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Neutrinos: Astronomical 
messengers

• Neutrinos can be created by hadronic interactions within or near cosmic 
accelerators 


• At the highest energies, neutrinos are an astronomical messenger with 
several advantages:


• Neutral


• Freely propagate from source regions
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Completed and taking data since Dec 2010 3



Multi-Messenger Astrophysics with 
Neutrinos

• Since the detection of a diffuse astrophysical neutrino 
signal, IceCube has become an active participant in MMA 
observations of the high-energy universe 


• Notifying observational community when we detect 
neutrino events that are likely to be astrophysical


• Perform realtime neutrino point-source searches when 
community identifies transient objects that are potential 
neutrino sources.


• My talk today will focus will describe our realtime alerts 
and followup programs. 


• We’ve also got several improvements coming online 
soon and are looking for suggestions on how we can 
improve alert clarity when communicating with you.
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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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The High Energy Neutrino Sky

Naoko Kurahashi Neilson, Drexel University 12

NGC 1068

p-value = 0.2% (2.9 σ)

● Starburst Galaxy
● Seyfert II
● 14 Mpc

P-value = 0.001% (4.2 σ)

PRL 124, 051103 (2020)

Low Level Data quality 
improvements (pass 2)

+
Improved reconstructions

+
Additional year of data

Science 378, 6619 (2022)

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-
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IceCube sensitive to all ν flavors

6

CC Muon Neutrino Neutral Current / CC 
Electron Neutrino CC Tau Neutrino

track (data)


factor of ≈ 2 energy resolution 
< 1° angular resolution

shower (data)


≈ ±15% deposited energy 
resolution 

≈ 10° angular resolution 
(at energies ⪆ 100 TeV)

“double-bang” and other 
signatures (simulation)


(not observed yet) 
 

⌫µ +N ! µ+X ⌫⌧ +N ! ⌧ +X
⌫e +N ! e +X

⌫x +N ! ⌫x+X

time



The IceCube realtime program

Find transient counterparts to IceCube neutrinos.

Follow-up interesting events with neutrino data. 6

IceCube Astrophysical Realtime Program

• Alerts coordinate on 
public alert systems


• GCN


• SNEWS


• Collaboration response 
coordinated by internal 
Realtime Oversight 
Committee


• Ensure rapid response

ealtime
versight
ommitteeCredit: M. Lincetto
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Arrival directions of most energetic neutrino events

North

Galactic Plane
180o

-90o

-180o

Earth
absorption

South

TXS 0506+056

Figure 1: Arrival directions of neutrino events from IceCube. Shown are upgoing track events [8,9]
(j), the high-energy starting events (HESE) (tracks i and cascades h) [6, 7, 10], and additional
track events published as public alerts (j) [23, 24]. The blue-shaded region indicates where the
Earth absorption of 100-TeV neutrinos becomes important. The dashed line indicates the equatorial
plane. We also indicate the location of the blazar TXS 0506+056 (î).

The current lack of established neutrino point sources — despite a firm detection of a diffuse
neutrino flux — indicates a population of weak extragalactic sources. This is illustrated in Fig. 2,
which shows a parametrization of the diffuse flux (magenta bands) in terms of the local density
and luminosity of steady source populations [17] (left plot) or local density rate and bolometric
energy for transient source populations [27] (right plot). The lack of neutrino sources after ten
years of observations by IceCube translates into the dark-blue shaded exclusion regions. Source
populations with sufficiently large local densities — like starburst galaxies [29–38], galaxy clus-
ters and groups [31, 39–41], low-luminosity AGN [42], radio-quiet AGN [43–45], or star-forming
galaxies with AGN outflows [34, 46–49] — or with high local rate densities — like (extragalac-
tic) jet-powered SNe including hypernovae [50–53] and interaction-powered SNe [54, 55] — are
presently consistent with the observations. Observatories with improvements in point-source sen-
sitivity over current detectors would greatly expand the discovery potential for the brightest sources
of these candidate populations (see Fig. 2) and other candidate sources like TXS 0506+056.

Current measurements of the isotropic neutrino flux (f ) are shown in Fig. 3, along with the
observed isotropic g-ray background (IGB) and the UHE cosmic-ray flux. The correspondence
among the energy densities, proportional to E2f , observed in neutrinos, g-rays, and cosmic rays
suggests a strong multi-messenger relationship that offer intriguing prospects for deeper observa-
tions with a new generation of instruments.

