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Abstract Neutrino telescopes can observe neutrino interactions starting at GeV energies by sampling a
small fraction of the Cherenkov radiation produced by charged secondary particles. These experiments
instrument volumes massive enough to collect substantial samples of neutrinos up to the TeV scale as well
as small samples at the PeV scale. This unique ability of neutrino telescopes has been exploited to study
the properties of neutrino interactions across energies that cannot be accessed with man-made beams.
Here, we present the methods and results obtained by IceCube, the most mature neutrino telescope in
operation, and offer a glimpse of what the future holds in this field.

1 Introduction

Neutrino telescopes are large-volume, massive, sparsely
instrumented detectors that monitor a natural medium
for signatures of neutrino interactions. These interac-
tions are detected via the Cherenkov radiation emit-
ted by the charged secondaries produced in them; the
instrumentation samples a small fraction of the emitted
radiation and its time of arrival and intensity at each
sensor is used to infer the particles present and their
properties.

At low energies, the sparseness of the sensor array
dictates its energy threshold. At high energies, the sen-
sitivity is limited by low neutrino fluxes and the chal-
lenge of instrumenting ever larger volumes. Beyond PeV
energies, UV Cherenkov detectors are no longer prac-
tical, and other technologies such as radio or acoustic
detection are necessary [1].

For most of the energy range that neutrino tele-
scopes cover—a few GeV and above—neutrinos inter-
act mainly with nucleons via deep inelastic scatter-
ing (DIS). One exception happens near the detector
threshold, where neutrinos can be detected after quasi-
elastic (QE) interactions with nucleons or after excit-
ing a nucleon to a resonant state. Another special case
occurs in a narrow energy range around 6.3 PeV, where
ν̄e − e− interactions dominate to produce an on-shell
W− boson [2].
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Accelerator-based cross section measurements exist
up to a few hundreds of GeV [3]. In this energy region,
uncertainties in cross sections impact the understand-
ing of oscillation data and need to be accounted for.
Above ∼ 300GeV, however, neutrino telescopes serve
as our only probe of weak interactions. Moreover, due
to the large detection region of these experiments, they
can also be used to search for rare weak processes at all
energies, such as neutrino trident production [4].

The largest neutrino telescope in operation to date,
the IceCube Neutrino Observatory [5], uses ice as its
Cherenkov medium. While this review focuses on Ice-
Cube results, the discussions are applicable to other
projects. In Sect. 2 we begin by describing the basics of
the IceCube detector, expected signals and event recon-
struction, and the general analysis strategy that these
studies follow. In Sect. 3 we cover how neutrino cross
sections are modeled, while Sect. 4 goes over the origin
of the neutrinos fluxes used. Section 5 describes cross
section measurements and studies where their uncer-
tainties play a major role. We conclude in Sect. 6 with
a discussion of future projects and their relevance for
neutrino interaction studies.

2 The data of the IceCube Neutrino
Observatory

2.1 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory [5], illustrated
in Fig. 1, is located at the geographic South Pole,
Antarctica. The glacial ice and the bedrock below
serve as interaction targets for incoming neutrinos. A
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Fig. 1 Left: The IceCube Neutrino Observatory [5]. The
IceTop surface array is shown with the IceCube in-ice array,
including DeepCore. Right: Top and side views of the detec-

tor [6]. The red curve on the left shows optical absorption
coefficient as a function of depth. A dust layer (grey band)
splits the detector in two

downward-facing 25.4 cm photo-multiplier tube (PMT)
and accompanying electronics are enclosed in a pressure
resistant glass sphere to make a digital optical module
(DOM), the detection unit of IceCube.

The 5160 DOMs that form the array are distributed
within roughly 1 km3 of ice. Here, 60 DOMs are
attached on each string, which were lowered into a hole
drilled in the ice during deployment. DOMs are located
at depths between 1450 to 2450 m from the top of the
ice sheet, and each string is separated roughly by 125 m
to make a hexagonal grid of 79 strings. 7 strings are
distributed near the center, with closer string separa-
tion to detect lower-energy particles, in a volume called
DeepCore [7]. Analyses are typically classified as low
energy (≤ 100 GeV) if they mainly rely on DeepCore
data.

The large difference in sensor spacing between verti-
cal and horizontal planes can be seen in Fig. 1, right,
which shows the top and the side views of the detec-
tor [6]. This, together with PMTs that point down-
wards, makes the detector performance depend signif-
icantly on the position and direction of the particles
observed. Figure 1 also shows a layer of dust with very
high scattering and absorption that lies at a depth
between approximately 1980 and 2080 m [8,9]. Analyses
will typically avoid this region due to its poor optical
properties.

2.2 Interaction kinematics and event
reconstructions

The light collected by the DOMs is used to establish the
type of charged particle identified (PID), its energy and
its direction [10]. After that, different signal hypotheses
might be used to determine the properties of the neu-
trino responsible for the particles observed. Examples of
neutrino-interaction signatures in IceCube are shown in
Fig. 2. Note, neutrinos and antineutrinos are indistin-
guishable by neutrino telescopes with a few exceptions.

Muons above tens of GeVs travel distances long
enough to produce a noticeable “track-like” pattern
(Fig. 2, top and bottom left) in a sparse detector like
IceCube, so this topology is used to distinguish them
from other particles. Their extension together with the
arrival time of their Cherenkov light are crucial for
establishing their travel direction. Their energy is esti-
mated from a combination of track length and bright-
ness, and the method depends on the energy scale of
the muon and whether the track is contained in the
instrumented volume.

