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Detection of a particle shower at the Glashow 
resonance with IceCube

The IceCube Collaboration*

The Glashow resonance describes the resonant formation of a W− boson during the 
interaction of a high-energy electron antineutrino with an electron1, peaking at an 
antineutrino energy of 6.3 petaelectronvolts (PeV) in the rest frame of the electron. 
Whereas this energy scale is out of reach for currently operating and future planned 
particle accelerators, natural astrophysical phenomena are expected to produce 
antineutrinos with energies beyond the PeV scale. Here we report the detection by the 
IceCube neutrino observatory of a cascade of high-energy particles (a particle 
shower) consistent with being created at the Glashow resonance. A shower with an 
energy of 6.05 ± 0.72 PeV (determined from Cherenkov radiation in the Antarctic Ice 
Sheet) was measured. Features consistent with the production of secondary muons in 
the particle shower indicate the hadronic decay of a resonant W− boson, confirm that 
the source is astrophysical and provide improved directional localization. The 
evidence of the Glashow resonance suggests the presence of electron antineutrinos in 
the astrophysical flux, while also providing further validation of the standard model 
of particle physics. Its unique signature indicates a method of distinguishing 
neutrinos from antineutrinos, thus providing a way to identify astronomical 
accelerators that produce neutrinos via hadronuclear or photohadronic interactions, 
with or without strong magnetic fields. As such, knowledge of both the flavour (that is, 
electron, muon or tau neutrinos) and charge (neutrino or antineutrino) will facilitate 
the advancement of neutrino astronomy.

In this Article we present a search for very-high-energy astrophysical 
neutrinos with IceCube. One event was found with a visible energy of 
6.05 ± 0.72 PeV. Given its energy and direction, it is classified as an astro-
physical neutrino at the 5σ level. Furthermore, data collected by the 
sensors closest to the interaction point, as well as the measured energy, 
are consistent with the hadronic decay of a W− boson produced on the 
Glashow resonance. Taking into account only the detector’s energy 
resolution, the probability that the event is produced off-resonance by 
deep inelastic scattering is 0.01 assuming the best-fit flux from ref. 2.  
The neutrino energy is inferred to be about 6.3 PeV by correcting the 
visible energy for shower particles that do not radiate.

Neutrinos are fundamental particles that couple to matter only via 
W± or Z0 boson exchange. As such, they are uniquely suitable messen-
gers to study high-energy particle accelerators in the Universe because 
they can escape dense media surrounding the production region with-
out interaction and travel to Earth without being deflected by magnetic 
fields. In the interaction of electron antineutrinos (νe) with electrons, 
the standard model predicts the s-channel production of a W− boson. 
For a centre-of-mass energy s M= = 80.38 GeVW  (the mass of the W−), 
the cross-section becomes resonantly enhanced1. The standard model 
cross-section, σ(s), for the process ν e W X+ → →e

− −  is:
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where ΓW = 2.09 GeV is the W− decay width and BW ν e→ +e
− − its branching 

ratio for the indicated channel3,4. It is clear from equation (1) that σ(s) 
is maximal when s M= W

2 . In the electron (mass me = 0.511 MeV) rest frame, 
the resonance energy is E M m= /(2 ) = 6.32PeVW eR

2 .
The resonance energy lies beyond the reach of terrestrial accelera-

tors, but not astrophysical sources of neutrinos. Additionally, since 
the Glashow resonance is expected to occur for νe, it is a unique probe 
of the production mechanism. Neutrinos are expected to be produced 
in the interaction of high-energy cosmic rays (typically protons) with 
matter or ambient radiation. In the simplest proton–photon (pγ) inter-
action source model, without multi-pion production, the ratio 
ν ν: = 1 : 3.5e e  at Earth3. If, however, there is also a strong magnetic field, 
B ≥ (0.033 T) × η/(1 + z), where z is redshift and η is the Lorentz boost of 
the source, synchrotron losses start to dominate over muon decay. 
This prevents the creation of νe, which results in a near-zero ν ν:e e ratio 
at Earth3,5. In the proton–proton (pp) interaction source model, in which 
cosmic rays interact with the background gas to generate an approxi-
mately equal mixture of π0, π− and π+, one expects the ratio ν ν: = 1 : 1e e  
at Earth. A statistically significant measurement of the Glashow reso-
nance event rate thus directly probes the antineutrino fraction and 
helps to constrain the neutrino production mechanism(s).

