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Neutrinos from transient astrophysical sources

• Transient and highly-variable persistent astrophysical sources display high-
energy non-thermal emission potentially from hadronic processes.  

• Realtime neutrino alerts identified in correlation with MM signals can 
provide  direct insights into particle acceleration processes in these sources. 

• Broad range of timescales (seconds to weeks/months)
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Core-collapse supernovaeCompact object mergersActive galaxies Gamma-ray bursts 

Tidal disruption events
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Event topologies in neutrino telescopes
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Early Late

Examples from IceCube
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CC νμ interactions

Angular resolution O(0.1°) - O(1°) at a few TeV

Muon tracks

Event topologies in neutrino telescopes

3

Early Late

Angular resolution better suited for 
correlating with pointed instruments

Examples from IceCube
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CC νμ interactions

Angular resolution O(0.1°) - O(1°) at a few TeV

Muon tracks

Event topologies in neutrino telescopes

3

Early Late

Angular resolution O(1°) - O(10°)

NC / CC νe, most ντ 
Cascades

Angular resolution better suited for 
correlating with pointed instruments Added statistics at high energies

Examples from IceCube
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Alert generation challenges
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Prior to performing the fit on the experimental data,
the energy ranges of the segments were defined to be
equally spaced in log-energy spanning the sensitive en-
ergy range of the astrophysical measurement (see Sec-
tion 4) with three segments. Additionally, one seg-
ment above and below have been added respectively to
cover the full energy range. The full parameterization
of the astrophysical flux is given in Eq. 5, and the en-
ergy ranges and obtained best-fit normalizations �

i
piece

are listed in Table 5. Figure 4 visualizes the obtained
flux measurement of the piece-wise parameterization to-
gether with the results of the single power law, power
law with cut-off and log-parabola models. In all models
beyond the single power law, hints for a softening of the
spectral shape as a function of energy are found.

Energy Range (E⌫) Norm. �i
piece/Cunits

Piece 1 100GeV � 15TeV
†
0.0+3.1

Piece 2 15TeV � 104TeV 2.22+0.8
�0.8

Piece 3 104TeV � 721TeV 1.21+0.32
�0.31

Piece 4 721TeV � 5PeV 0.33+0.22
�0.18

Piece 5 5PeV � 100PeV
†
0.0+0.41

Table 5. Piece-wise parameterization: Energy ranges and
result of the likelihood fit. Note that all piece-wise normal-
izations are optimized simultaneously in the fit, i.e. corre-
lations between the segments are fully taken into account.
The given 68.27% uncertainty ranges are obtained from one-
dimensional profile likelihood scans.
†Piece 1 and 5 have been added to cover the full energy range,
here, upper limits (90% CL) are computed.

5.4. Flux predictions for specific source classes

Besides the wide range of generic parameterizations
for the energy spectrum discussed in the sections above,
it is also possible to compare the experimental data to
source-class specific flux predictions directly. The total
astrophysical flux may originate from multiple source-
classes, it is thus not expected that a single flux pre-
diction can fully explain the observed data. Instead,
we model the total astrophysical component as sum of
the predicted energy spectrum model times a free nor-
malization �model and a single power law to cover other
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Figure 4. Summary of best-fit models for the astrophysical
neutrino flux. The bins from the piece-wise unfolding are
marked in green and in gray wherever only upper limits are
calculated. The single power law band is drawn in the sen-
sitive energy range as defined in Section 4. All models with
more degrees of freedom than the single power law show a
trend from a hard spectral shape at medium energies to a
softer spectrum at highest energies.

potential flux contributions:

�
⌫µ+⌫̄µ

astro. (E⌫) =�model ⇥ Model(E⌫) (6)

+ �SPL ⇥
✓

E⌫

100 TeV

◆��SPL

.

A representative set of different source-class specific
predictions have been selected, focusing on predictions
not already covered by the performed test of a single
power law, and including variations of the benchmark
models shown in the publications (see Table 6). All
these predictions model the cumulative expected flux at
Earth for the given source class. The obtained fit results
using these predictions are listed in Table 6. The test-
statistic TSfreemodel from Eq. 7 compares the best-fit
result including the additional component of the source-
class specific flux prediction to the hypothesis of only
a single power-law. That is, TSfreemodel = 0 implies
that the description of the experimental data can not
be improved with an additional contribution from the
model prediction and the fit instead prefers the single
power-law model. For these cases, upper limits on the
model normalization are computed at 90% CL employ-
ing Wilk’s Theorem.
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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• Background dominated  

• Sensitivity roughly  PSF2 

• Search for neutrino 
clusters in spatial/
temporal correlation. 

• All-sky or using a catalog of 
known positions (e.g. MM 
sources)
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Alert generation challenges
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IceCube 2021 (arXiv/2111.10299)

Astrophysical 
neutrino flux 
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A representative set of different source-class specific
predictions have been selected, focusing on predictions
not already covered by the performed test of a single
power law, and including variations of the benchmark
models shown in the publications (see Table 6). All
these predictions model the cumulative expected flux at
Earth for the given source class. The obtained fit results
using these predictions are listed in Table 6. The test-
statistic TSfreemodel from Eq. 7 compares the best-fit
result including the additional component of the source-
class specific flux prediction to the hypothesis of only
a single power-law. That is, TSfreemodel = 0 implies
that the description of the experimental data can not
be improved with an additional contribution from the
model prediction and the fit instead prefers the single
power-law model. For these cases, upper limits on the
model normalization are computed at 90% CL employ-
ing Wilk’s Theorem.
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using
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FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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• Sensitivity roughly  PSF2 

• Search for neutrino 
clusters in spatial/
temporal correlation. 

• All-sky or using a catalog of 
known positions (e.g. MM 
sources)
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Alert generation challenges
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IceCube 2021 (arXiv/2111.10299)

High-energy regime
• Signal dominated 

• Very low event rate ( O(10) 
events per year across the 
sky per km3)  

• Realtime follow-ups. 
Correlation studies. 

IceCube track alerts

Astrophysical 
neutrino flux 

Atmospheric flux
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Current generation of neutrino telescopes

5

‣ Mediterranean Sea (Italy/France). Successor of 
ANTARES. 

‣ Under construction, targeting 1 km3 

‣ Current status: 28/115 detector units (ORCA) + 
51/230 detector units (ARCA) as of July 2025.

KM3NeT
‣ South Pole glacier. 2010. 

