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Instrumenting a cubic kilometre of ice at the South Pole, the IceCube neutrino observatory has
confirmed the existence of a diffuse flux of astrophysical neutrinos at TeV-PeV energies, opening
a new window to the cosmos. This flux, along with that of neutrinos produced in interactions
of cosmic rays in the upper atmosphere, enable the study of neutrino interactions at energies far
beyond that which is achievable with beams produced on Earth. The Glashow resonance, an on-
shell production of the W− boson due to the interaction of a �̄�𝑒 of ∼ 6.3 PeV with an electron has
been confirmed at∼100:1 odds, while the cross section with which neutrinos interact with nucleons
at TeV-PeV energies, as well as the distribution of inelasticity in these interactions have been found
to be compatible with Standard Model expectations. The observed zenith dependent deficit in
the number of 𝜈𝜇 ( and �̄�𝜇) interacting and contained within the detector at GeV energies has
provided measurements of the neutrino oscillation parameters |Δ𝑚2

32 | and sin2 (𝜃23) at precisions
comparable to that of terrestrial accelerator based neutrino beam experiments. The flavour ratio
of the astrophysical neutrino flux provides the most stringent probe so far for quantum-gravity-
motivated physics. The next great leap in the study of fundamental physics with cosmic neutrinos
requires the construction of IceCube-Gen2, ten times larger and extending the sensitivity to EeV
energies.
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1. Introduction

IceCube is a cubic kilometer sized neutrino detector [1], deployed at the South Pole between
2004 and 2010. The optical array consists of 5160 Digital Optical Modules (DOMs) - each built
around a photomultiplier tube, embedded in the ice along 86 vertical strings at depths between 1450
m and 2450 m. The DOMs detect Cherenkov photons emitted by relativistic charged particles in
the ice. Typical events observed by IceCube can be classified broadly into two topologies. Muons
traversing the ice leave a long track-like pattern of hits within the detector, while electromagnetic
and hadronic showers appear as almost spherical blobs of hits known as cascades. When the track
is due to a muon which originates in the charged current interaction of a 𝜈𝜇 ( or �̄�𝜇), the direction of
the incoming neutrino can be inferred to less than 1◦ precision. Cascades on the other hand require
accurate modelling of the propagation of photons in ice in order to be reconstructed. This has been
steadily improving and angular resolutions as good as 7◦ have been achieved [2]. Cascades however
allow the energy of the primary neutrino to be inferred to within ∼ 30% precision, while tracks
most often allow only a lower limit on the energy of the primary to be obtained, as they are not
necessarily contained within the instrumented region of the ice.

The principal IceCube array is able to reconstruct events originating in the interactions of
neutrinos above ∼ 100 GeV, while the more densely instrumented DeepCore region at the deep
central part of the detector lowers this threshold to ∼ 10 GeV.

In 2013, IceCube confirmed the existence of a diffuse neutrino flux of astrophysical origin [3]
at TeV-PeV energies. These measurements were done using the High Energy Starting Event (HESE)
sample [4] which employed the outermost layer of the detector as a veto and selected only events
above ∼60 TeV in order to suppress the background of atmospheric neutrinos and muons.

Subsequently, candidate sources have been identified for the astrophysical flux, partly due to
the advent of real-time multimessenger astronomy [5–7]. A diffuse component coming from the
plane of our own Galaxy has also been identified [2].

These discoveries mark the grand-triumph of IceCube, as a tool for astronomy with neutrinos,
opening a new window to the Universe and forever changing mankind’s perception of it. They have
also opened up avenues to study neutrino interactions at energies far beyond the reach of beams that
can be produced on Earth. In this manuscript we briefly report on a select few insights from these
studies.

2. Detection of a particle shower at the Glashow resonance

Neutrinos are fundamental particles which couple to matter only via the exchange of W and Z
bosons. It was predicted back in 1960 that in the interaction of �̄�𝑒 with electrons, the cross section
would be resonantly enhanced due to the s-channel, on shell production of a W− boson [8] at a
center of mass energy corresponding to the mass of the W boson. When the mass of the W boson
was eventually measured, the neutrino energy required in the rest frame of the electron for this
Glashow resonance was predicted to be 6.32 PeV, beyond the reach of terrestrial accelerators.

