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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.
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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.

Current observational status
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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.

Current observational status
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.

Test type
Pretrial P value, Plocal
(local significance)

Posttrial P value, Pglobal
(global significance)

Northern Hemisphere scan 5.0 × 10−8 (5.3s) 2.2 × 10−2 (2.0s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, single test 1.0 × 10−7 (5.2s) 1.1 × 10−5 (4.2s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, binomial test 4.6 × 10−6 (4.4s) 3.4 × 10−4 (3.4s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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Figure 1: The plane of the Milky Way galaxy in photons and neutrinos. Each panel is in
Galactic coordinates, with the origin being at the Galactic Center, extending ±15

� in latitude
and ±180

� in longitude. (A) Optical color image (39), which is partly obscured by clouds
of gas and dust that absorb optical photons. Credit A. Mellinger, used with permission. (B)
The integrated flux in gamma rays from the Fermi Large Area Telescope (Fermi-LAT) 12 year
survey (40) at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template calculated for the
expected neutrino flux, derived from the ⇡0 template that matches the Fermi-LAT observations
of the diffuse gamma-ray emission (1). (D) The emission template from panel (C) including
the detector sensitivity to cascade-like neutrino events and the angular uncertainty of a typical
signal event (7�, indicated by the dotted white circle). Contours indicate the central regions
that contain 20% and 50% of the predicted diffuse neutrino emission signal. (E) The pre-trial
significance of the IceCube neutrino observations, calculated from all-sky scan for point-like
sources using the cascade neutrino event sample. Contours are the same as panel (D). Grey
lines in (C) - (E) indicate the Northern-Southern sky horizon line at the IceCube detector.
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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
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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.
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†
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

104 105 106 107

E� / GeV

10�9

10�8

10�7

E2 �
�

�+
�

/
G

eV
cm

�
2

sr
�

1
s�

1

Conventional Atm.
Piece-wise (� = 2.0)
Log Parabola
SPL w. Cutoff
Single Powerlaw (68%)

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
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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

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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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-
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diction can fully explain the observed data. Instead,
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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

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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High-energy regime
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• Very low event rate (~10 
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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-
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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.
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result including the additional component of the source-
class specific flux prediction to the hypothesis of only
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IceCube 2021 (arXiv/2111.10299)

High-energy regime
• Signal dominated 

• Very low event rate (~10 
events per year across the 
full sky) 

• Correlation studies 

• Realtime follow-ups

IceCube realtime alerts

• Requirements for next-generation neutrino telescopes 

• Improved sensitivity  

• Better angular resolution  

• Better background rejection 

• Higher statistics
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‣ Lake Baikal, Russia. 2004/5 

‣1/2000 km3 

‣ 228 PMTs

Baikal NT-200+
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CURRENT (and recent) telescopes

5

‣ Lake Baikal, Russia. 2004/5 

‣1/2000 km3 

‣ 228 PMTs

Baikal NT-200+
‣ Mediterranean Sea (near Toulon, 

France). 2008-2022. 

‣1/100 km3 

‣ 885 PMTs

ANTARES

‣ South Pole glacier. 2010. 

‣1 km3 

‣ 5160 PMTs

IceCube
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Upcoming ice/Water cherenkov telescopes

6

KM3NeT

IceCube-Gen2

TRIDENT 

HUNT

P-ONE
BAIKAL-GVD
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KM3NET

7

• Mediterranean Sea, near Portopalo di 
Capo Pessaro, Sicily, Italy. 

• Targeting 1 km3. Will consist of two 
detector blocks with 115 lines each, 18 
detectors per line. 28 are installed and 
operational at the moment.  

• Angular resolution of 0.1° expected for 
muon tracks. 2° for cascades. 

• First results from the 6-22 line detector (up 
to Dec 2022) presented at the ICRC.



M. Santander - Global neutrino network - 20 years of MAGIC Symposium, La Palma, Spain. Oct 6th, 2023. 

KM3NET

7

• Mediterranean Sea, near Portopalo di 
Capo Pessaro, Sicily, Italy. 

• Targeting 1 km3. Will consist of two 
detector blocks with 115 lines each, 18 
detectors per line. 28 are installed and 
operational at the moment.  

• Angular resolution of 0.1° expected for 
muon tracks. 2° for cascades. 

• First results from the 6-22 line detector (up 
to Dec 2022) presented at the ICRC.
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Point source sensitivity with KM3NeT/ARCA6-21 Rasa Muller

Figure 2: Effective area at selection level (left) for the different ARCA detectors for a flux of a` + ā` that
interact in the CC interaction. The effective areas are compared with the ANTARES effective area for upgoing
events. The angular deviation (right) for the ARCA6-8 and ARCA19-21 periods with their corresponding
68% quantiles.