Muons with an energy below 700 GeV in ice lose their
energy mainly via ionization [14], a constant process
that allows the muon to travel roughly 4.5 m/GeV.
Above this energy, stochastic radiative processes that
scale with the muon energy dominate [15]. The energy
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Fig. 2 Examples of neutrino interaction signatures in Ice-
Cube. DOMs that have observed light are represented as
spheres with their size proportional to the number of photo-
electrons detected and their color representing the time of
the first hit going from red (early) to blue (late). IceCube
events are shown on the top panels [11] while bottom pan-

els correspond to low energy events in DeepCore [12,13].
IceCube event displays include “track” (top left), “cascade”
(top middle), and simulated “double-cascade” (top right).
Low energy event displays are for simulated “track” (bottom
left) and “cascade” (bottom right)

of contained muons is thus estimated mainly by their
range, which can be practically done up to 200 GeV.
Once the muons are not contained energy estimates
rely on their stopping power. The energy reconstruction
from stochastic energy deposit can provide a lower limit
on the through going muon energy [10] and the resolu-
tion can be refined by detailed treatments of dE/dx [16].

The directional resolution for muon tracks goes from
5◦ to 10◦ near the low energy threshold [17] to sub-1◦
above 1 TeV [15]. The energy estimation for contained
muons in the minimum ionizing regime has an error of
about 10 GeV [18], while in the radiative regime muon
energy estimators range from 40% error at 3 TeV to
about 30% at 1 PeV [10].

Apart from muons, all other charged leptons and
hadrons initiate a cascade of secondaries. These cas-
cades develop over a few meters in the longitudinal
direction, and the secondaries spread in the trans-
verse direction, so for a neutrino telescope they appear
point-like (Fig. 2, top middle and bottom right). This
results in a significant spread in the overall light direc-
tion making their directional reconstruction more chal-
lenging than for tracks, giving a directional resolu-
tion of approximately 15◦, depending on the energy
range [10,19]. On the other hand, due to their local-
ization, the deposited energy resolution improves with
energy, starting with 30% below 100 GeV [19] down to
8% at 100 TeV [10].

The flavor and kinematic properties of the neutrino
responsible for an observed event are reconstructed by

putting together the pieces described above. The pres-
ence of a track indicates a νμ(ν̄μ) charged-current (CC)
interaction, while all other DIS interactions result in
cascades. Muon neutrinos with an interaction vertex
inside the detector thus contain the most information.
For these interactions the neutrino energy can be esti-
mated by summing up muon and hadronic shower ener-
gies (Eν = El +Eh), the invariant mass of the hadronic
system is W =

√
2EνM , where the target is usually

assuming nucleons at rest with mass M , the inelastic-
ity y is y = Eh/Eν and their direction can be estimated
by that of the muon.

All neutral-current (NC) interactions, νe(ν̄e)CC, and
most ντ (ν̄τ )CC cannot be distinguished, and the neu-
trino energy can only be estimated after assuming a
particle hypothesis from an expected flux. Interactions
of ντ (ν̄τ )CC can be an exception when the high-energy
τ lepton carries enough energy to travel a few meters
(∼ 50 m·Eτ/PeV) before decaying, producing a double
cascade signature (Fig. 2, top right). Two candidates
have been identified already using this method [20–22].
Searching for light “echo” has also been proposed as
a statistical method for identifying ντ (ν̄τ )CC [23,24].
Similarly, distinction between particles and antiparti-
cles is not possible on an event-by-event basis, and can
only be done statistically, although there are on-going
efforts to tag small subsets of events using decay times
of muonic atoms [25–27].
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Fig. 3 Forward-folding flowchart as adapted from [28].

To measure signal parameters, �θ, a maximum-likelihood
approach is used based on MC simulation and event-by-
event reweighting. At the generation step, physical pro-
cesses are simulated for signal (background) according

to some distribution f(�θ, �η) (g(�η, �ηb)), where �η (�ηb) are
joint (background-only) nuisance parameters. The gen-
eration output—typically true particle kinematics and

PID—is then fed into a realistic detector simulation,
which yields a representation of experimental, raw data.
The representative and experimental data can both be
reconstructed to obtain inferred event kinematics and
PID, which are histogrammed to construct a likelihood,

L(�θ; �η, �ηb|�k). The MC can be reweighted to different physi-
cal hypotheses as signal and nuisance parameters are varied

2.3 Data analysis strategy

IceCube analyses require Monte Carlo (MC) simula-
tion sets that are compared with data. This process
begins by producing enough statistics of each of the
types of interactions expected in the detector and, in
some cases, sets that mimic possible overlaps. The sim-
ulation is subject to processes that mimic the detector
response to light, triggering and filtering. After that,
data and simulation are treated in the exact same way,
going through the same event selection and reconstruc-
tion steps. At the end of the process both data and
simulation have been affected by any biases introduced
by these steps.

A quantitative comparison of simulation to data is
achieved by histogramming both sets in the space of
these reconstructed quantities, typically track and cas-
cade energy as well as direction, and constructing a
likelihood. The histogram of the data in these vari-
ables is compared to the one produced from the sum
of all the components from the simulation. In cases
where there is low statistics in simulation relative to
data, modifications to the standard Poisson likelihood
can be used to mitigate biases due to MC fluctua-

tions [28,29]. The simulation is adjusted to match the
data using event-by-event weights to find the set of
values that result in the best possible match using a
maximum likelihood estimator (MLE)—or maximum a
posteriori probability (MAP) estimator in the Bayesian
approach. Uncertainties are obtained by exploring the
results in the vicinity of the MLE or MAP. The proce-
dure outlined above is sometimes referred to as “for-
ward folding” and it is the one used in the stud-
ies described here. The full process is depicted in
Fig. 3.

The simulation weights can be modified to introduce
effects expected to impact the data, which might come
from the physical theory being tested or from imprecise
knowledge of the ingredients required to build the sim-
ulation. Of particular interest for neutrino telescopes
are uncertainties from the detection process, namely
the optical properties of the detection medium and
the detector response. These detection uncertainties are
included by simulating equivalent sets with modified
descriptions of detector and medium. The sets are com-
bined to produced parameterizations of these uncer-
tainties [6,30], which results in detection systematic
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uncertainties becoming another weighting factor for the
simulation.