On 8th December 2016, IceCube detected an event with a visible energy of 6.05 ± 0.72 PeV [9].
Its energy and direction determined it to be of astrophysical origin at > 5𝜎. The DOMs closest
to the reconstructed interaction point of the event detected photons earlier than would be expected
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from a purely electromagnetic shower (see Figure 1). Taking into account the energy resolution of
the detector, the relative cross sections of the Glashow resonance w.r.t. that of off resonance deep
inelastic scattering favour this event to be from the hadronic decay of a resonantly produced 𝑊−

boson at 100:1 odds (see Figure 3 of [9]), assuming the best fit astrophysical neutrino flux from a
combined analysis of various IceCube datasets.

Figure 1: Photons detected at different times in the Glashow resonance event. a, Schematic of an
escaping muon travelling faster than light (in ice) and its Cherenkov cone (orange). The muons reach the
nearest modules ahead of the Cherenkov photons produced by the EM component of the hadronic shower
(blue) as these travel at the speed of light in ice. The blue part of the line is the main shower, while the orange
line is associated with the muons. Each black dot arranged vertically is a DOM on the nearest string, with the
two (slightly larger) dots inside the orange cone the first two to observe early pulses. The time 𝑡1 indicates
the approximate time elapsed since the neutrino interaction at which this snapshot graphic was taken. b,
Event view, showing DOMs that triggered across IceCube at a later time. Each bubble represents a DOM,
with its size proportional to the detected charge. Colours indicate the time of first trigger for each DOM,
relative to the best fit time of the initial interaction. The small black dots are DOMs further away with no
detected photons within 3 ms of 𝑡1. c, d, Distributions of the deposited charge over time on the two earliest
hit DOMs. The dotted red line is at 𝑡1 = 328𝑛𝑠, the instant shown in a. The histogram in red (blue) shows
photons arriving before (after) 𝑡1, and the blue shaded region denotes saturation of the photomultiplier tube.
For more details see ref. [2] from where this figure has been taken.

3. Measurement of the neutrino-nucleon cross section at TeV energies

At energies above 40 TeV, the Earth starts becoming opaque to neutrinos. This leads to a
suppression of the neutrino flux arriving at IceCube w.r.t. that at the Earth’s surface, depending
upon the energy as well as the column density of the Earth along the line of sight. By comparing
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the observed zenith distribution of data in the HESE sample with theoretical expectations (see
Figure 2), the charged current all flavour neutrino cross section was measured in four energy bins
between 60 TeV and 10 PeV [10]. The results were found to be compatible with Standard Model
expectations, and thus constrain scenarios which predict a steep rise in the cross section above ∼ 1
PeV due to the existence of new exotic particles such as lepto-quarks or sphalerons.

Figure 2: Left: The zenith distribution of data and the best-fit, single-power-law flux expectation assuming
𝜎CSMS (orange) [11]. Predictions from two other cross sections are also shown, assuming the same flux. The
effect of rescaling the cross section is linear in the southern sky, cos 𝜃 > 0, due to the Earth absorption being
negligible. In the northern sky, cos 𝜃 < 0, the strength of Earth absorption depends on the cross section,
as well as the neutrino energy and zenith angle. Right: The charged-current, high-energy neutrino cross
section as a function of energy, averaged over 𝜈 and �̄�. The Wilks’ 1-sigma CI is shown along with two cross
section calculations [11, 12]. The confidence intervals from an earlier measurement [13] are also shown for
comparison. Figures taken from ref. [10].