As the flux of astrophysical neutrinos drops off following a power 
law in energy6 and its intensity is bounded by cosmic-ray observa-
tions7, a large-volume detector is needed to detect PeV neutrinos. 
The IceCube neutrino observatory, situated at the geographic South 
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Pole, instruments a cubic kilometre of ice 1,450–2,450 m beneath the 
surface8—a natural detection medium. It has measured the flux of neu-
trinos between 10 GeV and 10 PeV, and is sensitive to neutrinos beyond 
1 EeV. As neutrinos are uncharged, they are detected in IceCube by the 
Cherenkov radiation from secondary charged particles produced by 
their interactions. Cherenkov light collected by digital optical modules 
(DOMs) is used to reconstruct properties such as the visible energy and 
incoming direction of the primary neutrino9,10. The visible energy is 
defined as the energy required of an electromagnetic (EM) shower to 
produce the light yield observed. As it has no magnet, IceCube cannot 
distinguish between neutrino and antineutrino interactions on the basis 
of the charge of the outgoing lepton—whether neutrinos are Dirac or 
Majorana particles (the latter implying that they are their own antiparti-
cles) remains unresolved. However, owing to the good timing resolution 
(about 2 ns) of the DOMs11,12, the structure of waveforms recorded by 
individual modules may contain additional information on the event13.

A machine-learning-based algorithm was run to obtain a sample of 
PeV energy partially contained events (PEPEs)14. By selecting events near 
the edge of the detector, the detection volume is increased compared to 
previous analyses that rely on a smaller, central fiducial volume. Data from 
May 2012 to May 2017, corresponding to a total live-time of 4.6 years, were 
analysed. One event was detected on 2016 December 8 at 01:47:59 utc 
with visible energy greater than 4 PeV, which is an energy threshold well 
below the resonance energy and chosen a posteriori in order to study 
this particular event. The event is shown in Fig. 1, with a reconstructed 
vertex approximately 80 m from the nearest DOM. The same event was 
also found in the 9-year extremely high energy search15. Accounting for 
systematic uncertainties in photon propagation due to the ice model—a 
parameterization of the scattering and absorption lengths of light in 
the ice16—and the overall detector calibration, the visible energy of the 
event is 6.05 ± 0.72 PeV. This is consistent with a 6.3-PeV W− that decays 
hadronically, since roughly 5% of that energy is expected to be taken by 
particles that do not emit detectable Cherenkov radiation10. The boosted 
decision tree (BDT) classification score is well above the signal threshold, 
and a posteriori studies of this event, discussed below, lead us to conclude 
that the event is very likely to be of astrophysical origin.

The main shower was reconstructed by repeating Monte Carlo (MC) 
simulations under different parameters to find the best-fit energy, ver-
tex and direction9. By varying the ice model used in the reconstruction, 
detector systematic uncertainties on the visible energy, direction and 
vertex position of the shower were evaluated. Additionally, a global 
energy scale uncertainty associated with the overall detector calibra-
tion was applied to the energy reconstruction.

After reconstruction, three of the DOMs closest to the reconstructed 
vertex were found to have detected pulses earlier than is possible 
for photons travelling in ice at v = 2.19 × 108 m s−1. Such pulses can, 
however, be produced by muons created from meson decays in the 
hadronic shower, which travel close to the speed of light in vacuum 
(c = 3.00 × 108 m s−1). These muons outrun the Cherenkov wavefront 
of the main shower (by about 1.23 ns per m) while producing Cheren-
kov radiation near the DOMs, thus depositing early pulses in them, as 
illustrated in Fig. 1a.

A second reconstruction using only the early pulses to fit a track 
hypothesis further improves and verifies the directional reconstruction 
of this event. The two reconstructed directions agree within uncertain-
ties, as shown in Fig. 2. This indicates that the muons and the hadronic 
shower travel along the same general direction, as is expected from 
relativistic kinematics. On the basis of the observation that early pulses 
occurred only on the nearest string, a most-probable leading muon 
energy of 26.4 GeV−12.4

+28.6  was obtained. This is consistent with a distri-
bution of leading muon energies from MC simulations of a 6.3-PeV 
hadronic shower, which has quartiles of (20, 37, 72) GeV.