3 Neutrino interaction simulation for
neutrino telescopes

3.1 Low-energy neutrino interactions

The neutrino interactions observed by DeepCore, the
low energy extension, can be as low as 6 GeV. Thus,
the physics and tools must overlap with neutrino inter-
action physics in current and future accelerator-based
neutrino experiments [31]. To simulate low energy neu-
trino interactions, GENIE 2.8.6 [32] was used for recent
DeepCore analyses [6,19]. Here quasi-elastic interac-
tions are based on the Fermi gas model, and the
Rein–Sehgal model is used to simulate baryonic reso-
nance (RES) and coherent meson productions includ-
ing Delta and higher resonances [33,34]. The DIS model
uses LO GRV98 PDF [35] with Bodek–Yang correc-
tion at the low Q2 region motivated from quark-hadron
duality [36–38]. At low W region hadronization model
is based on the empirical fits and KNO-scaling [39]
with neutrino bubble chamber data, but at high W ,
PYTHIA6 [40] is used. The AGKY model [41,42] is
used to connect models in the shallow-inelastic scat-
tering (SIS) region [43,44] smoothly, from the baryonic
resonance to DIS, and low W to high W hadronization
models. The physics in this region, in particular QE
and RES dominant energy region, is an active research
field and many systematic errors are developed by oth-
ers [45–47], but for the DeepCore analysis DIS is the
dominant channel. Neutrino SIS-DIS events show large
data-model discrepancy [48] in nuclear target and this
is not understood. There is a speculation that the target
dependence could be large and nuclear dependent PDF
may be different in charged leptons and neutrinos [49–
52]. Around 1–10 GeV, several cross-section channels
contribute to neutrino interactions simultaneously, and
it is challenging to connect all models consistently in
the simulation.

3.2 High-energy neutrino interactions

IceCube relies on the CSMS neutrino interaction model
[53] for simulation of events above 100 GeV. In the
CSMS model, the cross-section is defined for the
isoscalar target and NLO PDFs from CT10 [54] and
HERAPDF1.5 [55] are used. Here, sea quarks include
up to b quarks. The total cross-section prediction cov-
ers from 50 GeV to 1011 GeV for both neutrino and
antineutrino, CC and NC, and the predicted error of the
cross-section is around 2% at 60 TeV to 10 PeV. In the
simulation, the total CSMS cross section is chosen and
then it samples the energy and direction of final state
daughter leptons according to the standard formula-
tion. A new NLO (CSMS) and NNLO (BGR18 [56,57])

framework to extend the GENIE interaction generator
to this energy regime is being built [58].

Neutrino telescopes use natural materials as a tar-
get. Examples are sea water, the Antarctic ice, and the
bedrock, which include heavy nuclear targets and not
isoscalar. Therefore, the nuclear effect of high-energy
neutrinos needs to be evaluated [59]. For this, the struc-
ture functions are written for non-isoscalar targets, and
the nuclear PDF EPPS16, developed by p − Pb colli-
sion data from the LHC [60], is used. There are many
ways these effects can affect cross-section measurements
in IceCube. First, neutrinos passing through the Earth
core are affected since the Earth core contains heavy
elements such as iron. Second, the main target of cross-
section measurements are water molecules which are
not isoscalar. At Eν ≤ 100 TeV, the non-isoscalar effect
is important, but for the higher energy, nuclear effects
such as shadowing and antishadowing are more impor-
tant and they are predicted to be as big as ∼4% for
the total neutrino and antineutrino cross-sections [59].
Although these are important effects, they are smaller
errors compared with flux systematic errors, discussed
next.

4 Neutrino flux

Neutrino telescopes observe neutrinos produced in
Earth’s atmosphere and, at the highest energies, in
astrophysical sources. All results presented in this arti-
cle include systematic errors of atmospheric or astro-
physical neutrino flux. Below 50 TeV the Earth is essen-
tially transparent to neutrinos and the flux is expected
to come from all directions, while above it neutrinos
traveling through a sufficient chord length in the Earth
may interact prior to arriving at the detector.

4.1 Atmospheric flux of muons and neutrinos

The vast majority of events that neutrino telescopes
record arise from cosmic ray showers in the atmosphere.
As these showers develop, the hadronic component pro-
duces atmospheric neutrinos and cosmic muons.1 Cos-
mic muons are the main source of background for
most neutrino studies in neutrino telescopes, trigger-
ing these experiments at a rate 106 times higher than
neutrinos [7]. They can be removed by means of their
reconstructed direction or by requiring that the recon-
structed neutrino vertex is inside the detector volume
with no correlated signal in an outer veto region. Most
analyses require simulating large cosmic muon datasets
to properly include their impact on the signal of inter-
est.

The dominant signal for most studies discussed in
this paper are atmospheric electron and muon neutri-
nos. Just like the cosmic muons, these neutrinos origi-
nate from the decay of mesons produced in atmospheric

1 For a comprehensive overview of this topic, see [61].
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Fig. 4 Atmospheric neutrino fluxes for νe + ν̄e (left) and νμ + ν̄μ (right), broken down by their parent particle as given
by the hadronic interaction model Sibyll-2.3c and the H3a cosmic ray model [64] at θ = 60◦. Figure reproduced from [65]

showers. Expected fluxes from calculations are shown in
Fig. 4, where one can see that muon neutrinos are the
dominant component across all energies.

Figure 4 also contains information on the parent par-
ticle for each flavor. The decay of light mesons, π±,
K±, K0

L, and K0
S [62] gives rise to the low energy com-

ponent (≤ 50 TeV) of the spectrum, typically labeled
as “conventional”. These mesons have a long enough
half-life to interact with the atmosphere before decay-
ing. This component has been measured up to a few
hundred TeV [63]. The high energy end of the spec-
trum is expected to be dominated by the decay of D
(charmed) mesons, which decay without reinteraction
in the atmosphere, and thus is commonly referred to
as “prompt”. This transition occurs between 10 TeV
and 1 PeV, depending on the flavor and observation
direction.