4. Measurements with the inelasticity distribution

The fraction of the energy of the incoming neutrino which is transferred to hadrons in a deep
inelastic collision is known as the inelasticity, y. In a sample of contained neutrino interactions
isolated from 5 years of IceCube data (2650 tracks and 965 cascades) the mean inelasticity ⟨y⟩
was measured in 5 bins in the range of 3.5 TeV to 2.6 PeV, and were found to be consistent with
Standard Model predictions (see Figure 3) [14]. The expected difference in the y distributions
between 𝜈𝜇 and �̄�𝜇 interactions was exploited to measure the ratio of 𝜈𝜇 to �̄�𝜇 in the atmospheric
neutrino flux between 770 GeV and 21 TeV to be 0.77+0.44

−0.25 times the HKKMS[15] prediction. Since
the production of charmed mesons in neutrino charged current interactions is expected to modify
the y distributions, the data has been used to exclude the zero charm production scenario at 91%
confidence level, and are compatible with a leading order estimate of charm production.
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Figure 3: The measured mean inelasticity in five bins of reconstructed energy. Vertical error bars indicate
the 68% confidence interval for the mean inelasticity, and horizontal error bars indicate the expected central
68% of neutrino energies in each bin. The predicted mean inelasticity from CSMS [11] is shown in blue for
neutrinos and in green for antineutrinos. The height of the colored bands indicates theoretical uncertainties
in the CSMS calculation. A flux-averaged mean inelasticity according to the HKKMS [15] calculation is
shown in red. Figure taken from ref. [14].

5. Neutrino oscillations

Incontrovertible evidence has emerged over the last few decades for the fact that neutrinos are
massive particles. The phenomenon of neutrino oscillations paints a picture in which neutrinos are
produced in their flavour eigenstates while they propagate as their mass eigenstates. Because the
mass eigenstates interfere during propagation, the probability that a neutrino which was produced
in one flavour eigenstate is observed in another depends periodically on the square of the mass
difference Δ𝑚2 as well as the ratio of the distance of propagation L to the neutrino energy E. For
atmospheric neutrinos detected by IceCube, L is specified by the arrival direction of the neutrino.

By measuring the relative flux of neutrino flavours as a function of their reconstructed energies
and arrival directions using a data sample of IceCube-DeepCore recorded between 2011-2019 [17],
IceCube has been able to constrain the neutrino mixing parameters Δ𝑚2

32 and sin2(𝜃23) (see Figure
4). This is the most precise measurement of neutrino oscillation parameters using atmospheric
neutrinos, improving upon previous results[16] in terms of data calibration, detector simulation and
data processing. It is competitive with measurements performed with man made neutrino beams.

By performing a similar analysis of events between 320 GeV and 20 TeV, IceCube has also
been able to place stringent constraints on the parameter space of sterile neutrinos [22], excluding
the region favoured by the LSND and MiniBooNe anomaly at more than 99% Confidence Level.
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Figure 4: Left : Contours showing the 90% C.L. allowed region for the atmospheric neutrino oscillation
parameters from this study (blue) compared to results from MINOS [18], NOvA [19], Super-Kamiokande [20]
and T2K [21]. The DeepCore confidence interval is derived assuming Wilks’ theorem. Right : The L/E
distribution for the best-fit expectations overlaid with the observed data. Background includes atmospheric
𝜇 and all neutrino types besides 𝜈𝜇 + �̄�𝜇 CC events. The expectation at the best fit but without oscillations is
shown as a dashed line. Figures taken from ref. [17].

6. Constraints on Quantum Gravity from the flavour ratio of astrophysical
neutrinos

Astrophysical neutrinos propagate unperturbed over billions of light years in the vacuum
of space. Effects of Quantum Gravity, while considered too weak to be observable today in
kinematics due to their suppression by the Planck Energy E𝑝 or its higher powers, nevertheless
can cause observable flavour conversions through the phase shift of neutrino waves accumulated
over astrophysical baselines. The observed flavour ratio of the 7.5 year HESE sample of events
(see Figure 5) provides the most stringent constraints on the Wilson coefficients of the dimension 6
operators which parameterize new space-time structure due to Quantum Gravity effects, reaching
down to 10−42 GeV−2 for specific astrophysical production scenarios (Figure 6). While these
assumed specific production scenarios are to be tested using multimessenger studies of astrophysical
neutrino sources, the constraints are below what is expected to be ’natural’ at E−2

𝑝 (∼10−38 GeV−2),
exemplifying neutrino astronomy and the multimessenger study of neutrino sources as the most
promising probe of Quantum Gravity effects in the foreseeable future [23].