Information from both reconstructions refines the estimate of 
expected backgrounds compared to the sample average. The only 
possibility for a cosmic-ray-induced atmospheric muon to produce 
both a 6-PeV cascade and early pulses, as in this event, is for it to reach 
IceCube at PeV energies and deposit nearly all its energy over a few 
metres. As a conservative estimate, this background rate was evaluated 
by considering all atmospheric muons that intersect a cylinder centred 
on IceCube with radius 800 m and height 1,600 m. By then requiring 
that muons deposit a visible energy similar to that of the cascade over 
a short distance, but retain the energy allowed by early pulses, the 
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t1 = 328 ns 3 ms after t1 Fig. 1 | Visualization of detected photons at different 
times and distribution of early pulses. a, Schematic 
of an escaping muon travelling at faster than the speed 
of light (in ice) and its Cherenkov cone (orange). The 
muons reach the nearest modules (DOMs 54 and 55 on 
string 67) 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 line is 
associated with the average distance travelled by the 
main shower, while the orange line extends further and 
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 deposited charge. 
Colours indicate the time each DOM first triggered, 
relative to our best knowledge of when the initial 
interaction occurred. The small black dots are DOMs 
further away that did not detect photons 3 ms after t1.  
c, d, Distributions of the deposited charge over time on 
the two earliest hit DOMs, 54 (c) and 55 (d). The dotted 
red line is at t1 = 328 ns, 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.
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background muon flux is further reduced to give an expectation rate 
of 1.1 × 10−7 events in 4.6 years. This allows an a posteriori rejection of 
the cosmic-ray muon background hypothesis by over 5σ.

Similarly, the early pulse signature can be used to reject the atmos-
pheric neutrino background hypothesis. Above roughly 100 TeV, the 
atmospheric neutrino flux from the prompt decay of charmed mesons 
is expected to be greater than that from the decay of longer-lived pions 
and kaons. Charmed mesons can decay to electron (anti)neutrinos that 
are often accompanied by muons produced in other branches of the 
same air shower. These muons can be used to veto atmospheric neu-
trinos17,18. The expectation rate of atmospheric neutrinos passing the 
PEPE event selection with accompanying muon energy consistent with 
the observed early pulses is around 2 × 10−7 in 4.6 years. We conclude 
that the event is induced by an astrophysical neutrino.

Given the negligible atmospheric background rate, the remainder 
of this Article assumes that the event originated from a single 
high-energy astrophysical neutrino interaction. The major back-
grounds to the Glashow resonance are charged-current (CC) interac-
tions (mediated by the exchange of a virtual W±) of electron (anti)
neutrinos with nucleons. Neutral-current (NC) interactions (mediated 
by the exchange of a virtual Z0) from all three flavours are a secondary 
background. Figure 3b illustrates the expected rate from each interac-
tion channel. The posterior distribution of visible energy, reconstructed 
assuming a cascade hypothesis for different ice models, has a 68% 
highest-probability-density region of 6.05 ± 0.72 PeV and is shown in 
Fig. 3a. Assuming a single power-law astrophysical flux with ν ν: = 1 : 1, 
astrophysical spectral index γastro = 2.49 and normalization at 100 TeV 
of 2.33 × 10−18 GeV−1 cm−2 s−1 sr−1 (ref. 2), we expect to observe 1.55 Glashow 
resonance hadronic cascades in our data.

Assuming the best-fit flux in ref. 2, a likelihood-ratio test based on the 
visible energy rejects both CC and NC interactions in favour of Glashow 
resonance with a P value of 0.01, corresponding to a (one-sided) signifi-
cance of 2.3σ. Systematic uncertainties due to the ice modelling and 
the global energy scale, which affect the visible energy reconstruction, 
are included. The P value is also tested against spectral assumptions 
under a single power-law flux, and the results for other spectra are 

given in Methods. The test’s sensitivity is due to the fact that the visible 
energy distribution from Glashow resonance differs both in shape and 
in normalization from the background at these energies.

This is a conservative estimate that does not rely on early pulses. 
As muons are produced in meson decay, the energy of the hadronic 
shower is directly related to the leading muon energy. In electron neu-
trino CC interaction at these energies, on average only about 20% of 
the total neutrino energy is deposited hadronically. Thus, while the 
amount of early Cherenkov light is consistent with the leading muon 
energy expected from a hadronic shower at the Glashow resonance 
(6.3 PeV), it is an order of magnitude above that expected from a CC 
electron neutrino interaction at those energies. In NC interactions, the 
outgoing neutrino escapes undetected and carries away a large por-
tion of the total energy. Thus, while an NC shower is purely hadronic, a 
much higher incoming neutrino energy is required. The steeply falling 
power-law flux of astrophysical neutrinos results in a suppression of 
the NC background.