3. Method

3.1 Candidate sources

The 101 astrophysical objects1, are selected based on GeV – PeV information from other
neutrino experiments, cosmic ray experiments as well as electromagnetic measurements. Besides
adding interesting sources from previous point source studies and real time alerts by IceCube and
ANTARES, historically interesting sources were added as well as high-energy W-ray source by the
LHAASOO collaboration. Furthermore the W-ray TeVCat is consulted to select interesting Galactic
sources with a hint for a hadronic component, and active galactic nuclei were selected based on
their maximal flux observed in radio. For the 10% of sources that are spatially extended in the
sky, the detector point spread function is modified with a Gaussian with the spread (f) equal to the
corresponding extension ranging from 0.11 to 1 degrees.

3.2 Analysis method

A binned formalism is used where the compatibility of the data with a point source hypothesis
is tested by means of 2D histograms of distance to the candidate source k in the range [0 � 5] in
degrees, v.s. log10(⇢rec) in the range [1 � 8], in log10(GeV). For each bin 8, there is an estimate of
the number of signal events, S8 , expected for a reference flux qref and the number of background
events, B8 .

1The 101 analysed candidates are:
LMC N132D, HESS J1356-645 , SNR G318.2+00.1, IC-hotspot South hemisphere, HESS J1614-518, PKS 2005-489, HESS J1640-465, RX J0852.0-4622, HESS J1641-463,
VelaX , PKS 0537-441, CentaurusA, PKS 1424-418, J0106-4034, RX J1713.7-3946, CTB 37A, PKS 1454-354, HESS J1741-302, J1924-2914, Galactic center, J2258-2758,
J1625-2527, NGC 253, J0457-2324, J1833-210A, J0836-2016, J1911-2006, J0609-1542, SNR G015.4+00.1, J2158-1501, LHAASO J1825-1326 , QSO 1730-130, J1337-1257,
J2246-1206, PKS 0727-11, TXS 1749-101, HESS J1828-099, J1512-0905, J0607-0834, QSO 2022-077, RS Ophiuchi, J0006-0623, 3C279, LHAASO J1839-0545 , J2225-0457,
4FGL J0307.8-0419, PKS 1741-038, LHAASO J1843-0338 , J0339-0146, J0423-0120, J0725-0054, LHAASO J1849-0003 , NGC 1068, J2136+0041, J1058+0133, J0108+0135,
PKS 0215+015, J1229+0203, TXS 0310+022, 3C403, CGCG 420-01, J0433+0521, TXS 0506+056, HESS J0632+057, LHAASO J1908+0621 , PKS 2145+067, W 49B, OT 081,
PKS 1502+106, J0242+1101, J2232+1143, J0121+1149, J1230+1223, J0750+1231, PKS 1413+135, J0530+1331, W 51, J2253+1608, PKS 0735+178, LHAASO J1929+1745 ,
J0854+2006, RGB J2243+203, LHAASO J0534+2202 , IC 443, PKS 1424+240, MG3 J225517+2409, 2HWC J1949+244, LHAASO J1956+2845 , J0237+2848, J1310+3220,
J1613+3412, LHAASO J2018+3651 , J2015+3710, MGRO J2019+37, Mkn 421, J0927+3902, NGC 4151, Mkn 501, J1642+3948, J0555+3948, LHAASO J2032+41025.
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BAIKAL-GVD
• Under construction in Lake Baikal, Russia. Also 

targeting 1 km3.  

• Clusters of 8 strings each, as of the Winter of 
2022-23, 13 clusters had been installed. 

• First hints of a diffuse astrophysical flux presented 
at 2023 ICRC.
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Baikal-GVD
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Baikal-GVD status 2023 R. Dvornick˝

Figure 1: Left panel: Schematic view of the Baikal-GVD detector. The legend shows annual progress in the
deployment. Right panel: Schematic view from the top of the Baikal-GVD detector for the year 2023.

carried out by a 12-channel ADC with a sampling frequency of 200 MHz. The standard trigger
condition requires a registration of two pulses on two neighboring OMs within the same section in
a 100 ns time window with integrated charges exceeding channel-dependent thresholds. There are
3 sections installed on each string. The control of the sections operation and the exchange of the
data is provided by a separate deep–sea electronic unit – string control module (SM). The string
also holds acoustic beacons for acoustic monitoring of the PMT positions and LED beacons for the
detector time calibration [5, 6]. Seven peripheral strings are uniformly located at a 60 m distance
around a central one. Together they form a completely functionally independent unit called cluster,
which is connected to the shore station via a dedicated electro-optical cable. Once the trigger
condition is fulfilled for any of the CMs, a 5 `s event time frame is read out from all the CMs of
the cluster. Each detector string can be recovered and re-deployed without the need to recover the
whole cluster. The clusters are arranged on the lakebed in a hexagonal pattern, with a distance of
300 m approximately between the cluster centers.