A) The simultaneous production of neutral and charged pions in cosmic-ray interactions sug-
gests that the sources of high-energy neutrinos could also be strong 10 TeV –10 PeV g-ray emitters.
For extragalactic scenarios, this g-ray emission is not directly observable because of the strong ab-
sorption of photons by e+e� pair production in extragalactic background photons. High-energy
g-rays initiate electromagnetic cascades of repeated inverse-Compton scattering and pair produc-
tion that eventually contribute to the diffuse g-rays below 100 GeV, which provides a theoretical
upper limit to the diffuse neutrino flux [56,57]. The detected flux of > 100 TeV neutrinos with the
hadronuclear origin is saturated by the diffuse g-ray data [31] (see blue lines in Fig. 3). Intrigu-
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arxiv: 1903.04334

IceCube Astrophysical single neutrino alerts
5

2 4 6
log10(Eestim[GeV])

�1.0

�0.5

0.0

0.5

1.0

si
n(

�)

90% IC86-2017

90% MC,�=-3

90% MC,�=-2

100

101

102

103

N
um

b
er

of
E

ve
nt

s

FIG. 1. The 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 (from Ref. [13]).

IceCube detector, respectively – with di↵erent atmo-
spheric backgrounds. The boundary between the hemi-
spheres is at declination � = �5�, which is identical to a
zenith angle of 95� for the special location of IceCube.

In the Northern hemisphere, atmospheric muons are
filtered by the Earth. While some atmospheric muons are
erroneously reconstructed into the Northern sky, the mis-
reconstructed events can be removed by selecting high-
quality track-like events.

In the Southern hemisphere, the atmospheric back-
ground is reduced by strict cuts on the reconstruction
quality and minimum energy, since the astrophysical neu-
trino fluxes are expected to have a harder energy spec-
trum than the background of atmospheric muons and
neutrinos.

Data seasons IC86-II through IC86-VII use multi-
variate Boosted Decision Trees (BDT) to reduce the
background of atmospheric muons and cascade events.
Previous searches have shown the benefit of BDTs in the
Northern sky [12, 56]. In PSTracks v3, a single BDT is
trained for the Northern sky to recognize three classes
of events: single muon tracks from atmospheric and as-
trophysical neutrinos, atmospheric muons, and cascades;
neutrino-induced tracks are treated as signal. This BDT
uses 11 variables related to event topology and recon-
struction quality. The Northern BDT preserves ⇠ 90% of
the atmospheric neutrinos and ⇠ 0.1% of the atmospheric
muons from the initial selection of track-like events [13].

In the Southern hemisphere, BDTs are used to select
only the best-reconstructed track-like events at the high-
est energies. In addition, the BDTs use four variables re-
lated to deposited energy along the track, as well as the
light-arrival time of photons at the DOMs [11, 56]. The

large backgrounds of atmospheric muons and muon bun-
dles require harsh cuts to reduce their rate significantly,
resulting in an e↵ective selection of only very high energy
events. The selection e↵ectively removes most South-
ern hemisphere events with an estimated energy below
' 10 TeV; see Fig. 1. The IceTop surface array is used in
addition as an active veto against coincident air-shower
events for vertically down-going events [10].
The final all-sky event rate of about 4 mHz is domi-

nated by atmospheric muon neutrino interactions from
the Northern hemisphere and by high-energy, well-
reconstructed atmospheric muons in the Southern hemi-
sphere. The preceding four years of data, collected with
configurations IC40 through IC86-I, are handled exactly
as in the past [9–11, 55].

IV. DETECTOR RESPONSE

Muon tracks induced by astrophysical neutrino inter-
actions are the main signal category in the search for
point-like sources of neutrinos. Detailed Monte Carlo
simulation is used to evaluate the response of IceCube
to such events and distinguish them from atmospheric
backgrounds. These simulations may be characterized
by a combination of the e↵ective areas (Ae↵) and the
reconstruction response functions.
The number of expected events N⌫ is given by

N⌫ =

Z
dt

Z
d⌦

1Z

0

dE Ae↵ (E,⌦)�⌫ (E⌫ ,⌦, t) (1)