Although we would ideally incorporate early pulses for CC and 
NC background rejection, there are several technical challenges 
that this can pose, including full resimulations of the MC sets that 
include systematic uncertainties of the hadronic interaction models. 
Such studies are under way, and inclusion of this information will be 
especially important for IceCube-Gen219, which, owing to its much 
larger effective area, will record many more events at the Glashow 
resonance.

A segmented differential flux fit20 was also performed using three 
equal-width bins in the logarithm of the neutrino energy over the 
range 4 PeV to 10 PeV. The results, shown in Fig. 4 (red), complement 
other IceCube diffuse analyses21–24. The central energy bin extends the 
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measurement of the differential neutrino energy spectrum to 6.3 PeV, 
while 68% upper limits are shown for the lower and upper energy 
bins. Arguments based on energetics25 and astrophysical unification 
models26–30 suggest a common origin of diffuse γ-rays, high-energy 
neutrinos and ultra-high-energy cosmic rays. A precise measurement 
of the cosmic neutrino flux at the Glashow resonance energy would 
be able to test these predictions, and possibly uncover the origins of 
ultra-high-energy cosmic rays if the sources can be identified directly 
via multimessenger observations.

Although the present results focus on just one event, the techniques 
developed here have implications for the future direction of neutrino 
astrophysics. For example, the idealized pγ muon damped model of 
neutrino production is already inconsistent with the result presented 
here of a likely Glashow resonance because such sources produce no 
electron antineutrinos. With just one event, pp source models cannot be 
constrained, but the planned IceCube-Gen2 experiment19 will increase 
the instrumented volume by an order of magnitude. The statistics col-
lected by such a detector should allow us to differentiate between pp 
and idealized pγ models at a high significance level.

In more realistic source models31, multi-pion production in pγ sources 
generates antineutrinos and the ν ν:e e  ratio depends on the photon 
density, the mass composition of cosmic rays and also the magnetic 
field strength of the source. In such cases, a multi-messenger campaign 
to detect the sources of future Glashow resonance candidates could 
help determine their production mechanisms. Using the hybrid  
(early muon and cascade reconstruction) approach could reduce the 
angular uncertainty by a factor of about 5, and, as this technique shows, 
an uncertainty of about 68 deg2 at 90% containment is possible for 
hadronic cascades. In the near future, such techniques would greatly 
aid searches for multimessenger counterparts in real time.
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Methods

Detection principles
IceCube instruments a cubic kilometre of Antarctic ice with 5,160 
DOMs, each containing a single downward-facing photomultiplier 
tube (PMT). The DOMs are placed on 86 strings that extend from 1,450 m 
to 2,450 m beneath the surface8. Charged particles travelling above 
the group velocity of light in ice (velocity v > 0.73c) emit light, which is 
detectable by the PMTs. When multiple groups of PMTs detect photons 
within a window of 5 μs, the recorded charges are digitized and saved 
as an “event”8.

IceCube events are typically classified into two different categories 
depending on the outgoing secondaries. High-energy muons that start 
in or travel through the detector are classified as tracks. Such muons 
are created in CC interactions of incoming muon neutrinos. Hadronic 
and EM showers have shorter extension (about 10 m) and are classified 
as cascades. These can arise either from CC interactions of incoming 
electron and tau neutrinos, or, with smaller probability, NC interactions 
of all three neutrino flavours. In some cases, tau neutrino CC interac-
tions can produce more complicated event signatures37.

Additionally, an interaction via the Glashow resonance can produce 
a characteristic event type and energy deposition in IceCube. A W− 
decays to hadrons 67.41% of the time. In such cases, the visible energy 
is lower than the total energy of all particles in the shower, as there is a 
substantial fraction of neutral particles and particles with higher energy 
thresholds to produce Cherenkov radiation10. Based on the known prop-
erties of the resonance peak—both MW and the relatively narrow width, 
ΓW—the resulting hadronic shower is expected to deposit about 6.0 PeV 
visible energy. Low-energy muons are expected to be produced in and 
outrun the Cherenkov wavefront of the shower at a rate high enough to 
potentially trigger early pulses. In the leptonic channel, the W− decays 
to an antineutrino and a charged lepton with a branching ratio to each 
flavour of about 11%. As the antineutrino escapes undetected, a varying 
fraction of the primary energy is visible as a muon track, EM cascade, or 
tau. This signature is uniquely lacking a hadronic component. However, 
with the wider range of possible charged-lepton energies, it is difficult 
to distinguish the leptonic channel from CC or NC background without 
more sophisticated tagging techniques.