Due to its short lifetime, the energy spectrum of the
prompt component is harder than the conventional one,
as seen in Fig. 4. This poses a challenge when sepa-
rating it from astrophysical neutrinos, described next.
Because of this complication, the prompt flux compo-
nent of atmospheric neutrinos has not yet been conclu-
sively measured.

4.2 Astrophysical neutrino flux

Neutrino interactions at energies beyond atmospheric
neutrinos (� 60 TeV) are measured using the astro-
physical neutrino flux. These are mainly diffuse, namely
the flux is roughly isotropic. For cross section mea-
surements, the flavor structure is typically assumed
to be (νe:νμ:ντ ) ∼ (1/3:1/3:1/3) at Earth, consis-
tent with data [22,66–68]. There are several candi-
date processes for the astrophysical neutrino produc-
tion model, and the preferred production model is from
pion decays where pions are produced in either p − −p

or p − −γ interactions. Similar to atmospheric neu-
trinos, this scenario predicts an initial flavor ratio of
(νe:νμ:ντ ) ∼ (1/3:2/3:0). However, due to the long
propagation distance (� 1 Mpc), large neutrino pro-
duction source (� Losc), and poor energy resolution
(ΔE/E � 1%) the arrival flux at Earth is incoher-
ent and flavor-mixed [69]. From the large mixing angle
between νμ and ντ , we expect roughly equal contri-
butions for all flavors. This situation is rather insensi-
tive to the assumed astrophysical neutrino production
model [70,71].

The spectrum of astrophysical neutrinos is still being
understood [68,72]. A standard assumption is that it is
a single power law spectrum for all flavors, ∼ Φastro ·
E−γastro where Φastro is the flux normalization and γastro
is the spectral index, which is measured between 2 and
3, depending on the sample [68,72]. To accommodate
this large uncertainty, it is common to use Φastro and
γastro as nuisance parameters in analyses, and the high-
energy neutrino cross-sections are measured with simul-
taneous constraint of the astrophysical neutrino flux
model.

4.3 Neutrino scattering in the Earth

Since the DIS cross-section increases with energy, as
energy increases the Earth is no longer transparent
for neutrinos. Thus, by assuming a neutrino flux and
a number of target nucleons along the neutrino tra-
jectory, the measured neutrino rate can be used to
find the total neutrino-nucleon cross section. To do
this, it is necessary to assume the density profile of
the Earth. The PREM (Preliminary reference earth
model) [74] is typically used for this. The PREM is
widely used in long-baseline neutrino oscillation exper-
iments to take into account the matter effect in neu-
trino oscillations [19,75–77] and high-energy neutrino
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Fig. 5 Schematic from Ref. [73] showing the implications of neutrino interactions in the Earth on the expected IceCube
arrival flux. The neutrino-earth material scattering makes the zenith-dependent effect. This becomes important at energies
above approximately 1 TeV

data are consistent with it [78]. Neutrinos producing
up-going muons in the IceCube coordinate system are
generated at the northern hemisphere (Fig. 5, left), and
their flux is attenuated at the high energy. At 50 TeV,
roughly 50% of neutrinos from the North Pole (verti-
cally up-going neutrinos in IceCube coordinates) are
scattered and do not pass through the Earth (Fig. 5,
right).

5 Neutrino interaction measurements with
IceCube data

The diffuse fluxes that IceCube measures have been
used for obtaining results both at the low and high
energy regimes. At low energies, where direct measure-
ments exist, variations of the neutrino-nucleon cross
section do not have a large impact on oscillation results
and are instead considered a source of systematic uncer-
tainty. This might change with future analyses and as
more data on ντ events are collected. At high energies,
with no other measurements available, IceCube data
can be uniquely used to probe the cross section.

5.1 Low energy neutrino analysis

IceCube low energy analyses rely on data from the
DeepCore sub-array, where events with energies down
to 6 GeV can be detected. Low energy studies using
atmospheric neutrinos as signal have mostly focused on
measuring the νμ + ν̄μ spectrum below 100 GeV. In this
regime the signature of standard oscillations is expected
to be remarkably strong, with (almost) complete dis-
appearance of νμ(ν̄μ) at 25 GeV for neutrino trajecto-

ries that cross the entire Earth. The strong disappear-
ance, together with the large statistics and the ability
to map a very large space in L/E over which oscillations
develop has made it possible for IceCube to report pre-
cise measurements of the mixing angle and mass split-
ting that govern atmospheric oscillations, namely θ23
and Δm2

32 [6,17,19].
The most recent result was obtained using a dataset

corresponding to 3 years of detector livetime and it
included a dedicated channel for cascade-like events.
Such a channel is relevant because the leading oscil-
lation effect is νμ → ντ and, being above the τ pro-
duction threshold, ντ interactions in DeepCore pro-
duce cascades. The standard oscillation picture can thus
be constrained simultaneously by the disappearance of
νμ + ν̄μ and the appearance of ντ + ν̄τ . Moreover, the
standard oscillation picture can be tested by scaling the
rate of ντ appearance with respect to the expectation
from a unitary mixing matrix. Two analyses reported
results from this study, with the most precise one reject-
ing the absence of ντ (ν̄τ )CC at 2.0σ and measuring an
appearance rate of 0.57+0.36

−0.30 with respect to the expec-
tation [6]. The results and the background subtracted
signal are shown in Fig. 6, left.