The incident neutrino flux �⌫ can have an assumed form
or be derived from simulation; see [6]. The e↵ective area
for each season varies as a function of neutrino energy
and declination as shown in Figure 2. Tabulated e↵ective
areas for each season are included in this data release.
Reconstruction of events in PSTracks proceeds in three

steps, each incorporating e↵ects from modeling of the
Antarctic glacial ice medium. To begin, the direction of
origin of the the candidate muon is reconstructed from
the observed timing and charge in the detector follow-
ing the algorithm described in Section 8.1 of Ref. [57].
The angular distance between the reconstructed muon
direction and the true neutrino direction is described by
the point spread function (“PSF”). Binned examples of
IceCube’s PSF are shown in Figure 3.
The total energy loss of the muon track is then esti-

mated following the description in section 9.1 of Ref. [58].
The energy reconstruction yields a proxy for the muon
energy at detector entry and a lower limit on the candi-
date neutrino energy. The observed distribution of the
energy proxy can vary significantly for di↵erent decli-
nations. For the Southern sky, observed muons from
muon neutrino charged current interactions occur near
the detector, giving an energy proxy close to the origi-
nal neutrino’s energy. For the Northern sky, neutrinos
may interact while crossing the Earth before reaching

• Identify well reconstructed, high-energy neutrino 
candidates in real-time


• Must be higher energy that most background events

• Transmit them to the North and advertise


• Latency from detection to alert typically less than 1 
minute

• Detector uptime > 99%


• Community observations to search for multi-messenger 
signals

• In operation since April 2016 First public ν Alert: IceCube-160427

𝛎

𝛍



IceCube Realtime Track 
Alerts

• Two selection levels

• Gold alerts :  average 50% likely astrophysical origin

• Bronze alerts: average 30% likely astrophysical origin


• More alerts per year

• Gold:  12/yr expected

• Bronze 18/yr additional expected

9

Figure 2: IceCube realtime astrophysical neutrino alert angular resolution as a function of neutrino
energy. The left panel presents the angular resolution for through-going neutrino selections (GFU
and EHE) and the right panel presents the angular resolution for the HESE starting track selection.
Alerts at the Gold and Bronze levels are issued based on these selections, with a minimum reported
angular resolution for automated alerts of 0.2 degress reported. In these figures, the Bronze alerts
shown also include events selected by the Gold alerts.

Figure 3: IceCube realtime astrophysical neutrino alert declination distribution for Gold (left) and
Bronze (right) alert levels. For each figure, the expected astrophysical neutrinos (E�2.19 spectrum
assumed) and atmospheric neutrino components are shown in a stacked histogram. In these figures,
the Bronze selections shown also include events selected by the Gold selection.

5
IceCat-1 https://arxiv.org/abs/2304.01174 IceCube issues Cascade Alerts as well

https://arxiv.org/abs/2304.01174
https://gcn.gsfc.nasa.gov/doc/High_Energy_Neutrino_Cascade_Alerts.pdf


Realtime Point Source Searches
• Along with alerts, generate an all-sky track sample for rapid 

searches for point sources.


• Sample dominated by atmospheric backgrounds, need 
event excess over background


• Rapidly respond to community generated alerts (GCN/ATels) 
of interesting astrophysical transient events 


• Gravitational Wave Events, reported Flaring AGN, etc


• IceCube track and cascade alerts


• Dedicated flaring source searches for catalog of known 
gamma-ray bright, variable sources (hours to 180 days)

10

Energy Spectrum of Astrophysical Muon Neutrinos 7
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Figure 1. Single power-law model: Best-fit distributions, one-dimensional projection on reconstructed zenith angle and muon
energy. The experimental data (black dots) are shown together with the best-fit expectation from simulation. Data taken in
the IC59 detector configuration is kept in a separate analysis histogram. The conventional atmospheric component (purple)
dominates the total flux for all zenith angles. Except for the highest energies, the line is thus hidden below the overall sum
(black). The astrophysical component (red) is modeled as single power law. The prompt component is drawn at nominal
prediction for visualization (green-dashed) although a zero best-fit normalization is obtained. The best-fit expectation for the
remaining background of muons is shown by the orange line. The central 68% range of the best-fit expectation is drawn as gray
band. It is obtained by variation of all fit parameters according to their joint posterior distribution. The red band additionally
shows the statistical uncertainty of the simulated data.

ponent following the standard paradigm of a single
power-law energy spectrum. Figure 7 in the supple-
mentary material shows the statistical pull for all bins
in the two-dimensional histogram indicating no obvi-
ous mismatches. Taking the systematic and statistical
uncertainty of the best-fit expectation into account, a
�
2
/(degrees of freedom) for the single power-law fit is

calculated to be 1.0, resulting in a p-value of 50 % and
confirming that the fit result is a viable description of
the measured data. The corresponding best-fit param-
eters of the astrophysical flux are listed in Table 2 and
the profiled likelihood landscape of the two astrophys-
ical signal parameters is shown in Figure 3. The sen-
sitive energy range of the astrophysical measurement is
determined by comparing the per-bin likelihood values
of the best-fit hypothesis to the values obtained when re-
peating the fit assuming a background hypothesis. The
true neutrino energy distribution is then weighted with

these likelihood differences, and the central 90%-range
of the obtained distribution is E⌫ = 15TeV to 5 PeV.
This energy range extends to lower energies than pre-
vious measurements, where this energy range extended
from E⌫ = 200TeV to 8 PeV (Aartsen et al. 2016). This
change is driven by the updated modeling of the con-
ventional atmospheric flux in this energy region.

