glashow resonance
region.3 As a consequence, we will neglect these minor
effects in this estimation.
Moreover, we consider the Earth’s isotopic constituents

as isoscalars and neglect the nuclear effect, which in
principle can be included when knowing the Earth’s
element abundances [138]. Furthermore, the NC inter-
actions, as well as the τ decays in ντ CC scattering, will
“regenerate” neutrinos with lower energies, which is not
considered here. Integrating out the exponent in Eq. (C3)
ends up with [139]

PtransðEν; θÞ ¼ PααðEν; LÞ expf−XðθÞσðEνÞg; ðC5Þ

where

PααðEν; LÞ ¼ 1 − sin2 2θαα sin2
Δm2

ααL

4Eν

≃ 1; ðC6Þ

when Eν ≳ 1 TeV [1], and

XðθÞ ¼
Z

L¼2Rj cos θj

0

dzρE
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ z2 þ 2Rz cos θ
p

�

=mN :

ðC7Þ

Here, ρEðrÞ is the earth matter density, which can be
assumed to be spherically symmetric from the preliminary
reference Earth model (PREM) [137], as shown in
Fig. 25 (right).

Knowing the neutrino cross sections from the CT18 and
CSMS predictions, we can calculate the transmission
probability, with results shown in Fig. 26, with the
CSMS one agreeing with the IceCube simulation quite
well [12]. However, we note that as shown in Fig. 18, the
CT18 prediction yields a smaller cross section than the
CSMS one by about 10 percent, hence giving a larger
transmission probability. Consequently, from Eq. (C2), for
a given number of observed event Nνðν̄Þ, the CT18
predictions would give a smaller product of σW

νðν̄ÞΦνðEνÞ
as compared to the CSMS prediction. This would have an
entangled impact on the final measured cross section as
well as other parameters, such as ϕ; γ obtained by the
IceCube analysis [12,113].
Assuming a well-determined astrophysical neutrino flux,

the IceCube Observatory may measure the neutrino cross
section without being affected by the earth’s absorption. In
other words, neutrino events from the Southern Sky could
be used to determine the neutrino cross section in better
systematics if enough statistics, due to the advantage of
being free from the Earth model of the nuclear isotopic
abundance, density, and other parameters. However, this
method faces a disadvantage due to a large background of
cosmic-ray muon events in the ice Cherenkov detector as
well as lower statistics. A more complete work remains to
be done with experimental simulations.

APPENDIX D: NEUTRINO-ELECTRON

SCATTERINGS AND THE GLASHOW

RESONANCE

In addition to scattering from QCD matter as explored
above, neutrinos can also interact with electrons, as
representative diagrams shown in Fig. 27. Different from
neutrino-nucleon scattering, which involves nonperturba-
tive parton structures, neutrino-electron scattering is fully
perturbative in terms of the EW interaction. We show the

FIG. 26. The neutrino (left) and antineutrino (right) transmission probability Ptrans when passing the Earth, based on the CT18 and
CSMS predictions for neutrino-isoscalar charged- and neutral-current DIS cross sections. The small thin bands correspond to the CT18
PDF variation.

3See Appendix D for its details. Meanwhile, as pointed in
Refs. [135,136],W-boson production (WBP) will also contribute
to the Earth’s absorption, albeit with a smaller size, due to
the suppression of the nucleon’s photon content as well as the
W-boson threshold.
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corresponding cross sections compared with the (anti)
neutrino-nucleon DIS cross section without nuclear cor-
rections in Fig. 28. The detailed description of the (anti)
neutrino-nucleon cross section can be found in Sec. III A.
Generally speaking, the (anti)neutrino-electron cross sec-
tions are 2 or 3 magnitudes smaller than the neutrino-
nucleon ones.
Similar to nucleon ones, neutrino-electron scatterings

involve both the charged and neutral current interactions
mediated by W and Z bosons. The neutral-current cou-
plings are smaller than the charged-current ones, which
explains the smaller cross sections for the processes

νμe
−!Z νμe

− and ν̄μe
−!Z ν̄μe

− than νee
−!W;Z

νee
− and

νμe
−!W νeμ

−. For sole NC scatterings, νμe
−!Z νμe

− is

more-or-less the same for ν̄μe
−!Z ν̄μe− due to the same

coupling, while the minor difference is originated from the

spin correlation. In comparison, νee
−!W;Z

νee
− gives a

smaller (larger) cross section than νμe
−!W νeμ

− when
Eν ≲ 108 GeVðEν ≳ 108 GeVÞ, as a result of the

destructive (constructive) interference between CC and
NC interactions. The tau-neutrino cross sections behave
more-or-less the same as the muonic ones, with only a
minor correction from the heavier tau mass whenever a
final-state tau lepton shows up.
Distinct from scattering off nucleons, a new process

emerges in the form of s-channel Glashow resonance [140]
production, depicted in Fig. 27 (right). The corresponding
cross section can be written as [141]

σWðs-chÞ ¼ 24πΓ2
WBðW−

→ e−ν̄eÞBðW−
→ ff̄0Þ

×
s=M2

W

ðs −M2
WÞ2 þ ðMWΓWÞ2

; ðD1Þ

where BðW−
→ ff̄0Þ is the corresponding decay branch

fraction. Here, W bosons can subsequently decay into
leptons as well as hadronic final states. The resonance peak
appears at

s¼ 2meEν ¼M2
W⇒ Eν ¼

M2
W

2me

≃ 6.32× 106 GeV: ðD2Þ

A sizable higher-order correction is found in Ref. [134],
which is beyond the precision in our estimation. In
comparison with other resonance decay channels, the

ν̄ee
−

⟶

Wðs-chÞ;Z
ν̄ee

− scattering also involves the neutral-
current interaction, via the t-channel Z-mediated diagram
also shown in Fig. 27, which dominates the high-energy

tail. In contrast, the ν̄ee− ⟶

Wðs-chÞ
ν̄μμ

− scattering involves only
the CC interactions via s-channel diagram, resulting in a
suppressed cross section at high neutrino energies. In the
IceCube measurement, one Glashow resonance event was
reported around the neutrino energy Eν ¼ ð6.05� 0.72Þ ×
106 GeV [112]. When neutrinos pass the earth, the
neutrino-electron scattering will contribute to the Earth’s
absorption. However, in comparison with the neutrino-
nucleon (or -nucleus) cross sections shown in Fig. 20, the
neutrino-electron process is generally much smaller, being
negligible for most scenarios.

FIG. 27. Feynman diagrams for the neutrino-electron scattering.

FIG. 28. Comparison of the neutrino-electron and neutrino-
isoscalar DIS scattering cross sections. The neutrino-isoscalar
cross section is directly taken from the CT18 predictions without
nuclear corrections.
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