7. The Future

The aforementioned results are but a small sample of the ways in which astroparticle physics
experiments, in particular neutrino telescopes can be used to study phenomena similar to those
which are probed at particle colliders, by utilizing fluxes of high energy particles provided to us
by the cosmos, instead of expending vast quantities of energy accelerating them. By looking for
an excess of neutrinos from the directions of astrophysical objects which are dominated by Dark
Matter [27], or objects in which Dark Matter can get gravitationally captured [28], IceCube is able
to place stringent bounds on the cross sections with which Dark Matter interacts with ordinary
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Figure 5: Flavour triangle of the Astrophysical neutrino flux, including illustrations of new physics effects
and contours from data. The figure represents the flavour ratio (𝜈𝑒 : 𝜈𝜇 : 𝜈𝜏) of specific compositions
at the source (𝑆); the corners indicate pure 𝜈𝑒, 𝜈𝜇, or 𝜈𝜏 composition. The blue solid and dashed lines
correspond to 68% and 95% C.L. contours [24] from IceCube data respectively. The pink region represents
expected flavour ratios from the standard astrophysical neutrino production models, where the neutrinos at
the production source are all possible combinations of 𝜈𝑒 and 𝜈𝜇 with the neutrino oscillation parameter
uncertainties obtained in [25]. The lines explained in the lower legend illustrate the effects of the new
physics (NP) operators. Three astrophysical neutrino production models are highlighted by ⃝ symbols, a 𝜈𝜇
dominant source (0:1:0)𝑆 (top), a 𝜈𝑒 dominant source (1:0:0)𝑆 (bottom), and a preferred model (1/3:2/3:0)𝑆
(middle). When new physics operators are small (≤ 𝑚2/2𝐸), they are distributed within the central region.
If the values of NP operators are increased, predicted flavour ratios start to move away from the centre, and
they reach to ⊙ symbols when the NP effects are large (∼ 𝐸−2

𝑃
). For simplicity this analysis focussed on real,

positive new physics potentials. Figure taken from ref. [23].
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Figure 6: Limits on the dimension-six new physics operators. The hatched region shows the limit obtained
from the atmospheric neutrino data analysis [26]. Limits are presented as a function of the assumed
astrophysical neutrino flavour ratio at the production source. The leftmost scenario is 𝜈𝜇 dominant (0:1:0)𝑆
and the rightmost is 𝜈𝑒 dominant (1:0:0)𝑆 The preferred scenario corresponds to (1/3:2/3:0)𝑆 (dashed vertical
line). For more details see ref. [23]. Figure taken from ref. [23].

matter, or annihilates with itself. In the parameter spaces of minimal extensions of the Standard
Model conjured up to solve the Dark Matter puzzle, these constraints are complementary to those
from colliders [29] and direct detection experiments [30].

While the astroparticle context suffers from an inability to perform repeatable experiments - a
key strength of the collider programme, it nevertheless provides powerful consistency tests of our
reductionist descriptions of phenomena at the highest energy scales, in addition to their primary
purpose of studying the Universe using high energy particles. As we stand in 2024, confronted with
the myriad choices of how to deploy limited economic resources to further our understanding of
fundamental physics, neutrino telescopes mark themselves out to be an attractive option, promising
a hint of the same kind of physics pursued by the effort to build ever larger colliders.

The proposed IceCube-Gen2 [31] extension to IceCube will instrument 10 times the volume
of ice, increasing the rate of astrophysical neutrinos by a factor of ∼ 10, allowing sources five times
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fainter to be detected1. A radio array will further extend the sensitivity to EeV energies.
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