The first cluster of the Baikal-GVD neutrino telescope was deployed in 2016 with 288 OMs.
Since then, there has been an annual increase of the deployed clusters resulting in 3 456 OMs
attached to 96 vertical strings today. Timeline of the deployment within the years is shown in
Fig.(1). Among the Baikal-GVD clusters there are special additional strings equipped with high-
power pulsed lasers (red and black stars in Fig.(1) right panel) dedicated for the inter-cluster time
calibration and the light propagation studies in Baikal water.

According to a study made with a specialized device, the light absorption length in the deep lake
water reaches maximal values, ⇠ 24 m, at a wavelength of 488 nm. The e�ective light scattering
length is ⇠ 480 m (at 475 nm). Both the absorption and scattering characteristics show minor
variations over time (see [7, 8] for details). Luminescent light of Baikal water is registered also
by the OMs of the detector. Typically every year there are two periods of relatively stable optical
background noise (OMs noise rates ⇠ 40 kHz), which are intermitted by increased optical activity
(⇠ 150 kHz during June-September period) [9]. In general, charge of these noise rate pulses is of a
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PoS(ICRC2023)1015
Diffuse neutrino flux measurements with Baikal-GVD E. Eckerová

Figure 1. Reconstructed cascade energy (left panel) and zenith (right panel) distributions obtained in the

upward-going  cascade  analysis.  Black  points  are  data,  with  statistical  uncertainties.  The  best-fit

distribution  of  astrophysical  neutrinos  (dashed  line),  expected  distributions  from atmospheric  muons

(yellow)  and  atmospheric  neutrinos  (brown)  and  the  sum  of  the  expected  signal  and  background

distributions (orange line) are also shown. The atmospheric background histograms are stacked (filled

colors).

Figure 2. The best fit parameters and the contours of the 68% confidence region (red curve) for the single

power law hypothesis obtained in the upward-going cascade analysis of the Baikal-GVD data. Other best

fits are shown for studies based on high-energy starting events (orange curve) [7], cascadelike events

(gray  curve)  [9],  an  inelasticity  study (purple  curve)  [10]  and  track-like  events  (blue  curve)  [8]  by

IceCube and a combined study of tracks and cascades by ANTARES (green curve) [12].

    The measured 11 events and the expected number of background events have been analyzed

to characterize  the diffuse astrophysical  neutrino flux.  We parametrize  the isotropic  diffuse
astrophysical  neutrino flux Φastro in the single power law model assuming equal  numbers of

neutrinos and antineutrinos and equal neutrino flavors at Earth. The model is characterized by
spectral index γastro and normalization φastro of the one-flavor neutrino flux in units of GeV−1 cm−2

s−1 sr−1. We find the best-fit parameters as following: the spectral index γastro = 2.58 and the flux
normalization for each neutrino flavor at E0 = 100 TeV φastro  = 3.04. The best-fit parameters and

68%  C.L.  contours  for  this  cascade  analysis  together  with  the  results  from other  neutrino
telescopes [7–12] are shown in Figure 2. The Baikal-GVD upward-going neutrino (cascades)

measurements are consistent with the IceCube measurements and the ANTARES all-neutrino
flavor measurements.

4
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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).
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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. 
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PoS(ICRC2021)1197

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

4
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TRIDENT 

• Proposed to be built in the South China Sea.  

• 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. 

11

PoS(ICRC2023)1080

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
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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. 
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• An improvement of ~25x in sensitivity could be accomplished by this network (wrt current IceCube). 

• Prompt, well-reconstructed alerts from this network would enable sensitive EM follow-ups.

Combining neutrino observations

12

!13

: Simplified Combined field of view

!15

Relative Improvement to IceCube Sensitivity

IceCube P-One

+ + +

GVD KM3NeT

up to a factor 
of ~25

https://github.com/PLEnuM-group/Plenum

PLE Mν

L. Schumacher et al. (arXiv/2107.13534)
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Combining neutrino observations

• Significant improvements by combining detectors at different latitudes and longitudes (background suppression).  

• Acceptance and sky coverage for alerts increased by a factor of ~5. 

• Additional telescopes looking to expand statistics at the highest energies (e.g RNO-G, TRINITY, GRAND, TAMBO).