‣ 5160 PMTs in 1 km3 

‣ 7 new lines (Upgrade) to be 
deployed 2025-26

IceCube
‣ Lake Baikal (Russia) 

‣ Under construction, targeting 1 km3 

‣ As of June 2025, ~0.6 km3  (14 clusters 
with 4392 sensors)

Baikal-GVD

Future: P-ONE, TRIDENT, 
HUNT, NEON

Baikal-GVD Status
April 2025

• 4392 Optical modules on 122 strings (14 clusters)

• 8 strings form a cluster - independent array of 
optical modules

• 36 optical modules per string

• 60 m between strings in a cluster, 250-300 m 
between clusters 

• More than 0.6 km3 of water volume

• 8 laser stations/inter-cluster strings 

• More than 400 acoustic modules for positioning

• LED beacons and powerful laser sources for 
calibration 

• 4 experimental strings with the fibre-optic DAQ for 
testing of new equipment

• 2 prototype string for the next-generation 
telescope (12 OMs + 24 OMs) 6

4
KM3NeT detector scales230 detection units 

4140 optical modules 
128340 PMTs

115 detection units 
2170 optical modules  
64170 PMTs

(Spacing 
between 
the 2 BBs 
is not at 
scale)
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icecube high-energy alert status (single events)
• High-energy tracks (~30 / year):  

• Selection of single high-energy muon tracks with high average astrophysical probability (Bronze: 30% - Gold: 50%). 
Started in 2016, upgraded in 2019 and 2024). 

• Fast reconstruction (at Pole) circulated to the community via GCN Notice / Kafka within ~30 s of detection. 
Followed by updated position based on more advanced reco algorithm (likelihood scans of reconstruction) 

• Cascade events (~8 / year): 
• Alert issued through GCN Notice / Kafka. Healpix skymap automatically available.

6

CascadeGold/Bronze track
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Latest update to Icecube track event alerts

• Improving angular resolution and statistical coverage of event uncertainties. Combining two event 
reconstructions (Millipede Wilks and SplineMPE scans).  

• Improvements of a factor of 5 (4) in the area of the 50% (90%) containment region. 

• IceCat-2 being released soon including 365 tracks between May 2011 and Jan 2025 (Zegarelli et al. 
for the IceCube Collaboration - PoS(ICRC2025)1224, see Angela’s talk!)

7

PoS(ICRC2025)1184

Improvements in the Reconstruction of IceCube Realtime Alerts

(a) Millipede Wilks (b) SplineMPE with likelihood scan

Figure 4: Comparison of 90% areas between Millipede Wilks (left) and SplineMPE with likelihood scan
(right) against areas of the original Millipede, Revision 1 (blue) and initial GCN, Revision 0 (orange) for
events in IceCat-1. The 90% areas are computed for each published revision, and their ratio is taken with
respect to the 90% area obtained with Millipede Wilks or SplineMPE with likelihood scan.

hand, for small deposited energies, it seems to fluctuate consistently around the expectations from
Wilks’ theorem. The left panel of Fig. 5 shows the realtime benchmark simulations (Sec. 1, [13])
in a space of deposited energy and log-likelihood ratio level for a 50% coverage. Their density in
that bi-dimensional space was interpolated using di!erent methods, and 50 TeV was found to be the
energy at which, consistently with all methods, more than 10% of the alerts at that energy would
have a 90% contour (from Wilks’ theorem) with less than 50% of real coverage. Therefore, 50 TeV
was chosen as the energy threshold to distinguish between a subset of events on which SplineMPE
with likelihood scan is preferable to Millipede Wilks and the rest of the events on which Millipede
Wilks is adopted for its good statistical properties, which is still a major improvement in precision
to the old reconstruction of realtime alerts (left panel of Fig. 4). These two subsets are respectively
referred to as low-energy deposition (LED) and high-energy deposition (HED) events. The right
panel of Figure 5 shows the coverage properties of SplineMPE with likelihood scan (and without
angular-error floor) on the LED events, demonstrating good performance. Moreover, the alerts that
passed the High-Energy-Starting-Event (HESE) selection [5] are also to be classified as HED events
independently of their deposited energy, as the initial hadronic shower induced by the interaction
of the neutrino with the glacial ice is contained in the detector. Therefore, the assumption of
SplineMPE of continuous light emission is not realistic for these events.

7. Conclusion

The combination of the two reconstruction methods, Millipede Wilks and SplineMPE with
likelihood scan, ensures a minimal size of the contour areas on which follow-up observations would
be performed, while also providing consistent and well-characterized statistical coverage (Sec. 6).
While the old catalog of IceCube realtime alerts, namely IceCat-1 [19], was reconstructed with the
original Millipede, an updated catalog, IceCat-2, is now being processed [20]. Overall, the areas
in IceCat-2 shrink by a factor between 4 and 5 [20]. Further improvements in the reconstruction of
realtime track alerts are still possible, and new possibilities are being explored [21].

7

PoS(ICRC2025)1184

Improvements in the Reconstruction of IceCube Realtime Alerts

Figure 5: In the left panel, classification of low energy deposition (LED) and high energy deposition (HED)
events. On the y-axis is the energy deposited in the detector by the muon. On the x-axis is the median level
of log-likelihood ratio for each realtime benchmark simulation (resimulated 100 times), from SplineMPE
with likelihood scan. This median level also represents the llh-ratio level at which there would be a correct
50% coverage for that event. The red vertical dotted line represents the expected 50% level from Wilks’
Theorem. The more the dots are further right, the worse the reconstruction. The black horizontal dotted line
indicates the deposited energy that distinguishes between LED and HED events. HED events are also all
alerts that passed the HESE filter [5], as shown by the example of the orange dot slightly below the 50 TeV
line. In the right panel, the same plot as the right panel of Fig. 2, but with the results from the SplineMPE
likelihood scan applied only to the LED events. On this subset of events, the likelihood ratio CDFs are more
in agreement with the expectations from Wilks’ theorem.

References

[1] IceCube Collaboration, M. G. Aartsen et al., JINST 12 no. 03, (2017) P03012.
[2] IceCube Collaboration, M. G. Aartsen et al., Sci. 342 no. 6161, (2013) 1242856.
[3] IceCube Collaboration, M. G. Aartsen et al., Astropart. Phys. 92 (2017) 30–41.
[4] IceCube Collaboration, Fermi-LAT et al., Sci. 361 no. 6398, (2018) eeat1378.
[5] IceCube Collaboration, E. Blaufuss, T. Kintscher, L. Lu, and C. F. Tung, PoS ICRC2019 (2019) 1021.
[6] IceCube Collaboration, R. Abbasi et al., JINST 16 no. 08, (2021) P08034.
[7] IceCube Collaboration, M. G. Aartsen et al., JINST 9 (2014) P03009.
[8] IceCube Collaboration, GCN 38267 (2024) .
[9] K. M. Gorski et al., ApJ 622 no. 2, (04, 2005) 759–771.