Event selection
IceCube discovered astrophysical neutrinos using high-energy start-
ing events (HESE) with interaction vertices inside a restricted fiducial 
region38,39. These events were selected with a veto-based approach, 
with the outer layer of the detector used to reject the large muon back-
ground. The highest-visible-energy cascade detected by HESE was an 
event of about 2 PeV (ref. 20). To enhance the detection rate of Glashow 
resonance events, a larger fiducial volume is required. The PEPE selec-
tion aims to select multi-PeV, cascade-like events with interaction ver-
tices near the edge of the detector. It preferentially selects cascades 
because of their higher energy resolution compared to that of tracks14. 
At the Glashow resonance, the event rate is about twice that of the HESE 
selection39, as shown in Extended Data Table 1. The PEPE background is 
dominated by cosmic-ray muons propagating through corners of the 
detector that appear cascade-like.

First, events with a total charge of less than 1,000 photoelectrons 
or involving fewer than 15 sensors with charge ≥5 photoelectrons are 
rejected to ensure a minimum level of detectable light deposited in the 
detector to be used in reconstructions. Second, events seen previously 
in the HESE sample39 and tracks in the online extremely high-energy 
alerts sample15 are removed. In addition, events where a single sen-
sor carries more than 50% of total charge tend to be more difficult to 
reconstruct and are also excluded. Last, to constrain the vertex to be 
located at the edge of the detector, cumulative charges on the outer 
two strings are required to be at least 80% of the total charge. After 
these cuts, the cosmic-ray background rate is about 0.05 Hz.

To further reject tracks, a BDT was trained against a background of 
atmospheric muons, with the signals being νe and νe of neutrino energy 
1–10 PeV. In total, 11 features are selected for training as follows: the 
charge of the event, the number of triggered sensors above 5 photo-
electrons, the centre of charge (which describes the location of the 
event) and its projection onto the x–y plane, the travel of the centre of 
charge relative to the first quartile in time and its projections onto the 
z axis and the x–y plane, the ratio of the travel along the z axis to  
the total number of DOMs, the goodness of fit for a track hypothesis, 
the time between the first hit overall and the first hit on the sensor with 
the largest total charge, and the cumulative fraction of total charge at 
600 ns from the start of the event. These parameters summarize the 
difference between tracks and cascades. The charge of the event serves 
as a proxy for the energy. Extended Data Fig. 1 shows the BDT score 
distribution for events with a reconstructed energy above 4 PeV. The 
final selection includes only events with a BDT score above 0.5 that fit 
well under a cascade hypothesis10. With this, the cosmic-ray background 
for reconstructed energy ≥4 PeV is about 0.02 events per year. The BDT 
score of the event discussed in this work is 0.65.

Nine events passed all selection criteria, with this event the only one 
having energy above 4 PeV. The remaining events all had energies below 
2 PeV and will be discussed in a future publication. The effective area, 
defined as the ratio of the event rate to the flux, near the Glashow reso-
nance energy is increased by a factor of about 2 compared to HESE39. 
For 4.6 years of data-taking, with the most recent global-fit spectrum2, 
1.55 (0.69) PEPE events are expected in the hadronic channel of W-decay 
from Glashow resonance assuming pp (pγ) interactions. However, it is 
worth noting that a spectral cutoff can substantially change the number 
of expected PEPE events14.

Reconstruction
The event reported in this Article is reconstructed in a two-step process 
using Bayesian techniques: first, to reconstruct the visible energy, 
interaction vertex, and direction of the initial cascade9, and second, 
to reconstruct the direction more precisely using early pulses, with 
a prior on the interaction vertex40. These two steps rely on independ-
ent information, as the early pulses occur on DOMs that are excluded 
from the initial cascade reconstruction. Even though the event is not 
fully contained, its visible energy can still be inferred on the basis of 
the signature that was detected.