The search for ντ appearance is the most sophisti-
cated analysis of DeepCore data to date. The results
and the impact of the various uncertainties considered
in this analysis is shown in Fig. 6, right. The figure
shows the expected error reduction in the appearance
rate result after assuming each parameter is known per-
fectly. As for most low energy analyses, the imperfect
knowledge of the medium and detector response are
responsible for most of the error. The neutrino flux and
cross section come next, with some degeneracy between
them. Explicit uncertainties on the cross section are
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Fig. 6 Top left: The measured values for the rate of
appearance with respect to the expectation from unitarity
for CC+NC and CC-only results in two IceCube analyses.
Bottom left: Background-subtracted ντ signal events pro-
jected in reconstructed energy, direction and event topology.

Right: The relative impact from each systematic uncertainty
and each group on the final 1σ confidence interval width
in IceCube’s ντ appearance result. Each systematic uncer-
tainty is fixed to the best-fit value in turn and the change
in the interval is measured. Figures reproduced from [6]

the relative scaling of neutral current to charge current
interactions and the values used for the axial mass MA

for resonant and quasielastic interactions. A possible
deviation on the cross section as function of energy is
considered by an Eγ scaling factor, which is degenerate
with uncertainties on the flux.

Various DIS cross section related uncertainties were
tested but were found to either have a negligible impact
on the sample or have a small impact and be very highly
correlated with the neutrino flux normalization and the
Eγ correction factor. These are corrections on:

– Low Q2 region: As explained in Sect. 3.1, GENIE
uses the Bodek–Yang model to extend parton dis-
tribution functions to lower Q2 regions, which Deep-
Core data probes. Events were re-weighted using the
scheme provided by GENIE, which grants access to
the higher-twist parameters and valence quark cor-
rections.

– Low x region: The difference between GENIE pre-
dictions and low Bjorken-x data from NuTeV [79]
was parameterized as an function of x and used to
reweight the simulation [80].

– Hadron multiplicity: Visible inelasticity y was cal-
culated using an additional hadronization model
designed to reproduce the averaged charged hadron
multiplicity from neutrino bubble chamber data [81].
The difference was parameterized as a function of y
and then used to reweight the simulation.

Even though the ντ (ν̄τ )-nucleon cross section has not
been measured at these energies, an uncertainty on this
parameter was not considered as it would have been
completely degenerate with the tau neutrino interaction
rate measurement. This might change in future studies
with higher statistics and/or improved detectors.

5.2 Inelasticity in the TeV scale

Inelasticity (y) measurement is interesting because the
single differential cross-section dσ/dy is measurable by
neutrino telescopes with minimum inference. Inelas-
ticity can be used to statistically separate ν and ν̄
events at energy below ∼ 100 TeV, or this can be
used for various PIDs [68]. For νμ(ν̄μ)CC interactions
happening inside of the IceCube target volume, visi-
ble inelasticity yvis is reconstructed. Photons from the
hadronic shower make a cascade energy deposit Ecasc

at the interaction vertex, and the fit can find both Ecasc

and the track energy deposit Etrack from the muon
track. Then visible energy deposit (estimator of neu-
trino energy) Evis = Ecasc+Etrack and visible inelastic-
ity yvis = Ecasc/Evis are reconstructed. Ecasc is lower
than the true hadron shower energy deposit, this also
makes both Evis and yvis to be lower than true neutrino
energy and true inelasticity.

Figure 7 shows the measured inelasticity distribution
in different visible energy bins. Data are consistent with
predictions based on the CSMS model [53]. Due to the
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Fig. 7 Reconstructed visible inelasticity distributions with
different visible neutrino energy bins [68]. CSMS model pre-
dictions on νμCC (blue solid), ν̄μCC (blue dashed), CC

charm (magenta), and the sum (brown) are shown. Green
dashed line is from the parametrized model made from the
data

limited statistics and incomplete systematics, instead
of correcting the data to obtain the dσ/dy distribution,
the data are used to fit a model to extract the true
y distribution. Inelasticity distributions are binned in
five Evis regions, and they are parameterized with two
parameters in a simple model (∝ (1 + ε(1 − y2))yλ−1)
motivated from the DIS double differential cross-section
formula. Fits find λ and the mean inelasticity 〈y〉 where
ε is a function of λ and 〈y〉. As shown in Fig. 7, the fit
parameterization can reproduce the data well, and such
a model is also consistent with CSMS model prediction.

Figure 8 shows data-theory comparison of mean
inelasticity as a function of neutrino energy. Here, the
atmospheric neutrino flux prediction from Ref. [82] is
used with high-energy extrapolation (> 1 TeV) [83].
As shown in Fig. 8, the mean inelasticity is different for
neutrinos and anti-neutrinos at low energy. Inelastic-
ity is more sharply peaked at zero for anti-neutrino CC
than neutrino CC interactions (Fig. 7), and after con-
volving flux and detector effects, this structure remains
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Fig. 8 Flux-averaged mean inelasticity distribution with
function of neutrino energy. Data are compared with pre-
diction by CSMS [53]
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Table 1 Comparison of the three cross-section measurements performed with IceCube data

Publication Sample Livetime Energy range NBins Flavor PID

Ref. [73] Upgoing tracks 1 year 6.3 TeV to 980 TeV 1 μ

Ref. [86] HESE cascades 6 year 18TeV to 2 PeV 4 e

Ref. [87] HESE ternary 7.5 year 60TeV to 10 PeV 4 e, μ, τ

All analyses fixed σCC/σNC and σν/σν̄ ratios based on the Standard Model predictions. In addition, yNC = 0.25 was
assumed in Ref. [86]. Note that the e symbol in the flavor PID column includes cascades from NC interaction channels as
those are indistinguishable from CC interactions of electron (anti)neutrinos

as the higher mean inelasticity for neutrino vs. anti-
neutrino CC interactions. The difference decreases at
higher energy. Thus this energy dependent feature can
be used to break the degeneracy between atmospheric
neutrino and anti-neutrino flux predictions. The best-
fit value of the ν/ν̄ ratio is 0.77+0.44

−0.25 where R=1 is from
the simulation. Although neutrino to anti-neutrino flux
ratio depends on energy and angle, this normalization-
only fit shows the prediction [82] is consistent with the
data.