[10] IceCube Collaboration, C. Lagunas Gualda, Y. Ashida, A. Sharma, and H. Thomas, PoS ICRC2021 (2021) 1045.
[11] IceCube Collaboration, T. Yuan, PoS ICRC2023 (2023) 1005.
[12] Pan-STARRS, IceCube Collaboration, E. Kankare et al., A&A 626 (2019) A117.
[13] IceCube Collaboration, G. Sommani, C. Lagunas Gualda, and H. Niederhausen, PoS ICRC2023 (2023) 1186.
[14] IceCube Collaboration, M. G. Aartsen et al., JCAP 2019 no. 10, (2019) 048–048.
[15] IceCube Collaboration, R. Abbasi et al., JINST 19 no. 06, (2024) P06026.
[16] IceCube Collaboration, R. Abbasi et al., The Cryosphere 18 no. 1, (2024) 75–102.
[17] IceCube Collaboration, R. Abbasi et al., PoS ICRC2023 (2023) 975.
[18] IceCube Collaboration, R. Abbasi et al., NIM A 703 (2013) 190–198.
[19] IceCube Collaboration, R. Abbasi et al., Astrophys. J. Suppl. 269 no. 1, (2023) 25.
[20] IceCube Collaboration, A. Zegarelli, A. Franckowiak, G. Sommani, N. Valtonen-Mattila, and T. Yuan, PoS

ICRC2025 (2025) 1224.
[21] T. Glüsenkamp, Eur. Phys. J. C 84 no. 2, (2024) 163.

8

Sommani and Yuan for the IceCube Collaboration - PoS (ICRC2025) 1184



M. Santander - High-energy neutrino alerts and their follow-up observations - 4th AstroColibri Workshop - Institut Pascal, Oct 2025

Upcoming update to gamma-ray follow-up alerts

• Current status: IceCube monitores a list of gamma-ray sources agreed upon with IACT 
telescopes under MoU. If a cluster of neutrino candidate events crosses a significance 
threshold, a private alert is shared with the IACT.  

• Next step: common list of monitored sources, expanded energy bands (keV/GeV/TeV). Public 
alerts circulated via NASA GCN. ETA: by end of the year. 
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PoS(ICRC2025)949
IceCube Public GFU-Cluster Alerts

Figure 2: Example significance curve over 11.5 years of data for a simulated source at 𝐿 = 5.69°. The left
triangles are the pre-trial significances for clusters from incoming analysis-triggering events plotted at their
𝑀1. The color represents the duration of the fitted time window in days (𝑀1 → 𝑀0). Clusters that would trigger
alerts by crossing the significance thresholds are highlighted by the dashed circles with colors matching the
lines for their respective thresholds. (Top) A source with 5 signal events from a simulated flare with a duration
of 50 days and 𝑁 = →2.0 added to simulated background data. The injection time window is highlighted by
the light blue area. (Bottom) The significance curve from the top plot is zoomed in around the time of the
injected flare. The dashed sea green lines represent the times of the injected signal events (the same events
as in fig. 1). Note that the significance curve slowly decays over the 180 days following the signal injection.

within 2° of the incoming event is tested. The energy term is built from signal simulations and
assumes a power-law spectrum (↑ 𝑂𝐿) assigning a likelihood based on an event’s zenith, 𝑃𝑀 , and
energy, 𝑂𝑀 . In the initial event weight evaluation, the spectral index in the signal PDF is fixed to
𝑁 = →3.0, emphasizing the angular distance to the source over the event’s energy. The spatial and
energy PDFs for the background PDF, B, are generated from the data rates under the approximation
that most GFU data is produced by atmospheric background and depend upon the event’s detector
coordinates, zenith (𝑃𝑀) and azimuth (𝑄𝑀), and the event’s energy (𝑂𝑀). If the event is found to have
an event weight greater than one, the full GFU-cluster analysis is run, and we refer to these events
as analysis-triggering events. An example of event weights as a function of Modified Julian Day
over 180 days for a simulated source is given in fig. 1.

When an event triggers the full analysis, the GFU algorithm applies a time-dependent unbinned

4

Boscolo Meneguolo et al. for the 
IceCube Collaboration   
PoS (ICRC2025) 949  

PoS (ICRC2025) 919
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KM3net event reconstruction

• Data collection to reconstruction in ~7 s. 

• Expected median angular resolution for 
tracks < 0.1° (>1 PeV) and 2° for 
cascades above 100 TeV.  

• Less light scattering in liquid water leads 
to improve reco. 

• Chance probability of correlation goes 
with PSF2. Enable sensitive searches of 
neutrino counterparts with EM 
instruments. 
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PoS(ICRC2025)1026
Extending KM3NeT’s Point-Source Searches to Lower Energies with KM3NeT/ORCA Ilaria Del Rosso

(a) Median angular resolution as a function of the true neu-
trino energy for 𝐿𝐿 + 𝐿̄𝐿 CC events. The bands indicate the
68% quantile region.

(b) E!ective area at selection level for the
KM3NeT/ORCA18 (blue) and KM3NeT/ARCA21
(red) detectors.

Figure 1: Comparison between KM3NeT/ORCA6, KM3NeT/ORCA18 and KM3NeT/ARCA21 detectors’
performances at selection level: (a) median angular resolution, (b) e!ective area.

The normalisation factor n is chosen such that the integral of 𝑀𝑀𝑁𝑂 over the entire sky and energy
range equals the total number of events observed in the data.

3. Point source search analysis

A binned analysis framework is employed to evaluate the compatibility of the observed data
with the point source hypothesis. This approach involves constructing two-dimensional histograms,
with the logarithm of the reconstructed energy (log10(Erec [GeV])) ranging from 0 to 4 on the x-axis
and the angular separation from the candidate source (𝑁) ranging from 0° to 5° on the y-axis.
For each bin 𝑂, the expected number of signal events (𝑃𝑃), corresponding to an assumed signal flux,
and the expected number of background events (𝑄𝑃) are obtained from the IRF and background
models described above, respectively. Based on the expected signal and background distributions,
pseudo-experiments, using Poissonian statistics, are generated. For each (pseudo) dataset, the level
of compatibility is assessed between the signal+background hypothesis (H1) and the background-
only hypothesis (H0). This is expressed by the test statistic 𝑅, evaluated from the log-likelihood
function:

log 𝑆 =
∑
𝑃

𝑀𝑃 log(𝑄𝑃 + 𝑇𝑃𝑃) → 𝑄𝑃 → 𝑇𝑃𝑃 (2)

𝑅 = log 𝑆 (𝑇 = 𝑇) → log 𝑆 (𝑇 = 0), (3)

with 𝑇 being the signal strength (a scaling parameter for the reference flux) and 𝑇 the best fitted
signal strength for a given (pseudo) dataset.

The analysis is conducted for three di!erent spectral indices: 𝑈 = 2, 𝑈 = 2.5, and 𝑈 = 3,
assuming a flux shape of E→𝑄 .

4

Del Rosso and Illuminati for the KM3NeT Collaboration - PoS 
(ICRC2025) 1026
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KM3net alert status

• System searches for potential astro correlations using different catalogs. Selection of 
O(10)s of events per month. 

• Upgrade alert if one or more candidate counterparts have been identified. Rare 
events are submitted as neutrino only. FAR calculation. 

• To be sent via GCN Kafka using VOEvent and JSON. JSON format based on 
Common Neutrino Format agreed with IceCube. Contains event and counterpart 
information.  

• ETA: public alerts by end of 2025. 

10

PoS(ICRC2025)920

The KM3NeT alert system for online multi-messenger astronomy V. Cecchini et al.