13

PoS(ICRC2023)991
Prospects for the detection of transient neutrino sources with PLEnuM Lisa Johanna Schumacher

Figure 1: Instantaneous acceptance for high-energy neutrinos with energy ⇢reco > 100 TeV with PLEnuM-1.
The acceptance in the different panels is calculated using the energy spectrum of the respective source model,
but located at different locations on the sky. The red stars and horizontal lines mark the actual source location
and the respective declination. The black lines mark the local horizons of each detector at one moment in
time. The color bar is normalized such that the maximum acceptance of one detector is 1.

on the point-like emission of single and multiple astrophysical sources. While this point-source
method will be described and evaluated in more detail in an upcoming publication, we investigate
here specifically transient sources with various emission time windows on the scale of days to years.
The key observables to identify transient emission of neutrinos from astrophysical sources are the
reconstructed energy, the arrival direction and the angular uncertainty,  = | Æ⌦true � Æ⌦reco |. We
model the transient emissions as box time windows with the width of the respective flare. This
means that we do not account for any p-value corrections that might arise when the time or width of
the flare time is not known. Since our study is fully based on simulated data, we do not actually use
the arrival time of neutrinos, but instead scale the expected number of signal and background events
according to the width of the time window. As long as the time windows are longer than a day (and
multiples of full days), we do not need to account for the different field of views of the detectors in
the Northern Hemisphere that rotate with respect to equatorial coordinates during one day; Instead,
we use the daily-averaged field of view for all detectors here.

We use the Poisson probability as the probability density function per bin, thus the generic formula
for the full likelihood function is

L(data : | model `) =
#bins÷
bin 8 9

`
:8 9
8 9

:8 9!
· exp

�
�`8 9

�
with `8 9 = `atm

8 9 (#⌫) + `astro
8 9 (#(). (1)

The binning is two-dimensional in reconstructed energy and angular uncertainty,  . The source
declination enters only into the absolute event expectation via the declination-dependent effective
area. The model expectations, `8 9 per bin 8 9 , are composed of an atmospheric (background) and
an astrophysical (signal) neutrino expectation. The two free parameters for all tests are the overall
normalization factors, #⌫,( , of the signal and background expectation. As in our earlier approaches,
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The next decade(s)

• These telescopes will be operating in a rich multimessenger landscape!

14

PoS(ICRC2023)1485
Multimessenger Potential of RNO-G Marco Stein Muzio
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Figure 3: Expected timeline of multimessenger facilities over the next 15 years.

energies, making it an emitter of UHE neutrinos, is an open question. RNO-G will be the only
observatory currently planned which will be able to address these questions.

While no other sources of neutrinos are currently known, the Northern sky contains a number of
other extreme astrophysical sources which are good candidates to be neutrino sources. These include
bright starburst galaxies, like M82, and nearby blazars, like Mrk421 and Mrk501. Additionally, there
is some evidence for significant UHE cosmic ray (UHECR) production in the Northern sky. The
Telescope Array Collaboration has reported two excesses (hotspots) of UHECRs from the Northern
sky [11]. Additionally, models of the UHECR dipole observed by the Pierre Auger Observatory [12]
also indicate that the Virgo cluster (of which M87 is a member) may be a significant source of
UHECRs [13].

Thanks to its multimessenger and multiwavelength complementarity, RNO-G represents an
important piece of the multimessenger landscape over the coming decade. As will be discussed
further in Section 3, RNO-G will have the capability to follow-up multimessenger alerts from
other observatories around the world. Due to the large number of excellent observing locations in
the Northern hemisphere, these include ground-based observatories like HAWC [14], CTA [15],
and LHAASO [16] in gamma-rays and ZTF [17], which has detected a number of potential tidal
disruption events in optical wavelengths. RNO-G additionally shares a field-of-view with the
Telescope Array, which primarily observes UHECRs, and IceCube at lower energies, as previously
mentioned.

In particular, RNO-G’s completion over the next few years places it at a particularly unique time
for multimessenger science, as highlighted in Fig. 3. Firstly, the LIGO-Virgo-KAGRA (LVK) O4
run is currently underway and will continue until 2025, followed shortly thereafter by their O5 run
from 2027 to 2030 [18]. At the same time, all-sky gamma-ray telescopes, such as Fermi and Swift,
are still operating but may be decomissioned in the early 2030s, leaving a GeV-gap gamma-ray
sky monitoring [19]. During this golden era for multimessenger science, RNO-G will be the only
facility able to provide UHE neutrino follow-up to alerts.
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energies, making it an emitter of UHE neutrinos, is an open question. RNO-G will be the only
observatory currently planned which will be able to address these questions.