Nuclear effects are also considered for the TeV inelas-
ticity measurement [59]. The effect is the largest at
low energy (∼ 100 GeV) and it decreases with energy.
Nuclear effects are also largest at small y, but even there
they are a subdominant source of systematic uncertain-
ties.

5.3 Total DIS cross sections above TeV energies

In 2013, IceCube discovered a diffuse flux of astrophys-
ical neutrinos above 60 TeV using a sample of neutrino
interactions within a contained fiducial region of the
detector [84]. An independent confirmation was pro-
vided 2 years later by a separate sample of predom-
inantly horizontal and upgoing muons from CC muon
neutrino interactions outside the detector [85]. This pre-
sented the first opportunities to probe neutrino inter-
actions at TeV energy scales and beyond.

IceCube measures the total neutrino cross section
as a function of energy by assuming a single-power-
law flux of astrophysical neutrinos. Table 1 summa-
rizes the three published cross section measurements
using IceCube data. As the dominant interaction chan-
nel at these energies is DIS, the CSMS model [53]
is taken as a baseline model. By allowing the CSMS
cross section to scale up or down, a modification in
the expected event rate is observed in MC as a func-
tion of the reconstructed energy and zenith angle. The
zenith angle is defined in IceCube detector coordinates
such that cos(θ) = 1(−1) corresponds to a down(up)-
going neutrino. Figure 9 is from the high-energy start-
ing event (HESE) selection sample where the left panel
shows the expected rate for three different scalings of
the CSMS cross section, σCSMS marginalizing over the
reconstructed energy [87]. The data shown as black
error bars is described in detail in [72] and covers the
full zenith range. Two important features are notice-

able immediately from the figure. First, in the South-
ern sky (cos(θ) > 0) the effect of a scaled cross section
is approximately linear. Second, in the Northern sky
(cos(θ) < 0) the effect of scaling the cross section affects
the shape of the expectation rate via the Earth attenu-
ation effect such that a 5×σCSMS cross section falls off
much more steeply as a function of the chord length in
the Earth. The cross section can thus be measured by
finding the scaling that best fits the data.

5.3.1 Measurement using throughgoing tracks

In Ref. [73], an overall cross section measurement was
performed with a 79-string configuration from 2010-
2011 based on a subset of the events in Ref. [85].
In this analysis, 10,784 up-going high-energy muons
are detected with less than 0.1% background from the
79-string configuration in bins of reconstructed zenith
angle and energy. Although the angle can be measured
better than 0.6◦, throughgoing muons are not entirely
contained in the detector and the neutrino energy is
estimated from dE/dx and MC to within roughly a
factor of 2. Assuming a fixed CC-to-NC cross section
ratio, a binned forward-folding fit finds a cross section
of 1.30+0.21

−0.19(statistical)+0.39
−0.43(systematic) times that of

the Standard Model in the energy range 6.3 TeV to
980 TeV. The result, shown in Fig. 10, exhibits a devi-
ation of the DIS cross-section from a linear increase
with energy at around 3 TeV, due to the suppres-
sion of the finite gauge boson mass in the propagator
(∼ (Q2 + M2

W )−1). Although this is known Standard-
Model effect, it is the first time to be confirmed in neu-
trino interactions.

While the sample is dominated by muons induced
from muon neutrino CC interactions in the region
surrounding the instrumented region, NC interactions
affect the event rate by cascading neutrinos down
to a lower energy thus changing the arrival flux at
IceCube. The astrophysical flux is centered on the
result from [67], which combines six previously stud-
ied samples in a maximum-likelihood fit of the dif-
fuse astrophysical neutrino flux. Systematic uncertain-
ties on the astrophysical and atmospheric neutrino flux,
global energy scale, ice modeling, density of the Earth,
atmospheric pressure, and angular acceptance of pho-
tosensors were taken into account [73]. However, the
method by which they were evaluated differ. First,
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Fig. 9 Figure reproduced from Ref. [87]. Left panel: Zenith
distribution of observed events (black error bars) in the
HESE selection above 60 TeV compared to MC expectation
rates from three different settings of σCSMS (blue, orange,
and green lines). The effect of a scaled DIS cross section is
linear in the southern sky (cos θ > 0) while also changing the
arrival flux from the northern sky (cos θ < 0). Right panel:

The black error bars show the frequentist result obtained
from fitting the cross section scaling parameters in four dif-
ferent energy bins to the data. The result from Ref. [73]
is shown as the shaded gray region. Two predictions from
Ref. [53] and Ref. [88] are shown as the dashed-black line
and solid-blue line, respectively

Fig. 10 Total muon (anti)neutrino cross section mea-
sured by IceCube using a sample of predominantly
upgoing and horizontal muon neutrinos [73]. The result
of 1.30+0.21

−0.19(statistical)+0.39
−0.43(systematic) times σCSMS is

applied to a weighted combination (red line) of σν and σν̄

and shown as the black line and red shaded region

eight parameters describing the conventional, prompt,
and astrophysical normalizations (3), the conventional
and astrophysical spectral index (2), kaon-to-pion ratio
(1), muon neutrino-to-antineutrino ratio (1), and global
energy scale uncertainty (1) were included as nuisance
parameters directly in the fit. A total uncertainty of
1.30+0.30

−0.26 was obtained. Next, the statistical-only uncer-
tainty was factored out by keeping all nuisance parame-
ters fixed at their best-fit values. Finally, the remaining
systematics (ice modeling, Earth density, atmospheric
pressure, and angular acceptance) were evaluated indi-
vidually and added in quadrature on top of the system-

atic uncertainty from the fit result to obtain the total
uncertainty due to systematics.