1. System requirements and architecture

The KM3NeT Alert Sending System is part of the KM3NeT online activities and complemen-
tary to the MM follow-up program [1]. Its main objective is to inform the astronomy community,
with a O(1 min) latency target, of potential neutrino detections above GeV energies. To fullfill
this goal, the KM3NeT/ARCA and KM3NeT/ORCA data are sent to shore, where the Real-Time
Analysis (RTA) framework [2] performs an online reconstruction and classification, at O(10 Hz).

To select only the most interesting neutrino events within a reasonable timeframe, our alert
system, illustrated in Fig. 1, can be summarized as follows:

Figure 1: Overview of the KM3NeT alert sending system dataflow. Credit: M. Marconi.

• For both KM3NeT/ARCA and KM3NeT/ORCA, a pre-filtering stage is applied to the recon-
structed data, reducing the rate to about 500 events/month per detector.

• Di!erent selections (see Sec. 2 and 3) are run in parallel, optimised to return tens of events
per month per analysis.

2

Mastrodicasa et al. for the KM3NeT Collaboration - 
PoS (ICRC2025) 920

Cecchini, Buson, Celli et al. for the KM3NeT 
Collaboration PoS (ICRC2025) 920

PoS(ICRC2025)920

The KM3NeT alert system for online multi-messenger astronomy V. Cecchini et al.

Figure 3: Decision pattern followed by the final selection module.

• As complement to these “pure neutrino” alerts, an event which does not reach the significance
threshold on its own can be “upgraded” to an alert with the information from the Astro module.

Additionally, some high-level variables, such as the event name, the HEALPix skymap of the
event, and the 50% error contour, are produced. The event parameters, as well as all the analysis
and additional information, are finally stored in a PostgreSQL database.

5. Alert content and di!usion

KM3NeT alerts will be sent as Notices through the NASA’s GCN broker via their Kafka server
in both JSON and VOEvent formats.
The JSON unified schema is a set of predefined variables, maintained by the GCN team. It allows
for the construction of notices using common definitions and harmonized variable names, thereby
simplifying their reception by follow-up experiments. The VOEvent format is the historic format
supported by the IVOA organization3, where data are represented as XML tags.

The JSON KM3NeT Notice format is based on the Common Neutrino Format, developed in
collaboration with IceCube to provide a unified template and extend the GCN core notices with
variables relevant to neutrino telescopes. In addition, the KM3NeT notices are enriched with
information related to the neutrino event and its potential counterparts. The same content will be
provided in VOEvent notices, with only the embedding format di!ering. Public distribution of
KM3NeT alerts is expected by the end of the year.

3ivoa.net

7
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BAIKAL-GVD online alert status
• Ongoing efforts concentrate on online reconstruction and calibration. Most searches concentrate 

on the follow-up of external MMA triggers (IceCube, LIGO, etc). 

• Alerts are received via GCN and data is processed within 5 minutes. 

11
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Online Analysis and Multimessenger Alerts Follow-Up at the Baikal-GVD Telescope V.Ya. Dik

Figure 3: Panel (a): Distribution of Baikal-GVD reconstructed events relative to the S250206dm trigger
time. Panel (b): Sky map showing the gravitational-wave event S250206dm as a probability density map
(conditional probability per unit solid angle). The black contour indicates the 90% credible region of the
GW localization. The directions of Baikal-GVD and IceCube neutrino candidates are overlaid, with 90%
localization uncertainty regions for each event.

BBH mergers in AGN environments has been discussed in literature, e.g., [12]. In the current on-
line follow-up of gravitational waves (FU-GW), no overlaps were found between the reconstructed
localizations of Baikal-GVD events and the GW credible contour in direct temporal coincidence
within ±1000 s of the GW trigger.

As presented in [3], the Baikal-GVD sample of HE upward-going cascades has been updated
over six seasons since 2018. Among the 18 neutrino events identified, fewer than three are expected
to be of atmospheric origin, while the astrophysical characterization in terms of signalness values
was estimated to exceed 0.5 for each cascade. In the o!ine FU-GW study of the selected 18
HE upward-going cascades, two events were found to overlap with the 90% credible contour of
S231014r. The first one, GVD231014CA, with an energy of→ 35 TeV [3], occurred on the same day,
with a delay of 16 h. The second, GVD240201CA, with an energy of → 32 TeV [3], was detected
110 days later. The skymap of S231014r together with the Baikal-GVD events is shown in Figure 4.
Taking into account that delayed time of neutrino flux from BBH-in-AGN mergers is predicted
by some models to be significantly longer than a few hours [13], both events are considered here.
Their 90% uncertainty circles overlap, while the angular distance to the best-fit position of the GW
event is more than 20 degrees. A full o!ine analysis of Baikal-GVD data samples using the LVK
catalogs O3-O4 is in preparation.

An independent neutrino alert was also reported by the IceCube observatory at 22:00:06 UTC
on the same day, with an estimated energy of about 105 TeV [14]. However, the direction of the
IceCube event lies outside the high-probability region of the GW localization, indicating no spatial
coincidence (Figure 4).

4.3 Blazar OP313 follow-up

Since December 2024, enhanced gamma-ray activity has been observed from the blazar OP313
(4FGL J1310.5+3221, RA = 197.63↑, Dec = 32.35↑), classified as a flat-spectrum radio quasar.
Recurrent multiwavelength flares were reported from the source during two active periods. The
first period occurred between December 2024 and January 2025, when optical flares were observed,
accompanied by gamma-ray activity detected by Fermi-LAT, INTEGRAL, and VERITAS, as well

6

Dik and Suronova for the Baikal-
GVD Collaboration 
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Upcoming ice/Water cherenkov telescopes

12

KM3NeT

IceCube-Gen2

TRIDENT 
HUNT 
NEON

P-ONE
BAIKAL-GVD
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A global neutrino monitor

• Rate of muon track detections to increase by x10 wrt IceCube alone by mid 2030s. By 
x30 or more in mid 2040s with the advent of HUNT/TRIDENT/NEON.  

• Coordination of efforts (follow-ups in particular) would be needed. PLENuM approach

13

Note: Assuming E-2 ν spectrum

Schumacher, MB, Agostini, 
Oikonomou, Resconi, 2503.07549 36

Mid 2030s

IceCube × 7.5

19
From M. Bustamante (ICRC 2025)

Note: Assuming E-2 ν spectrum

Schumacher, MB, Agostini, 
Oikonomou, Resconi, 2503.07549 36
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RICh multiwavelength landscape  

• Main band for correlation 
studies unclear.  

• Potential hadronic tracers 
in X-ray, gammas.  

• Data analysis of realtime 
follow-ups not always 
easy/possible.