Compared to the previous analysis by Aartsen et al.
(2016), a slightly softer spectral index of �SPL =

2.37
+0.09
�0.09 is obtained. Figure 3 shows the best fit points

of the previous measurements, and the updates and
changes between them are listed here as an overview.
The measurements from Aartsen et al. (2016) and Haack
& others (IceCube Collaboration) are based on the same
event selection and analysis method, with two years of
additional data included in the latter. The changes be-
tween Haack & others (IceCube Collaboration) and
the results from Stettner & others (IceCube Collab-
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IceCube Northern Sky Tracks

IceCube, Astrophys. J. 928 (2022) 50

Details 10.1088/1748-0221/11/11/P11009

https://roc.icecube.wisc.edu/public/LvkNuTrackSearch/


Upcoming improvements
• We have several improvements to our realtime system in the pipeline 


• For single neutrino alerts (tracks AND showers)


• New, faster followup reconstruction toolbox 


• Improvements to followup reconstructions


• Updating flaring multi-neutrino source search


• All-sky and catalog of potential sources from EM observations


• Make alerts from searches for transient point sources public


• Move to new alert platforms 


• GCN over Kafka, SCiMMA
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Figure 17. Same as Fig. 15 but now comparing the angular resolution using Eq. (5.1) with a two-cascade
model (blue, solid) to a single cascade model (orange, dashed). For reference, results obtained with the Mie
model without corrections are shown in dotted gray. The left panel shows that the most accurate X quartiles
are obtained with a two-cascade model. Note the orange intervals are identical to those in Fig. 15, and the gray
to those in Fig. 9. The right panel shows distributions of X in two different energy slices, between 10 TeV to
100 TeV (top) and 1 PeV to 10 PeV (bottom), with line colors and styles matching those of the left panel.

6.2 Ice systematic uncertainties

One ice systematic that can affect shower directional reconstruction is the bubble column, or hole
ice, that formed as part of the drill-hole refreezing process [38]. Based on camera footage and in
situ calibration data, the hole ice is known as a centrally located region of heightened scattering
and absorption. As its optical properties are less understood than the bulk ice, it has traditionally
been modeled as a global modification in the DOM acceptance as a function of the incident photon
direction [38]. When the forward scattering region is strongly modified, a degradation of the
angular resolution is observed on the order of 0.5� to 1�. As the angular sensitivity curves modify
photon acceptance along the (downward-facing) PMT axis, mismodeling of the hole ice can also
pull the reconstructed ⇥̂s by up to 2� to 3� for events arriving horizontally, with smaller pulls for
non-horizontal events.

The optimal results obtained in this work, shown in Fig. 17, rely on B-spline surfaces fitted to
an ice model similar to the one used in the benchmark simulation; the hole ice model is identical,
and only minor differences—in bulk ice optical properties and layer undulations—exist between
the model used to construct Eq. (5.1) and that used in the MC. Exclusive of hole ice, a variance of
the other ice optical properties at the percent level, which is on the order of the current uncertainty
envelope, was found to have a negligible impact on angular resolution.

Further, there are effects for which robust quantification of uncertainty currently does not
exist, such as birefringence and the extrapolated layer undulation. Given the accuracy with which
calibration data is now described [14], any residual systematic mismodeling of the anisotropy along
the ice flow axis is likely to be much smaller than what is shown in Fig. 12. Mismodeling of ice

– 23 –

Arxiv: 2403.02470

All expected to be deployed in next few months

https://indico.ijclab.in2p3.fr/event/9549/contributions/31253/attachments/22369/31938/Lincetto%20-%20AstroColibri.pdf
https://arxiv.org/pdf/2307.13884
https://arxiv.org/pdf/2403.02470


Challenges, issues and opportunities
• We’d love input from the community on how we can improve things


• How can we best update our alert messages to make them more useful for 
followup observations?


• Considering including p-value maps, generally useful?


• How best to communicate alert system changes and details? 


• Use multiple alert systems in parallel?


• How to raise the profile of our shower alerts


• They have high astrophysical purity!


• How to highlight the “really special events” when we find these rarer alerts?