5.3.2 Measurement using contained cascades

Following this result, which relies predominantly on
tracks, a measurement of the neutrino DIS cross section
was performed using a sample of contained cascades [86]
in the HESE selection with 6 years of public IceCube
data [89–91]. Since cascades have better energy reso-
lution the idea was to probe the DIS cross section as
a function of neutrino energy in the range 18 TeV to
2000 TeV. The analysis approximated the arrival flux
at IceCube by assuming an exponential attenuation of
the neutrino flux as a function of Eν and zenith angle.
Four energy bins were constructed and the astrophysi-
cal flux normalization and spectral index were allowed
to vary in each energy bin while assuming equal flavor
breakdowns. The atmospheric conventional flux model
assumed is from Ref. [82], while the prompt flux was
fixed to zero. Since a full MC was not available for this
analysis, the detector event rate is computed numer-
ically and a 10 % (15◦) energy (angular) uncertainty
was assumed to simulate the detector response. Three
additional simplifying assumptions were made: first the
inelasticity is set to 0.25 for NC interactions, the CC-
to-NC cross section ratio is fixed to 3, and third the
neutrino to antineutrino cross section ratio is fixed in
each bin.

5.3.3 Measurement using contained events

A DIS cross section measurement obtained using the
entire high-energy starting event (HESE) selection with
7.5 years of data [72,87] was the first to include all three
flavor proxies in the analysis [21]. The contained selec-
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tion consisted of 60 events above 60 TeV, and the cross
section was measured in four energy bins with edges
at 60 TeV, 100 TeV, 200 TeV, 500 TeV, and 10 PeV.
Four scaling parameters, x = (x0, x1, x2, x3), linearly
scale the CSMS cross section in these four energy bins,
respectively. Each event in the MC simulation can then
be reweighted by xiΦ(Eν , θν ,x)/Φ(Eν , θν ,1), where Φ
is the arrival flux as calculated by nuSQuIDS [92], Eν

is the true neutrino energy, θν the true neutrino zenith
angle, and xi the cross section scaling factor at Eν . Sim-
ilar to the other analyses, a fixed CC-NC cross section
ratio is assumed. Additionally, the astrophysical neu-
trino to antineutrino flux ratio is fixed to unity, though
its effects were studied and found to be negligible.

A forward-folding fit is then performed in the recon-
structed energy vs zenith distribution for tracks and
cascades, and in the reconstructed energy vs cascade
length separation distribution for double cascades. All
four cross section parameters are simultaneously fit-
ted in both the frequentist and Bayesian statistical
paradigms. Systematic uncertainties on the astrophys-
ical and atmospheric neutrino flux were included, with
the largest contribution due to the astrophysical spec-
trum. Detector systematics were studied and found to
be negligible. The result is shown as the black error
bars in Fig. 9 with the result from Ref. [73] shown as
the shaded grey band. The CSMS prediction is shown
as the black dashed line, while an alternative calcula-
tion from Ref. [88] is shown as the blue solid line for
σCC

ν . The error bar is drawn to follow the curve of the
CSMS prediction within each energy range.

5.4 On-shell W -boson production

Much of the preceding discussion has focused on νN
interactions, either via DIS or resonance and quasielas-
tic processes depending on the neutrino energy. The
on-shell production of a W -boson is another interac-
tion channel with non-negligible contributions to neu-
trino interactions in large scale neutrino telescopes. For
an electron antineutrino scattering off an atomic elec-
tron, the resonance peaks at Eν = 6.3PeV [2,93]. It
was first predicted by Sheldon Glashow in 1959 [2] and
later proposed as a method to search for W -bosons with
large-volume, underground Cherenkov detectors (neu-
trino telescopes) [94]. A particle shower detected by Ice-
Cube provides the first detection of this process at the
2.3σ level [95].

Experiments are most sensitive to the W− or Glashow
resonance when the W− decays hadronically. Leptonic
decays miss energy carried away by the outgoing neu-
trino, and the outgoing lepton energy is smeared over
a broader range. Thus, cascades offer the best chance
of isolating the W -resonance. The contained searches
in IceCube did not yield any events with energy above
2 PeV [72]. A partially-contained selection increases the
detection volume by roughly a factor of two compared
to the contained search and upon unblinding one cas-
cade was observed with reconstructed visible energy
above 4 PeV [95]. The event vertex was reconstructed

approximately 80 m outside the detector. Uniquely,
three DOMs on the nearest string detected pulses that
arrived earlier than possible assuming the speed light
travels in ice. These early pulses are shown as red his-
tograms in the two lower panels of Fig. 11, where the
red dotted line depicts the earliest time light from the
shower could have arrived on the two DOMs. The upper
panels of Fig. 11 show event displays at two time slices:
328 ns after the inferred interaction time (top right) and
3 ms following the inferred interaction time. The top left
panel indicates that Cherenkov radiation from a muon
(orange cone and orange line) can outrun that of the
shower (blue shaded region), and thus produce the early
pulses. A two-step reconstruction of the shower and
muon properties rejects the atmospheric background
hypothesis at the 5σ level. Due to large systematic
uncertainties in hadronic interaction models, the neu-
trino DIS background rejection was evaluated based
on the reconstructed energy of the shower alone to be
2.3σ.

It is also now well known that the s-channel process
described by Glashow is not the only means to obtain
W -bosons. Neutrino interactions off the photon field of
the nucleus occur for all three neutrino flavors and can
also yield on-shell W s [96–98]. This has been referred
to as the “hidden Glashow” process, though it does not
result in a Breit–Wigner-like peak and is also referred
to simply as W -boson production. For leptonic decays
of the W , the final outgoing particles can consist of two
leptons of opposite sign and is referred to as “trident”
production [4,98]. Importantly, tridents have also been
discussed in the context of accelerator neutrino experi-
ments [99–102]. While these Standard Model signatures
have not been observed experimentally, prospects for
their detection in IceCube and future large-volume neu-
trino telescopes appear promising [103].