14

2021 o 2025 o >2030 Band Width Differential sensitivity limit FoV ang. res. slew [survey] speed resp. delay ! foll. rate [% alerts] examples 

LHAASO 100 GeV−1 PeV 5×10−14 erg cm−2 s−1 in 1 yr 2 sr 0.3° [2/3 sky/day] - ?
CTA 20 GeV−300 TeV 6×10−14 erg cm−2 s−1 in 50 h 10−20° < 0.15° 180°/20 s 20 s 20 h/yr (2016)

HAWC 100 GeV−100 TeV 6×10−13 erg cm−2 s−1 in 1 yr 2 sr 0.1° [2/3 sky/day] - [90% IC Gold alerts]
H.E.S.S. 30 GeV−100 TeV 6×10−13 erg cm−2 s−1 in 50 h 5° 0.1° 10°/min 60 s 60−70 h/yr
MAGIC 50 GeV−50 TeV 9×10−13 erg cm−2 s−1 in 50 h 3.5° 0.07° 7°/s 20 s 60 h/yr, 15% ToO
VERITAS 85 GeV−30 TeV 6×10−13 erg cm−2 s−1 in 50 h 3.5° 0.1° 1°/s 90 s 45 h/yr
Fermi LAT 20 MeV−300 GeV 5×10−13 erg cm−2 s−1 in 10 yr 2.4 sr 0.15° [all-sky/3 h] 4−5 h [100% IC alerts]

GBM 10 keV−25 MeV 2 ph cm−2 s−1  in 1 s 9 sr 10° [all-sky/1 h] 5−6 h [60% IC alerts]
INTEGRAL IBIS 15 keV−10 MeV 1.2×10−12 erg cm−2 s−1 in 103 s 64 deg2 0.2° 0.2°/s min [all ANTARES

SPI-ACS 100 keV−2 MeV 10−3  ph cm−2 s−1 MeV-1 in 106 s 4" - - min and GCN IC alerts]

XMM-Newton 0.2−12 keV 10−15 erg cm−2 s−1 in 106 s 0.5° 6� 90°/h few h PKS 1502+106, Kloppo
Athena-WFI 0.1−15 keV 3×10−16 erg cm−2 s−1 in 105 s 0.4 deg2 < 5� 1°/min 4 h [5 ToO/month]

Swift BAT 15−150 keV 6×10-10 erg cm-2 s-1 in 2000 s 1.4 sr 0.4°
XRT 0.2−10 keV 5×10-13 erg cm−2 s−1 in 104 s 0.1 deg2 18� 1°/s min−h 50% ToO
UVOT 0.16−0.62 µm 19 mag in 300 s 0.1 deg2 2.5�

SVOM ECLAIRs 4−150 keV 7.2×10-10 erg cm−2 s−1 in 103 s 2 sr < 0.2° first 3 yrs:
MXT 0.2−10 keV 2×10-12 erg cm−2 s−1 in 3000 s 1 deg2 13� 45°/5 min min−h 15% ToO
VT 0.4−1 µm 22.5 mag in 300 s 0.2 deg2 < 1� then: 40% ToO

ASAS-SN 380−555 nm 19.5 mag in 30 min 72 deg2 7.8� [vis. sky/days] min−day [70−80% all IC GCN alerts]
ATLAS 420−975 nm 19.7 mag in 30 s 29 deg2 2� [4×vis. sky/day] 45 s [no ! alert yet]
Pan-STARRS 400−900 nm 23.1 mag in 904 s 14 deg2 1.0−1.3� [vis. sky/week] h−day [6 follow ups]
ZTF 400−650 nm 21.0 mag in 300 s 47 deg2 2� [vis. sky/2 days] h−day [74% IC Gold alerts]

Vera Rubin Obs. (LSST) 0.3−1 µm 24.5 mag in 30 s 9.6 deg2 0.7� [100 deg2/5 min] - -
MASTER-II(VWF) 400−800 nm 19(12) mag in 1 min(5 s) 8(400) deg2 1.9��22�� 30°/s(8°/s) min−h [99% GCN neutrino alerts]
TAROT 350−980 nm 18.5 mag in 180 s 4 deg2 3.5� 50°/s s−day <3% obs. time [70% GCN alerts]
GEMINI (GMOS) 0.36−1.03 µm, spec 25 mag in 2.5 days 30.23'2 0.07�/pix obj./2 min 20 min SN PTF12csy
GTC (OSIRIS) 0.365−1.05 µm, spec 27 mag in 1 h 0.02 deg2 0.127�/pix obj./min min TXS 0506+056
Keck (LRIS) 0.32−1 µm, spec 23 mag in 20 s 46.8'2 0.135�/pix 1.5°/s h SN PTF12csy
VLT (X-shooter) 0.3−2.4 µm, spec 23 mag in 60−120 s 2.2'2 0.173�/pix obj./5 min 30 s TXS 0506+056, IC190331A

VLA 1−50 GHz 186 µJy in 1 min 0.16 deg2 0.12� [20 deg2/h] days TXS 0506+056, ANTARES events
MWA 80−300 MHz 4.6 mJy at 1 s 610 deg2 0.9' obj./8 s 6−40 s [30% IC Gold, >30% ANTARES]

SKA1(2)-MID 350 MHz−15.3 GHz 2(0.1) µJy in 1 h 1(10) deg2 0.04°−0.7° ? 1 s ?

Table 2. Indicative experimental characteristics of a non-exhaustive list of actual or potential neutrino follow-up EM instruments. The left-hand side of
the table indicates the timeline of each instrument (green for current and yellow for up-coming). Unclear termination dates are indicated with a fading
gradient. The following columns from left to right reference the band width (characterized by either energy, wavelength or frequency range, depending on
conventions), the differential sensitivity limit (definition depends on the type of instrument, see 4.3.3), the field of view (FoV), the angular resolution, the
slew speed and survey speed in brakets, the response delay to a neutrino or ToO alert. The final column provides elements of the neutrino or ToO follow up
program of each facility, with a neutrino alert follow up rate (“! foll. rate", in hour/year) when available, percentage or number of neutrinos followed in
brakets, and specific followed source or event names in italics. Question marks indicate the yet unknown values for up-coming experiments. References are
given in the text.

19/37

Guepin, Kotera, Oikonomou - Nature Reviews Physics

arXiv/2207.12205
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X-ray coverage

15

Neil Gehrels Swift Observatory 

XRT sensitivity in the 0.3-10 keV 
Fast response, low overhead. 

110 cm2 

~0.4 deg FoV. Launched in 2004. 

SVOM (China-France)

Rapid follow-ups of GRBs

Launched June 2024

0.2-10 keV

“Lobster eye” optics with 1 deg FoV

Einstein Probe (China-ESA) January 2024 launch


THESEUS (ESA)
Soft X-ray Imager (SXI): 0.3 - 5 keV

Total FoV of ~0.5 sr with a localization accuracy 
of <2’


XGIS: 2 keV - 10 MeV with FoV >2 sr with < 15’ 
GRB localization 


Being reproposed .