The visible energy is a critical parameter that is highly dependent 
on the amount of absorption and scattering in the ice surrounding the 
interaction vertex. Cascades are simulated under different hypotheses 
(vertex position and time, direction and energy), and predicted charge 
distributions of the DOMs are compared against observed distribu-
tions to find those that best match the data. Systematic uncertainties 
in bulk scattering and absorption parameters as well as ice anisotropy 
were taken into account16,41. For the bulk scattering and absorption 
parameters, the event was reconstructed by scaling the absorption 
and scattering parameters up and down by 5%. This gave five distinct 
energies, each corresponding to a different bulk-ice variant. A linear 
regression of these five points gave a model for the reconstructed vis-
ible energy as a function of the scattering and absorption parameters.

Once this was established, an uncorrelated 5% uncertainty in scat-
tering and absorption was propagated onto the reconstructed visible 
energy. This procedure was repeated for three variations of the ice 
anisotropy41, which gave three distinct energy posteriors. These were 
combined uniformly, assuming equal probabilities for each anisotropy 
model, to obtain the overall uncertainty on the visible energy due to 
ice modelling. A DOM-to-DOM variation of 10% is additionally incorpo-
rated through a regularization term in the likelihood. Finally, a uniform 
10% global energy scale uncertainty is convolved with the previously 
obtained visible energy posterior probability density function (PDF).

In addition, the approximate Bayesian calculation (ABC) method9 
returns a sample of event vertices and directions for each ice model. 



Article
They are combined across the bulk-ice variants by keeping only sam-
ples that have a corresponding test statistic below a pre-computed 
threshold. Lower values of the test statistic indicate better agreement 
between data and the resimulated sample. The sample of directions 
is fitted to a Kent distribution42, while the sample of vertices is passed 
as a three-dimensional Gaussian prior for the second reconstruction 
step using early pulses.

The likelihood of observing early pulses at times ti
j at a given DOM j  

is given by43:
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early pulses at DOM j, αj is the expected relative contribution of noise 
to the hits in DOM j, Tj is the time window considered for early pulses 
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track hypothesis with direction r̂ and position x0 at time t0. The photon 
arrival time PDFs are obtained by interpolating the results from dedi-
cated MC simulations using spline functions10,44. The posterior distri-
bution of the track parameters is given by:
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where the prior p t p p p t( , , ) = ( ) ( ) ( )0 0 0 0r̂ x r̂ x  assumes independence 
between groups of parameters. The prior on the position p(x0) is taken 
from vertex posterior of the cascade reconstruction, the prior on the 
direction r̂p( ) is a uniform distribution on the sphere, and the prior on 
the time p t( )0  is a broad Gaussian centred on the vertex time of the 
cascade reconstruction. Samples from the posterior distribution are 
obtained using nested sampling with the dynesty package45, assuming 
a flat prior for the direction and using the ABC output as a prior for the 
starting position. The three blue contours shown in Extended Data 
Fig. 2 correspond to the three anisotropy-model variants, which give 
different vertex priors. The muonic component of a hadronic cascade 
consists of a distribution of muons with different trajectories. The 
posterior distribution of the track direction is thus to be understood 
as the average direction of the muonic component. Using MC simula-
tions of hadronic cascades, the coverage of the directional posterior 
was verified with respect to the direction of the initial shower.

From Extended Data Fig. 2, it is apparent that the cascade reconstruc-
tion is more sensitive to ice modelling than the hybrid reconstruction. 
Their best fits have a separation of about five degrees. The likelihood 
of the hybrid reconstruction is bimodal, with one mode in each lobe.

In order to estimate the energy of the leading muon, we performed 
MC simulations of 6-PeV cascades with a muon of varying energy, Eμ. 
The direction and position of the cascade and the muon are sampled 
from the posterior distribution of the early pulse track reconstruc-
tion. For every simulated event, the number of strings Νs on which at 
least one DOM detected early pulses is recorded. This gives the prob-
ability of observing Νs strings with early-pulse DOMs for a given Eμ, 

N Eℒ( | )μs , shown in Extended Data Fig. 3. As Eμ increases, the muon can 
penetrate deeper into the detector thus increasing the probability 
of larger Νs.

Assuming a uniform prior over Eμ, we can construct P(Eμ|Νs = 1), where 
Νs = 1 is what was observed in data, and obtain the 68% highest posterior 
density over Eμ. Compared to a pure cascade simulation, the agreement 
of simulated first photon arrival times with data is also improved by 
including such muons, as shown in Extended Data Fig. 4.