6 Future prospects

6.1 IceCube-Upgrade

The IceCube-Upgrade is a funded extension to the Ice-
Cube Neutrino Observatory that features about 700
new photodetectors and new calibration devices to be
deployed within the DeepCore volume [104]. The addi-
tional instrumentation will push the detector energy
threshold down to about 1 GeV and at higher ener-
gies it will provide more information per event. Simula-
tion studies performed with a similar level of sophisti-
cation as current DeepCore results suggest the Upgrade
can deliver a 10% precision measurement of the ντ

appearance rate with a single year of data [105]. This
appearance rate will be a significant contribution to
the unitarity test of the neutrino mixing matrix. More-
over, the gain in statistics and resolution will also
make it possible to turn this appearance rate measure-
ment into a total cross section measurement σ(Eν) of
tau neutrinos. Deployment is expected to happen in
2022–2023.
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a b

c d

Fig. 11 Adapted from Ref. [95]. The top-left panel a shows
the inferred direction of the ν̄e-induced shower (blue line)
and muon (orange line), along with their Cherenkov wave-
fronts shown as shaded spheres in the same color scheme.
The top-right panel b shows the final development of the
event over a large portion of the detector, with the size

of the circles corresponding to the total charge observed by
that DOM and the color indicative of the first-photon arrival
time. The bottom two panels c and d show the extracted
photoelectron distributions on the two closest DOMs, with
the early pulse distribution shown in red. The blue shaded
region indicates when the PMT was saturated

6.2 IceCube-Gen2

IceCube-Gen2 is a future project with three parts. A
highly-instrumented low-energy array (IceCube Upgrade)
will be used to study the neutrino mass ordering
through neutrino oscillations [106,107]. A sparsely
instrumented high-energy extension array and a sur-
face radio array will measure high-energy neutrinos.
The high-energy extension detector is envisioned to
increase the instrumented in-ice volume by approxi-
mately a factor of eight. This will be accomplished by
drilling over 100 additional strings, spaced 200 m to
300 m apart, with upgraded optical modules and cal-
ibration devices [11]. The larger volume will increase
the IceCube effective area by approximately a factor
of five, increasing the number of neutrino interactions
by the same proportion and making it possible to probe
neutrino cross sections at energies of 10 PeV and above.
Uncertainties on existing cross section and inelasticity

measurements will be significantly reduced by IceCube-
Gen2. A planned surface radio array capable of detec-
tion Askaryan radiation [108,109] from particle showers
will extend the energy reach to the EeV scale, and it
should become possible to effectively probe new physics
with neutrino cross sections [110]. Such models pre-
dict an enhancement of the neutrino interaction rate
over CC+NC DIS in the context of large extra dimen-
sions [111,112], leptoquarks [113] and sphalerons [114].

6.3 Other neutrino telescopes

Although this review focuses on neutrino cross-section
analyses in IceCube, other neutrino telescopes also
can contribute this subject significantly. First, neutrino
detectors based on target materials in tanks such as
Super-Kamiokande [115], and future DUNE [116] and
Hyper-Kamiokande [117] can measure neutrino inter-
actions up to several TeV [115]. The main drawback
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is the small volume compared with experiments with-
out tanks, and the event rate falls off quickly due to low
conventional atmospheric neutrino flux at higher energy
(∼ E−3.7). Nevertheless, these experiments achieve bet-
ter angle and energy resolutions, and they are superior
to IceCube in measurements of low energy neutrino
interactions precisely including NC quasi-elastic scat-
tering cross-section on oxygen [118] and ντCC cross-
section [119].

Second, future Cherenkov arrays in natural bodies of
water, such as KM3NeT [120], Baikal-GVD [121], and
P-ONE [122] can measure high-energy neutrino inter-
actions with similar statistics as IceCube. KM3NeT
has a similar optical sensor array as IceCube, where
3 separated building blocks host 115 strings each, and
each string has 18 optical modules. The main difference
from others is each optical module consists of 31 3-inch
PMTs with 4π coverage. This approach is expected to
measure down-going events more precisely where high-
energy astrophysical neutrino events are mainly down-
going or horizontal events. On the other hand, the P-
ONE design has multiple clusters of strings, instead of
uniformly distributed strings, to maximize sensitivity
to horizontal track events. Due to relatively simpler
photon propagation in water than ice, in general water
based experiments also have better angular resolution.
The low energy array of KM3NeT, ORCA, can measure
GeV range neutrino cross-section including the ντCC
cross section [120].

Third, radio telescope experiments and air shower
experiments can extend measurement to the EeV
(1018 eV) region [11,123]. Radio telescopes measure the
Askaryan effect [108,109], the coherent radio wave emis-
sion from high-energy interactions, and experiments
can cover much larger volumes than Cherenkov pho-
ton optical sensor arrays. ANITA demonstrated its
radiowave measurements from cosmic shower as well
as up-going neutrino candidate events [124]. On the
other hand, air shower experiments target radio or fluo-
rescence emission mainly from high-energy tau leptons
produced by high-energy tau neutrinos skimming the
limb of the Earth. These experiments can reconstruct
primary lepton kinematics, and future high statistics
data allow to measure neutrino cross-sections in the
EeV region [125].

Neutrino telescopes observe neutrinos at energies well
beyond what can be achieved in a laboratory and thus
are a unique tool to probe neutrino interactions. The
conditions of the experiments, deployed in a natural
medium and relying on naturally occurring fluxes, make
these measurements challenging. However, IceCube has
demonstrated that thanks to the statistics it collects
and using advanced analysis methods it is possible to
probe the Standard Model and search for new physics in
this area. Moreover, the multiple neutrino telescopes in
construction and being planned will further extend the
energy range and improve the precision of these studies
over the next couple of decades.
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