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The IceCube Neutrino Observatory
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• Sensitive to neutrinos at 
MeV, GeV, TeV, PeV, EeV 
scales

• >99% up time
• 4π sky sensitivity
• Better sensitivity in North 

than South (at TeV scale)



Signals and backgrounds in neutrino telescopes
Most events detected by neutrino telescopes are not astrophysical neutrinos

•   atmospheric    μ  ~70 billion / year / km3

•    atmospheric    νμ à μ       ~80 thousand / year / km3

•   astrophysical  νμ à μ  ~10 / year / km3 (above 200 TeV)
Background and signal differ in spectrum and angular distribution
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Interac4on channels and flavor iden4fica4on

Muon neutrino
+ Straight track,

good angular resolution
- Cosmic-ray muon background

Electron neutrino
+ Good energy resolution
- Cascade, ideally in detector

Tau neutrino
+ Double bang signature,

low background
+ Pointing capability
- Low rate

• Tracks:                      ~0.5°
• Cascades/showers:   ~7°

Muon (experimental data)
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The OFU and XFU system
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arXiv: 1309.6979 (p.40)

Alerts Alerts
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IceCube real-4me alerts
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• Public alerts at low latency (~1 minute) since 2016
• Currently ~30 alerts per year

optical X-ray …

IceCube, 1309.6979 (ICRC)
IceCube, Astropart. Phys. 92 (2017) 30-41



Evidence for neutrino flares
from blazar TXS 0506+056

• IceCube-170922A coincident with 
GeV-TeV flaring blazar

• 3.5 𝜎 evidence for a neutrino flare in 
late 2014 – early 2015 (long before 
170922A)

• 13±5 excess neutrinos above 
atmospheric background
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IceCube, Science 361, 147-151 (2018)
IceCube et al., Science 361, 146 (2018)



Equatorial Coordinate System

Evidence for neutrinos from Seyfert galaxy NGC 1068

Two analyses
1) Northern hemisphere scan
2) 110 gamma-ray-selected candidate sources

Hottest scan direction consistent with hottest 
candidate source direction

Seyfert galaxy NGC 1068 (M77)
After correcting for 110 trails:
4.2 sigma significance

79 (+22, -20) astrophysical neutrino events
Spectral index = 3.2 ± 0.21

7

IceCube, Science 378, 538-543 (2022)
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Galac4c plane viewed in mul4ple wavelengths
and mul4ple messengers
IceCube, Science 380, 1338-1343 (2023)
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About 10% of astrophysical neutrinos are Galactic



Recently improved high-energy neutrino public alerts

• New reconstruction procedure running online since September 2024
• Median 90% localization area is now 1.3 deg2, improved by a factor of ~5 from 6.2 deg2

• Catalog of improved alerts in preparation
• 27 track alert events per year
• “Signalness” (equivalent to pastro) provided for each alert
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IceCube, PoS-ICRC2025-1224



Refined direc4ons of 3 alert events no longer 
consistent with TDEs
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IceCat-2: Updated IceCube Event Catalog of Alert Tracks

(a) AT2019fdr (b) AT2019dsg

(c) AT2019aalc

Figure 6: Sky maps showing spatial coincidences between IceCat track alerts and several TDEs (yellow
stars). Each panel highlights improvements in event localization from IceCat-1 (red) to IceCat-2 (blue), with
solid and dashed lines showing the 50% and 90% containment regions, respectively.

after the peak of the optical–ultraviolet luminosity. In some of these associations, the TDE positions
were located near the edge of the neutrino localization contours, leaving room for uncertainty.
Thanks to the improved reconstructions provided by IceCat-2, these associations can now be
revisited with greater accuracy. We find that the TDE positions are, in all cases, well outside the
updated containment regions, e!ectively ruling out an association with the corresponding IceCube
alerts (see Fig. 6).

4. Search for correlation with potential source candidates for association

Following the approach previously adopted for IceCat-1, we also re-evaluated the directional
correlation of the updated alert tracks with several gamma-ray catalogs (3FHL, 4FGL-DR4, 3HWC,
TeVCat) as well as the Swift-BAT X-ray catalog. For each of the 365 alerts in the preliminary IceCat-
2 sample, we searched the aforementioned catalogs for sources located within the 90% uncertainty
contour of the alert’s updated reconstructed direction. In addition, to estimate the number of
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Galactic supernova neutrino alert system

• MeV neutrino burst causes burst in rates across many photomultipliers
• Member of the Supernova Early Warning System (SNEWS)
• Will issue a public alert several hours before optical signal
• Will measure the neutrino time series with exquisite precision
• Will learn even more about supernova astrophysics and neutrino physics than from 1987A

IceCube, A&A 535, A109 (2011)
IceCube, ApJ 961:84 (2024)
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IceCube follow-up of external triggers

• “Fast Response Analysis” pipeline: rapid search for 𝜈 counterparts of transients 
reported by other observatories