Einstein Probe (EP) mission

• A space observatory for all-sky monitoring to discover & study 
high-energy transients and variability in X-rays

• CAS’s mission with international participation

WXT (12 modules)  FXT(2 modules)

lobster-eye MPO + CMOS

FoV:  3600 sq deg (1.1 sr)

band: 0.5 – 5 keV soft X-ray

eff. area: ~3 cm2 @1keV 

FWHM: ~ 5’, positioning <1’

Sensitivity: 10-100 x increase

Wolter-1 type + CCD

FoV: 38’ 

band: 0.3-10keV

eff. area: 2x 300cm2 @1keV 

angular FWHM: 30”

positioning accuracy: <10”

On-board data processing

Autonomous slew & 
follow-up in 3-5 min

Fast alert data downlink 
and uplink (ToO)

Einstein Probe (EP) mission

• A space observatory for all-sky monitoring to discover & study 
high-energy transients and variability in X-rays

• CAS’s mission with international participation

WXT (12 modules)  FXT(2 modules)

lobster-eye MPO + CMOS

FoV:  3600 sq deg (1.1 sr)

band: 0.5 – 5 keV soft X-ray

eff. area: ~3 cm2 @1keV 

FWHM: ~ 5’, positioning <1’

Sensitivity: 10-100 x increase

Wolter-1 type + CCD

FoV: 38’ 

band: 0.3-10keV

eff. area: 2x 300cm2 @1keV 

angular FWHM: 30”

positioning accuracy: <10”

On-board data processing

Autonomous slew & 
follow-up in 3-5 min

Fast alert data downlink 
and uplink (ToO)

• Critical energy range for the follow-
up of neutrino events. Hadronic 
model testing.  

• Main follow-up instrument (Swift XRT) 
has been >20 years in orbit.
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Figure 8: Left The 3� on-axis point source continuum sensitivity for a 5 year AMEGO mission compared with
the Fermi-LAT (same incident angle and e�ciency over 5 years), COMPTEL27 and EGRET28 (40% e�ciency
over two weeks), and NuSTAR19 and SPI29 (exposure of 106 seconds). We assumed a 5-year mission with a 20%
observation e�ciency (due to field of view and South Atlantic Anomaly). Right The 3� narrow-line sensitivity
for AMEGO is compared to INTEGRAL/SPI and COMPTEL.

3.3 Energy Resolution

The energy resolution is given by the FWHM of the reconstructed photopeak reported as a percentage of the
incident energy �E/E. The energy resolution for pair events, which was found to be ⇠10% at 1 GeV, is
not shown here since it is not an instrument requirement. However, as discussed above, we expect the energy
resolution in the pair regime to improve once the Fermi-LAT reconstruction tools are implemented.

Figure 7 (c) shows the energy resolution for Compton events. An energy resolution of 1% FWHM/E is
achieved at 1 MeV. The energy resolution for Untracked Compton events is better than that seen for tracked
Compton events for two reasons. First, the Low Energy Calorimeter dominates the Untracked Compton event
classification and the CZT has better energy resolution than the DSSDs in the Tracker. Second, the energy
resolution for tracked events will often be worse since more interactions are recorded (at least two in the tracker,
by definition), and the errors add up for each measurement.

3.4 Continuum and Narrow-Line Sensitivity

The sensitivity of a telescope is a measure of its capability to detect faint a sources; a lower sensitivity is better.
For gamma-ray telescope, the sensitivity can be calculated based on the background rate, the e↵ective area, the
angular resolution, and, in the case of the narrow-line sensitivity, the energy resolution.

The sensitivity has been calculated di↵erently for the two regimes of the AMEGO telescope. In the Compton
regime (.10 MeV), where the background is dominated by activation in the instrument and surrounding passive
material, we have performed full background simulations in MEGAlib which include activation. We have then
used MEGAlib’s SensitivityOptimizer program to determine the continuum sensitivity for this range. In the pair
regime (&10 MeV), where the backgrounds are well understood and modeled from Fermi-LAT observations, we
have calculated the sensitivity analytically by

Isrc =
E

AeffTobs
⇥

0

@n2
sig

2
+

s
n4
sig

4
+

n2
sigAEffTobsNBd⌦

E

1

A , (1)

where E is the energy, Aeff is the e↵ective area, Tobs is the observation time, nsig is the significance (3� is used
here), and NB is the background. The parameter d⌦ is defined as 2⇡(1� cos(2⇥PSF )), with PSF given by the
angular resolution. The background models used for both the input to the low energy MEGAlib simulations and
the high energy analytical calculation include Galactic, extra-galactic, and di↵use emission, while the activation
simulations also include models of cosmic-ray particles in low-earth orbit.
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MeV-GeV coverage

• AMEGO angular resolution: 3° (1 MeV), 10° (10 MeV) 

• ComPair prototype for AMEGO. 

• AMEGO-X explorer proposed, not selected.  

• e-ASTROGAM not selected at the moment. 

16

Sensitivity in the 0.1-300 GeV 
Large FoV (all-sky coverage in few days)

Launched in 2008. 

Fermi-LAT

All sky Medium Energy 
Gamma-ray Observatory 

(AMEGO)

PI: Julie McEnery (GSFC)
AMEGO

AS-Astrogamm

Kierans et al. 2020
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coverage in the very-high-energy range

• CTAO to provide a x10 improvement in sensivity in the VHE band (>50 GeV). Prototypes telescopes already 
detecting sources! 

• Neutrino follow-ups and strong AGN science program for CTA.  

• Air shower arrays (HAWC, LHAASO, proposed SWGO) provide large FoV coverage.

17

HAWC

SWGO

LHAASO
Marcos Santander & David Williams

ATOMM  
Summary

Summer 2023 VERITAS Collaboration Meeting - UCSC
Credit: Center for Astrophysics | Harvard & Smithsonian

CTAO

MAGIC

H.E.S.S.

VERITAS
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FULLY Integrating neutrino telescopes into TDAMM
• Work ongoing on data formats for neutrino results (both within the neutrino groups and with 

the broader astrophysics community). 

• Current infrastructure relies largely on the NASA general coordinates network (GCN). 
SciMMA.

18

• Most searches for transient/variable sources should be 
done in realtime if possible. Neutrino telescopes already 
working in that direction. 

• EM searches for counterparts should algo go in this 
direction  

• Tools like AstroColibri simplify counterpart identification, 
follow-up planning.



M. Santander - High-energy neutrino alerts and their follow-up observations - 4th AstroColibri Workshop - Institut Pascal, Oct 2025

Wishlist for neutrino alerts
• Next steps for alerts:  

• Increase the number of neutrino events >100 TeV (high astrophysical purity) 

• Improve the angular resolution (correlation probability goes with PSF2) 

• As neutrino telescopes are 4  instruments, you need wide-field, continuous, broad-
band, sensitive coverage across the EM spectrum.  

• New instruments where sensitivity is currently lacking (soft X-rays to MeV range, 
improved sensitivity in the VHE range). Continue exploring other wavebands with new 
capabilities (Rubin, ngVLA, SKA, CMB-S4 are coming up!) 

• Continued operation of instruments with no obvious substitute (e.g. Fermi) 

• Stronger integration with the EM community and continued follow-up tools 

π

19

!
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Thank you!
20
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Icecube-gen2
• Detector volume of ~8 km3. Strings farther apart than 

in current IceCube, optimized for high energies.  

• Angular resolution improved by x3 wrt current 
IceCube. 

• Strong source detections within reach of the first 10 
years of operation. 