While no other sources of neutrinos are currently known, the Northern sky contains a number of
other extreme astrophysical sources which are good candidates to be neutrino sources. These include
bright starburst galaxies, like M82, and nearby blazars, like Mrk421 and Mrk501. Additionally, there
is some evidence for significant UHE cosmic ray (UHECR) production in the Northern sky. The
Telescope Array Collaboration has reported two excesses (hotspots) of UHECRs from the Northern
sky [11]. Additionally, models of the UHECR dipole observed by the Pierre Auger Observatory [12]
also indicate that the Virgo cluster (of which M87 is a member) may be a significant source of
UHECRs [13].

Thanks to its multimessenger and multiwavelength complementarity, RNO-G represents an
important piece of the multimessenger landscape over the coming decade. As will be discussed
further in Section 3, RNO-G will have the capability to follow-up multimessenger alerts from
other observatories around the world. Due to the large number of excellent observing locations in
the Northern hemisphere, these include ground-based observatories like HAWC [14], CTA [15],
and LHAASO [16] in gamma-rays and ZTF [17], which has detected a number of potential tidal
disruption events in optical wavelengths. RNO-G additionally shares a field-of-view with the
Telescope Array, which primarily observes UHECRs, and IceCube at lower energies, as previously
mentioned.

In particular, RNO-G’s completion over the next few years places it at a particularly unique time
for multimessenger science, as highlighted in Fig. 3. Firstly, the LIGO-Virgo-KAGRA (LVK) O4
run is currently underway and will continue until 2025, followed shortly thereafter by their O5 run
from 2027 to 2030 [18]. At the same time, all-sky gamma-ray telescopes, such as Fermi and Swift,
are still operating but may be decomissioned in the early 2030s, leaving a GeV-gap gamma-ray
sky monitoring [19]. During this golden era for multimessenger science, RNO-G will be the only
facility able to provide UHE neutrino follow-up to alerts.
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High-energy regime - realtime alerts

• Characterizing potential counterparts requires broadband EM observations.  

• Understanding the PSF of neutrino telescopes is challenging! 

15

HAWC
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A page from history

• First VHE gamma-ray follow-up of neutrinos performed by MAGIC and 
AMANDA-II in 2006!

16

IceCube and MAGIC Collaborations, ICRC 2007 (arXiv/0709.2640)

Bernardini et al. (IceCube) astro-ph/0509396
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X-ray coverage

17

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

Launch date of Spring 2024

0.2-10 keV

“Lobster eye” optics with 1 
deg FoV

Einstein Probe (China-ESA) Late 2023 launch?


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)

STAR-X (NASA)

Selected (with UVEX) for a 
MIDEX Concept Study 
x7 FoV of Swift XRT

x16 effective area  

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 


Not selected as of 2023.

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)
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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. 

• e-ASTROGAM not selected at the moment. 
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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

• CTA 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 for diffuse/extended sources.

19

HAWC

SWGO

LHAASO
Marcos Santander & David Williams

ATOMM  
Summary

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

CTA

MAGIC

H.E.S.S.

VERITAS
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Wishlist for GLOBal studies of neutrinos

• On the threshold of neutrino astronomy. 
• 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. Even ULs are useful! 

• Streamline the notification of neutrino detections under a unified scheme for all 
telescopes. Need to enable the computational and software infrastructure to do 
so.  

• Merging data from multiple neutrino telescopes to reach detection will become a 
must as detectors go online to enable discoveries.

π

20
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A page from the history of gamma-ray astronomy

21

Credit: Naoko Kurahashi Neilson
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A page from the history of gamma-ray astronomy
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MeV

Diffuse background measurements 
(1968-1972)

Credit: Naoko Kurahashi Neilson
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A page from the history of gamma-ray astronomy
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MeV

Diffuse background measurements 
(1968-1972)

Galactic emission and few point sources (COS-B 1975-1982)

Credit: Naoko Kurahashi Neilson
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O(103) points source, spectra, light curves 
(IACTs, Fermi-LAT, 1989-now)

A page from the history of gamma-ray astronomy

21

MeV

Diffuse background measurements 
(1968-1972)

Galactic emission and few point sources (COS-B 1975-1982)

Credit: Naoko Kurahashi Neilson
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O(103) points source, spectra, light curves 
(IACTs, Fermi-LAT, 1989-now)

A page from the history of gamma-ray astronomy
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MeV

Diffuse background measurements 
(1968-1972)

Galactic emission and few point sources (COS-B 1975-1982)

Credit: Naoko Kurahashi Neilson
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Thank you!