• Blazar flares, novae, GRBs, X-ray binaries, compact binary mergers, magnetars, 
magnetars, supernovae, TDEs, …

• IceCube observes all directions at all times, well suited for transient follow-up

IceCube, ApJ 910:4 (2021)
IceCube, ApJ 951:45 (2023)
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Real-time IceCube follow-up of gravitational waves
Neutrinos are hundreds of times 

better localized than GW

IceCube, ApJ Lebers 898 (2020) L10
IceCube, ApJ 944:80 (2023)
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• Two automated, real-time pipelines operating in O3 and O4
• Rapidly publish neutrinos coincident in direction and time
• No statistically significant correlation so far

Rapid, automated follow-up

IceCube, ApJ Lebers 898 (2020) L10
IceCube, ApJ 944:80 (2023)

PoS-ICRC2025-1113



Gamma-ray burst 221009A: the brightest of all time

• IceCube GCN (upper limits) published within hours
• Neutrino limits from MeV to PeV
• Strong constraints on baryons in GRBs
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IceCube, ApJ 946:L26 (2023)



Novae including RS Ophiuchi and T Coronae Borealis
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• IceCube DeepCore and (soon) IceCube Upgrade are sensitive to <1 TeV neutrinos
• “I have enough faith in the hadronic model that [neutrinos are] a pretty sure bet.” 

– Brian Metzger, March 6, 2020 email
• T CrB expected to be brighter than RS Oph, and better declination for IceCube
• Preparing for a rapid search for T CrB neutrinos

IceCube, PoS-ICRC2025-1200



IceCube Upgrade (a step toward IceCube-Gen2)
will be installed in 2025–2026

• Dense infill with 7 new strings
• Improved sensitivity in the GeV (Fermi LAT) band, especially for transients
• Build on prior GeV searches (all-sky transients, GRBs, novae, GW, …)
• Ice calibration to improve high-energy (TeV-EeV) instrument response and data archive
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IceCube-Gen2: the next generation

• High energy extension: Instrument 8 km3 (sparsely with 120 new strings) to increase 
sensihvity to high-energy muon and cascade events

• Surface array for improved southern sky sensihvity and cosmic-ray physics
• Radio component for EeV neutrinos
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IceCube-Gen2 Technical Design Report

THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 13: Visualization of source detection capabilities expected for IceCube-Gen2. Source positions on the sky
and intensities have been selected randomly from an intensity distribution expected for sources with a constant
density in the local universe, and consistent with current IceCube neutrino flux constraints. Shown is the test statistic
value determined in a mock-simulation of track-like events that can be obtained at the source position after 10 years
of operation of IceCube-Gen2. For better visibility, the region around the sources (indicated by white dotted lines)
has been magnified. The position of the Galactic plane is shown as a dashed curve. Below the map, differential
sensitivities for the detection of point sources (5� discovery potential, and sensitivity at 90% CL) are shown for
two selected declinations, at the celestial horizon and at � = 30`. Absorption of neutrinos in the Earth limits the
sensitivity at PeV energies and above for higher declinations. The IceCube and IceCube-Gen2 sensitivities are
calculated separately for each decade in energy, assuming a differential flux dN/dE ö E�2 in that decade only.
Neutrino fluxes are shown as the per-flavor sum of neutrino plus anti-neutrino flux, assuming an equal flux in all
flavors.

radio array will ensure that individual neutrinos are well localized on the sky and can
be correlated with potential counterparts in the electromagnetic spectrum. This will
enable more sources to be distinguished from diffuse backgrounds. Details about the
instrumentation and performance can be found in Section 3.

IceCube-Gen2 will allow the observation of sources at least five times fainter than those
observable with currently operating detectors. An impression of the neutrino sky that
can be expected in the IceCube-Gen2 era is presented in Figure 13. It shows a test
statistic map obtained from the simulation of the arrival direction of muon neutrinos for
a detector as sensitive as IceCube-Gen2 searching for point sources of neutrinos. The
neutrino flux of the simulated sources has been chosen randomly from a model extra-
galactic source population that has a number density distribution expected of sources
having a uniform density and luminosity in the local universe. The intensity of the
model sources is consistent with current constraints from IceCube observations. Po-

24

IceCube-Gen2 
Technical Design 

Report



Conclusion and outlook

• IceCube detects neutrinos from 4π sky with >99% uptime
• We both publish and and consume alerts: input at this workshop on improving both?
• Automated pipelines alongside human-in-the loop decisions
• IceCube Upgrade (completion in 2026) will improve GeV transient astrophysics
• Only ~1% of the neutrino flux so far resolved into individual sources
• The neutrino sky may be as surprising, diverse, and dynamic as the electromagnetic sky
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Additional slides

Justin Vandenbroucke                                               IceCube 19



NGC 1068 and TXS 0506+056
can explain only ~1% of the total neutrino signal

Active galactic nuclei 
contribute a fraction of 
the extragalactic 
neutrino flux