Atmospheric background rejection
Combining the two reconstructions above allows for a better rejection 
of the atmospheric background hypothesis than achieved by relying 
solely on the BDT selection. For an atmospheric muon to reproduce the 

event signature seen in the data, it must reach the depth of the detector 
and suffer a large stochastic loss over a short distance to emulate the ini-
tial cascade and have enough energy remaining to deposit early pulses. 
We took a numerical approach to calculate a conservative estimate of 
the number of such events expected over the data-taking period by 
accepting all such muons that intersect a cylinder of radius 800 m and 
height 1,600 m centred on IceCube. The total muon flux at the surface 
of the Earth was calculated using MCEq46 with the SIBYLL2.3c hadronic 
interaction model47 and the Gaisser-Hillas 3a primary spectrum48. This 
flux was then propagated to the cylinder using tabulated probabilities— 
obtained from MC simulations assuming the parameterization for 
photonuclear interactions from ref. 49 and the parameterization for 
the bremsstrahlung cross-section from ref. 50—of a muon of a given 
energy at the Earth’s surface reaching a particular depth in the ice51,52. 
The expectation rate is the surface integral over the vector field of 
incoming muons. In differential form,
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energy E μ
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f
μ
c  the PDF for a muon to have energy E μ

f  after 
travelling 20 m (shower length) given initial energy E μ

c , and S denotes 
the area element of the cylinder. The likelihood X Eℒ( | )μ

c  is obtained 
by taking the visible energy posterior and dividing out the most- 
conservative, uniform prior.

Since the event is downgoing, the expected atmospheric neutrino 
background is much smaller than the sample average. This is because 
atmospheric neutrinos at PeV energies are typically accompanied by 
high-energy muons from the same air shower. These muons should 
deposit much more energy in the detector than allowed by early pulses. 
In order to compute the passing fraction, we used equation (3.15) in 
ref. 18 with P E N E( ) = 1 − ℒ( = 1| )μ

f
μ
f

light s . This is then used to down-weight 
the atmospheric neutrinos in MC that pass the BDT selection.

Calculation of P value for Glashow resonance
A likelihood-ratio test under the null hypothesis of exclusively CC or NC 
astrophysical neutrino interactions was performed. As contributions 
from atmospheric background are negligible, this likelihood-ratio test 
quantifies the probability that the event did not originate from the 
Glashow resonance. The likelihood assumes the reconstructed energy is 
sampled from an inhomogeneous Poisson point process and is given by

P P∏S e B E S Eℒ( ) = { ( ) + ( )} (5)
B S

i
i i

−( + )

=1
B S

where E( )iSP  ( E( )iBP ) is the probability of detecting event i with recon-
structed energy Ei under the signal (background) hypothesis, estimated 
by constructing an unbinned PDF incorporating the uncertainties 
shown in Fig. 3. The background normalization, B, is the sum of CC and 
NC expectations in 4.6 years of data taking. Assuming γastro = 2.49, the 
estimated neutrino deep inelastic scattering background with recon-
structed energy between 4 PeV and 8 PeV is about 0.3. The signal nor-
malization, S, is a free parameter with the null hypothesis being S = 0. 
The likelihood-ratio test statistic is then

Γ
S S

S
= log

ℒ( = )
ℒ( = 0)

(6)max

Since the number of observed events is one, an analytical solution for 
maximizing the signal probability is

⇒
P

PS
S B

∂ℒ
∂

= 0 = 1 − (7)max
B

S



Pseudo-experiments under the null hypothesis are then generated 
by randomly sampling a set of pseudo-events from a Poisson distribu-
tion, assuming the background normalization, and then sampling the 
reconstructed energy for each pseudo-event from the background 
PDF. Extended Data Fig. 5 shows the distribution of Γ obtained from 
pseudo-experiments under the null hypothesis. A P value of 0.01 was 
obtained, assuming the spectral index γastro = 2.49 and Φastro = 7.0 given 
in Extended Data Table 1, which corresponds to a rejection of the null 
hypothesis at (one-sided) 2.3σ.

For the softer spectrum with γastro = 2.89, the significance increases to 
2.7σ. For the harder spectrum with γastro = 2.28, the significance becomes 
1.6σ. The spectral dependence arises entirely from the deep inelastic 
scattering background, as the shape of the Glashow resonance is not 
affected by spectrum assumptions. However, a recent measurement 
of the electron and tau neutrino flux24 has its best-fit spectral index at 
2.53, softer than the global-fit result at 2.49.