• Endorsed by the Astro2020 Decadal Survey in the U.S. 

• IceCube Upgrade to be installed in the 2025-26 
Austral summer (pending updates).

21

IceCube-Gen2

Figure 2: Upper panel: top view of the IceCube-Gen2 Neutrino Observatory at the South Pole Station. The
second from the right is the existing IceCube array with upcoming 7 strings of IceCube-Upgrade on the right
panel. The second from left is the horizontal layout of the optical array and surface array. The most left
panel shows the map of the radio array. Lower panel: artistic image of the IceCube-Gen2 observatory. The
optical array, where each of the black dots below the surface represents an optical module in the blue shaded
region, and the red shaded IceCube array. A surface array covers the footprint of the optical array and the
radio array (black dots) occupy the shallow and near the surface ice for several kilometers beyond the optical
array.

resulting in an improved photon detection efficiency of close to a factor of 4 [16–18]. Simulation
studies have demonstrated that the angular resolution of cascades is enhanced with the increased
photon detection efficiency of the optical modules [19], coupled with precise calibration of the
optical modules, as well as improved modeling of photon arrival time distributions [20].

Exploring More Neutrino Sources
IceCube has successfully identified sources that emit neutrinos, but its limited sensitivity

restricts observations to sources with high luminosity yet low local number density. Figure 3
illustrates the anticipated discovery potential for different source classes based on their luminosity
density and luminosity. Furthermore, IceCube has placed stringent constraints on the contribution
of high luminosity source classes like blazars and gamma-ray bursts. This suggests that the
primary contributors to the diffuse neutrino flux are more commonly found among source classes

4

IceCube-Gen2 2023 (arXiv/2308.09427)

IceCube-Gen2

Figure 3: Left: The source discovery potential of IceCube-Gen2 as the line above which one or more sources
can be discovered on the plane of Luminosity density and luminosity of neutrino source candidate classes,
compared to that of IceCube. The orange band indicates the luminosity density that account for the total
diffuse neutrino flux as presented in Figure 1 for different redshift evolution hypothesis. Right: Significance
of observations of NGC 1068 as a function of observation time for IceCube and IceCube-Gen2 [21].

characterized by relatively low luminosity and high number density. Examples of such objects
include low-luminosity AGN, galaxy clusters, and starburst galaxies. The same rationale applies to
transient sources. Identifying these source classes conclusively requires a detector with sensitivity
at least five times greater than IceCube, such as IceCube-Gen2. With IceCube-Gen2, it is possible
to further study known classes of neutrino-emitting sources, such as AGN. The right panel of
Figure 3 indicates the significant developments assumed for the observed source NGC 1068 [21].
A detection at 10f enables a precise measurement of the spectral shape of the neutrino emission,
which is crucial for understanding the acceleration process in the source. Similarly, the sensitivity
of measurements of the time variance of neutrino emission can be significantly enhanced. This
means that IceCube-Gen2 can detect much smaller neutrino flares than the ones observed from TXS
0506+056 [22].

Radio Array
The radio array of IceCube-Gen2 aims to explore the frontier of ultra-high-energy neutrinos

above 10 PeV, marking a significant advancement in this field led by IceCube as demonstrated in
Figure 4. It is designed to have an effective detection volume of approximately $ (200km3sr) at
0.1 EeV and $ (1600km3sr) at 1 EeV, sensitive to cosmogenic neutrinos resulting from a mixed
composition of ultra-high-energy cosmic rays, including around 10% protons. The presence of
a mixed composition in ultra-high-energy cosmic rays, particularly if the proton composition is
non-zero, can provide an efficient beam that interacts with the target cosmic microwave background
(CMB) to produce cosmogenic neutrinos. By observing beyond the GZK sphere, we have the
potential to reveal an unseen universe with novel insights.

The antennas in the IceCube-Gen2 Radio Array detect radio emissions resulting from the
Askaryan effect, which is generated by particle showers originating from neutrino interactions
within the ice [23]. The Askaryan signals typically contribute to the frequency range between 100
MHz and 1 GHz, corresponding to nanosecond-scale fast radio pulses in the time domain. The

5
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P-one

• Cascadia basin off the coast of 
British Columbia, Canada.  

• Deployed two pathfinder lines 
(STRAW-a/b in 2018 and 2020), 
currently working on the 
development of a prototype line.  

• Targeting 1 km3. 7 clusters of 10 
lines each, 20 detectors per line. 

22
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P-ONE: prototype line development Christian Spannfellner

Figure 2: Illustration of the P-ONE configuration. The left side shows the complete detector configuration,
consisting of 7 clusters. An individual cluster with 10 mooring lines is depicted on the right. Picture by
courtesy of K. Holzapfel.

3. The P-ONE optical module

The P-ONE optical module will have a multi photo-multiplier tube (mPMT) configuration in
order to achieve the best possible performance within the high light-background environment of
the deep Ocean (O(10) kHz per PMT). Photons from slow biological processes are not correlated
on a nanosecond timescale, which allows the strong suppression of this background by requiring
nanosecond-scale coincidences of photon hits in two or more PMTs. This coincidence is expected
for neutrino-induced flashes of Cherenkov light, enabling a strong discrimination of signal from
background events at the trigger level. The photosensors in the P-ONE optical modules will be
PMTs with a diameter between 3-3.5 inches. At the current development stage, candidate PMTs for
the optical modules are being evaluated at calibration setups at the University of Alberta and the
Technical University Munich. Performing the PMT evaluation at two locations allows independent
verification of key PMT parameters of the candidate PMTs. In this context, the prototyping of
electronics, reflectors, and the internal mounting structure is in full progress.

3.1 PMT selection

The planned set of tests include measurements of dark rate, angular acceptance, transit-time
and transit-time-spread, gain, single photo-electron resolution, and quantum e�ciency. Both, a
laser and a di�use light source will be used for these tests. The PMT and a calibrated monitoring
photodiode are stored in a dark box and mounted on an optical table. The utilization of two
rotation stages allows the scanning of the photocathode area in azimuth and zenith for the angular
measurements. The readout is performed via an oscilloscope and a picoamperemeter. In addition
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TRIDENT 

• 2304 strings. Each with 24 optical modules to cover a volume of 30 km3. 

• Main goal is to target PeV neutrino astronomy. 

• First pathfinder (2 modules) tested in the sea in Feb 2023. 
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Proposal for the High Energy Neutrino Telescope Tian-Qi Huang

1. Introduction

The origin of high energy cosmic-rays has been a mystery for decades. Under the confinement
of Galactic magnetic field, the observed cosmic rays up to several PeV are believed to originate
from Galactic sources, called PeVatrons. Cosmic rays interact with the interstellar medium or the
radiation field, leading to the emission of neutrinos and gamma-rays. LHAASO has discovered that
gamma-ray sources with significant emission above above 100 TeV are widely present in the Milky
Way [1]. The observation of multi-hundred TeV neutrinos from these sources with a significance
over 5f will provide crucial evidence to identify PeVatrons.