NGC 1068 is opaque to 
high-energy gamma-
rays

NGC 1068 and TXS 
0506+056 are very 
different sources
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IceCube, Science 378, 538-543 (2022)



A flaring GeV–TeV gamma-ray blazar
in the same direction as IC-170922A

• 0.1°separation between blazar and best-fit neutrino direction
• MAGIC detected blazar for first time in VHE band
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Beginning to resolve
the astrophysical neutrino origins
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FIG. 2. Two-dimensional profile likelihood scan on

the spectral indices of the broken power law: The star
markers indicate the best fit with ω1 = 1.72 and ω2 = 2.84 for
MESE, and ω1 = 1.31 and ω2 = 2.74 for CF. Contours rep-
resent the 68% and 95% confidence regions based on Wilks’
theorem. The dotted line signifies the expectation of ω1 = ω2,
indicating the transition to a single power-law spectrum.

eters within the CF analysis are largely unconstrained
and the fit utilizes the large statistics of the tracks sam-
ple to self-consistently constrain its nuisance parameters.
MESE, on the other hand, uses several priors on the nui-
sance parameters that modify the atmospheric flux and
the detector response. These priors arise from previous
IceCube calibration campaigns [39][PRD].

Results: We use the maximum-likelihood fit to test
several hypotheses on the spectral shape of the astro-
physical neutrino flux: 1) a single power law (SPL); 2) a
single power law with an exponential cuto! (SPE), 3) a
log-parabolic (LP) flux; and 4) a broken power law (BPL)
flux model. Both analyses find the likelihood to be maxi-
mum for the BPL model. A list of the tested flux models
is provided in Tab. III, along with the best fit parameters
and the di!erence in likelihood values when the model is
compared to the SPL. The SPE model test did not re-
sult in a significant improvement of the likelihood com-
pared to the SPL model (→2”lnL = TS = 7.5 (1.8) for
CF (MESE)). The BPL model yields a noteworthy im-
provement of the TS by 24.4 (27.3) in the CF (MESE)
analysis, corresponding to a significance of 4.4ω (4.7ω)
over the SPL model based on Wilks’ theorem [40], with
the TS distribution following a ε2 with two degrees of
freedom (DOF). A better TS is also noted for the LP
model with TS = 16.4 (18.8) for CF (MESE) with a sig-
nificance of 4.0ω (4.3ω). Since the LP and BPL mod-
els have a di!erent number of free parameters and are
not nested, we calculate the preference of BPL over LP
directly from the TS distribution obtained from pseudo-
data [PRD]. We find that the BPL is preferred over LP

FIG. 3. Segmented Flux: The fit to the astrophysical flux
normalization assuming an E→2 spectrum is shown in each
segment. Orange markers and shaded regions represent CF
while MESE is shown in blue. The shaded regions show the
68% uncertainties and sensitive energy ranges for each analy-
sis obtained from profile likelihood scans of the four parame-
ters of the BPL model. The flux from NGC1068 [41] and the
galactic plane [42] measured with IceCube lie at much lower
scales.

with a p-value of 0.008 for the MESE analysis and a p-
value of 0.018 for the Combined Fit, when injecting the
LP best fit and fitting with both models. A comparison
of the agreement between data and Monte Carlo (MC)
simulations assuming the best-fit parameters of the BPL
is shown in Fig. 1. Goodness of fit tests have been per-
formed for each analysis and both morphologies, showing
that they are statistically compatible. We note a small
deficit of data with respect to MC at a few hundred TeV.
As it is not yet statistically significant, further investiga-
tion of this additional feature is required with more data.
A comparison of the constraints on the low- and high-
energy spectral indices obtained from the two analyses is
shown in Fig. 2. The figure illustrates the complemen-
tarity of the two analyses. The CF (MESE) analysis al-
lows stronger constraints on the high-energy (low-energy)
spectral index, as illustrated by their respective sensitive
energy ranges (see Fig. 3), [PRD].
Finally, a segmented fit is performed, where the total

neutrino flux, E2 #total
astro = $i ϑi %(E → Ei)%(Ei+1 → E),

is represented by the sum of fluxes ϑi in 13 independent
energy bands [Ei, Ei+1] with a spectral index of 2 in each
band, and %(x) represents the unit step function. This
allows the characterization of energy-dependent features
in the spectrum. The results are shown in Fig. 3 and com-
pared to the best-fit BPL model. There is generally good
agreement between the segmented fit which has 14 DOF
and the measured BPL spectrum with 4 DOF, which is
reflected in the small likelihood di!erence between them
(TS = 6 (1.7) for CF (MESE)).

• A knee in the total neutrino spectrum
• ~10% of astrophysical neutrinos are GalacTc
• ~1% are from NGC 1068

IceCube, arXiv:2507.22233



The sky is bright in neutrinos!
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IceCube, PRD 104, 022002 (2021)
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• As bright as the most optimistic pre-IceCube models predicted
• Comparable energy flux in GeV gamma rays, PeV neutrinos, EeV cosmic rays