The P-value calculation here does not incorporate the early pulse 
information. To do so requires a fully resimulated and processed sam-
ple that includes simulated photons produced by muon secondaries 
in the shower. However, neglecting this information should give a 
conservative P-value estimation as the reconstructed leading muon 
energy and muon multiplicity are both more consistent with a GR 
hypothesis than the CC alternative. Specifically, assuming the 
QGSJET-01C hadronic model53, the reconstructed muon energy of 
26.4 GeV−12.4

+28.6  is more consistent with the quartiles (21, 38, 72) GeV  
from a 6-PeV hadronic shower than those from a 6.3-PeV CC electron 
neutrino interaction, (0.04, 1.2, 10) GeV.

Segmented flux fit
The segmented flux fit relies on the MC, which maps true-primary 
energy to reconstructed energy. The flux in each of the three 
true-energy bins is assumed to follow a E−2 power law with a floating 
normalization. Then, as a function of this flux, the expected event 
rates in four reconstructed-energy bins in the range 4 PeV to 8 PeV 
were computed assuming equation (1) for the GR cross-section and the 
calculation in ref. 32 for the CC and NC cross-sections. The bin width is 
chosen to be larger than the energy reconstruction uncertainty. The fit 
is performed over these four reconstructed-energy bins; their expected 
event rates are dependent on the flux in the three true-energy bins. 
Comparing the expected event rates to the observation of a single 
event with reconstructed visible energy 6.05 ± 0.72 PeV, we obtain the 
measured flux normalization and 68% upper limits shown in Fig. 4. 
For each true-energy bin, uncertainties were obtained using the Feld-
man–Cousins construction54 while treating the normalizations in the 
other two bins as nuisance parameters that are profiled over.

Data availability
The full event data, including the location of each DOM, the time and 
charge of all pulses associated with this event, and relevant calibration 
details are available at https://doi.org/10.21234/gr2021. Additionally, the 
90% contour of the hybrid cascade+track reconstruction shown in Fig. 2 
and the measured flux shown in Fig. 4 can be found at the same URL.

Code availability
Much of the analysis code is IceCube proprietary and exists as part of the 
IceCube simulation and production framework. IceCube open-source 
code can be found at https://github.com/icecube. Additional informa-
tion is available from analysis@icecube.wisc.edu upon request.
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Extended Data Fig. 1 | The BDT distribution for events with a reconstructed 
energy above 4 PeV. The plotted events are required to be consistent with a 
cascade hypothesis based on the goodness of fit. The PEPE event selection 
requires a BDT score greater than 0.5. Good data–MC agreements were 
observed across the background and the signal region. See Methods for 
details.



Extended Data Fig. 2 | Effect of ice anisotropy on the reconstructed 
direction. Shown are reconstructed directions assuming three different ice 
anisotropy models41 (A, B and C). While the cascade-based reconstructions 
(red) exhibit some shifts, the hybrid cascade+track reconstructions (blue) 
appear less susceptible to ice model differences.
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Extended Data Fig. 3 | The number of strings that observed early pulses for 
a given muon energy. The colour scale shows the probability of observing the 
number of strings with early pulses, Ns, as function of the simulated muon 
energy.



Extended Data Fig. 4 | First-photon arrival times on four strings. Left, 
first-photon arrival times (t DOM

first ) on photosensors deployed on four strings 
(‘Str.’, shown in different colours) nearest to the reconstructed vertex plotted 
against their depth relative to the centre of IceCube (z). Observed times are 
shown as circles, with the size of each circle corresponding to the total charge 
on that DOM. Predicted arrival times assuming a cascade without escaping 

muons are shown as lines with shaded regions corresponding to the quartiles 
obtained from repeated resimulations. Three DOMs on string 67 stand out and 
have first-photon arrival times that are inconsistent with predictions. Right, 
with the addition of a highly relativistic muon, much better consistency is 
obtained between observed and predicted first-photon arrival times on the 
three DOMs with early pulses.
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Extended Data Fig. 5 | The test statistic distribution under the null 
hypothesis. Cumulative distribution of Γ under the null hypothesis, as 
generated under the sampling scheme described in the text. The test statistic 
for the data event is shown in black.



Extended Data Table 1 | Expected event rates for hadronic decay of the W– in IceCube

Expected event rates for the hadronic channel from the Glashow resonance decay using 4.6 years of data. The values of spectral index γastro and flux normalization Φastro are from  
refs. 2,21,55 (a recent update22 has slightly shifted the best-fit values of γastro and Φastro given in ref. 55; it is pending publication). The units of Φastro are 10−18 GeV−1 cm−2 s−1 sr−1.
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