In the past decade, high-energy neutrino astronomy has experienced rapid development. Ice-
Cube has observed the astrophysical neutrinos from the direction of TXS 0506+056 (3.5f) [2],
NGC 1068 (4.2f) [3], and the Galactic plane (4.5f) [4] since the operation from 2008. In addition
to km3-scale detectors (KM3NeT [5], Baikal-GVD [6], P-ONE [7]), the proposal for 8 km3-scale
detector has also been put forward (IceCube-Gen2 [8], TRIDENT [9]).

Here, we propose the HUNT project, a 30 km3 neutrino telescope. The primary scientific goals
of this project are centered around the effective and significant detection of high-energy neutrino
sources within the Milky Way in order to identify PeVatrons in our Galaxy. Additionally, this
project also aims at providing clear constraints on the types and properties of extragalactic neutrino
sources, as well as gain insights into the mechanisms for the acceleration and propagation of high
energy cosmic-rays.

2. Detector Design

Taking into account the experimental physics goals and the construction costs, the HUNT array
is designed with 2304 strings, with an average spacing of around 130 m between each string (see
Figure 1). Each string consists of 24 Optical Modules (OMs), with a spacing of 36 m, and a total
depth of 860 m. With this layout, the geometric volume of the detector reaches 30 km3. There are
currently two telescope sites under consideration, Lake Baikal and South China Sea.

Figure 1: The schematic diagram of the HUNT array.

2

HUNT using in-depth simulation studies that incorporate the measured on-site conditions.

2. Site investigation on oceanographic conditions

Hong Kong

Sanya

Yongxing

Figure 1: The selected site is marked by the red star. The distance between the TRIDENT
site and nearby cities are shown by the white lines. The nearest island with infrastructure,
Yongxing Island, is ⇠ 180 km away.

A suitable site for constructing a deep-sea neutrino telescope demands multiple
conditions. The depth should be large enough, e.g. & 3 km, to e↵ectively shield cosmic
ray backgrounds and minimize the influence of biological activities. Experiences from
the pioneer DUMAND project1 suggested that, a large and flat area such as an abyssal
plain is preferred, and it should keep away from high rises or deep trenches to avoid
complex current fields. The ocean floor should be flat and possess su�cient bearing
strength to support the mounting of the equipment. Based on the successful operation

1https://www.phys.hawaii.edu/ dumand/dumacomp.html

4

HUNT Collaboration ICRC 2023 (Vol 444 1080)

TRIDENT Collaboration (2022, arXiv/2207.04159)

• Projected volume of 7.5 km3 with ~1200 strings.  

• Testing for a site for a neutrino telescope in the 
South China Sea.  

• Optimization of detector layout and optical 
modules. 

NEON 

Figure 3: The upper panel is a top view of the array. The array is
a cylinder with radius of 1.79 km and height of 1 km. The vertical
black lines are strings attached with OMs. The red dots at the
bottom of the strings represent the anchors, and the yellow dot at
the top represent the buoys. The lower panel is a view of the array
from the interior perspective. The OMs are spaced horizontally at
approximately 100 meters, with a vertical separation of 40 meters.

isotopes. They generate random noise hits that can mis-
lead the event reconstruction. Bioluminescence originates
from a variety of species, spanning from microorganisms
to marine life such as fish that inhabit the seafloor. Al-
though successional bioluminescent bursts can be elim-
inated through the implementation of a time cut, ran-
dom individual bursts constitute the predominant source
of bioluminescent noise. The KM3NeT collaboration has
characterized the baseline bioluminescent noise rate with
the prototypes of multi-PMT OM deployed at the site of
ANTARES, observing a rate ranging from approximately
100 kHz to 1 MHz, showing a gradual change over time [64].

The primary source of radioactive emissions in seawa-
ter is 40K, an nuclide with a half-life similar to the age of
Earth. This lifetime guarantees that 40K maintains a toler-
able level of radioactivity and has not completely decayed
throughout the Earth’s history. 40K decays primarily via
beta decay (40K →40 Ca + e→ + ω̄e), or electron capture
(40K+ e→ →40 Ar+ ε + ωe), both finally resulting in elec-
trons (positrons) that produce Cherenkov light in water.

The OM is the basic detection unit aligned in strings.
We adopted the multi-PMT design in order to mitigate
the optical noises e!ectively. Motivated by the previous
work by KM3NeT and IceCube-Gen2[65, 66], the designs
incorporating 12, 19, 28, and 31 3-inch PMTs are ex-
amined in this proposal. The multi-PMT design has a

few advantages, which have been thoroughly examined in
prior KM3NeT research. It has a homogeneous photo-
cathode coverage, eliminates the requirement for magnetic
shielding, and possesses the ability to di!erentiate between
single-photon and multi-photon hits. All the above fea-
tures significantly improve the performance of event re-
construction.

By utilizing the multi-PMT configuration, we are able
to mitigate optical noise by examining coincident hits within
a single OM. Assuming the optical depth of seawater as 28
meters, our simulation found that 40K yields a noise rate
of 110 kHz per OM. Unlike bioluminescence, 40K noise is
consistent and can be measured by analyzing the coinci-
dence rates among multiple PMTs within one OM [64].
We developed an e!ective filtering strategy to eliminate a
substantial portion of these noises with the triggered data.

In the triggering process, the detector array is divided
into multiple overlapping blocks, each with a radius of 100
meters. One block is triggered when exceeding a thresh-
old of 0.6 hits per OM over a 600-ns time window. Only
hits recorded within activated blocks are preserved. This
triggering algorithm is solely appropriate for o"ine ap-
plications in on-shore infrastructures. In o!-shore facili-
ties, the algorithm must be adapted to accommodate hard-
ware constraints such as bandwidth limitations. An online
counterpart possesses the potential to achieve comparable
e#ciency. The online version of this algorithm is currently
under development.

The subsequent filtering process involves the following
sequential steps:

1. Exclude hits with a photon electron (pe) number be-
low 0.3.

2. Exclude OMs with a low hit count, except when the
pe of their hits is large enough.

3. Identify peaks (tp) in the hit time distribution for
each OM and calculate the standard deviation of hit
time relative to its peak (ϑt =

√∑i=n
i=0 (ti→tp)2

n ).

4. Exclude hits with a deviation time from the peak
greater than max(2ϑt, 400ns) , except when their pe
is large enough.

5. Repeat steps 2 to 4 until the ϑt is acceptably (<200ns)
small or remains unchanged.

6. Conduct a linear fit in space-time for the remaining
hits and exclude those that deviate significantly from
the fitted line.

In Step 2, unrelated hits are e!ectively filtered out,
which enhances the e#ciency of the subsequent stages.
Steps 3 and 4 involve identifying time-correlated hits orig-
inating from the Cherenkov radiation cone through a time
distribution analysis, thereby excluding noise hits that ei-
ther arrive significantly before or after these hits. After
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• Total volume of 10 km3. 660k PMTs on 1200 
strings 

• Main goal is to target PeV neutrino astronomy.

NEON Collaboration (2024, arXiv/2408.05122)