12

Let’s meet this week and discuss!



IceCube Upgrade Aya Ishihara

| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018 3

IceCube limitations
More potential to exploit!

Angular resolution 

• Median error not scaling with photon statistics 
Ice modelling systematic uncertainties 

• Bubble column in bore hole, distorting OM angular 
acceptance 

• Anisotropy of photon scattering and/or absorption 
lengths in ice 

Bore hole

Bubble 
   column

Still frame from 
Sweden camera

Data       Simulation

South Pole ice anisotropy: Proceedings of ICRC2013 0580, 2014
Figure 4: Observed median angular error of fully contained high
energy (HESE) cascade directional reconstruction as a function
of reconstructed deposited energy. The dashed line indicate the
reconstruction performance with a perfect knowledge of the op-
tical properties of ice and detector responses. The deviation of
data points from the line indicate the presence of incomplete un-
derstandings of ice and detector response to bright light.

third of the cosmic neutrino flux is
expected to arrive to Earth as ne

and another one third as nt , both of
which are detected in IceCube in the
form of cascades. Figure 4 shows
the event-by-event estimates of the
angular uncertainty of high-energy
neutrino-induced cascades. While
cascades without systematic errors
can be reconstructed with an uncer-
tainty of 3� or less above 1 PeV and
5� above 300 TeV, the current re-
construction uncertainty is limited
to 10� or more in the corresponding
energy range, due to the uncertainty
on the in situ detector response and
the anisotropy of ice [14]. We aim
at achieving a cascade angular re-
construction closer to the statisti-
cal limit with the planned calibra-
tion program. The improved cas-
cade directional reconstruction pre-
cision will lead to more opportunities for neutrino point source searches using IceCube data col-
lected over the last 10 years. A further improvement on flavor identification is expected for tau
neutrinos. In high energies, the event-by-event identifications of tau neutrino candidates are pos-
sible [16], making use of separation lengths between two cascades, a hadronic cascade in a nt
CC interaction and an electron or hadronic cascade from the subsequent decay of the tau lepton.
Because tau neutrinos are not expected at the production site of astrophysical neutrinos, their ob-
servation provides a unique opportunity to measure neutrino oscillations at cosmological distances
and at ultra-high energies. An interesting aspect of the flavor ratio is that they are expected to be
robust against the flavor composition of the initial astrophysical source and the neutrino oscilla-
tion parameters. Deviations from the expectation are unique and robust signatures of new physics.
While the first nt candidates have recently been observed in 7.5 years of IceCube data, tau neutrino
identification performance is still limited by ice properties and detector responses. The resultant
sensitivity to the flavor composition is insufficient to constrain a hypothesis of new physics. An
improved precision of the cascade reconstruction as well as tau neutrino flavor identification allows
the multi-messenger observations of neutrino-emitting sources and opens up a new way to analyze
the flavor dependence of neutrino fluxes.

2.3 Towards IceCube-Gen2

The observation of a flaring blazar in coincidence with the IceCube real-time alert IC-170922,
an extremely high-energy muon neutrino, neutrino astronomy has become a reality. To expand
our view of the high-energy Universe through the new window of neutrino astronomy, a next-
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Upgrade plans
• Two-tier effort


• IceCube Upgrade - in progress


• Focus on improved calibration and 
low energy neutrino physics


• Test new technologies


• Deployment in 2025/26 polar season


• IceCube Gen2 


• Focused on larger samples of 
astrophysical neutrinos over a wide 
energy range
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IceCube Upgrade Arxiv: 1908.09441

Ice is stable:  Able to reprocess decade+ of 
neutrinos with improved analyses and systematics

IceCube Upgrade Aya Ishihara

1. What’s the IceCube Upgrade?

The IceCube Neutrino Observatory was completed at the South Pole in 2011. IceCube has
led to many new findings in high-energy astrophysics, including the discovery of an astrophysical
neutrino flux and the temporal and directional correlation of neutrinos with a flaring blazar [1].
It has defined a number of upper-limits on various models of the sources of ultra-high energy
cosmic rays, as well as measurements on the fundamental high-energy particle interactions, such
as neutrino cross sections in the TeV region [2].

IceCube uses glacial ice as a Cherenkov medium for the detection of secondary charged par-
ticles produced by neutrino interactions with the Earth. The distribution of Cherenkov light mea-
sured with a 1 km3 array of 5160 optical sensors determines the energy, direction, and flavor of
incoming neutrinos. Although the South Pole is considered one of the world’s most harsh envi-
ronments, the glacial ice ⇠2 km below the surface is a dark and solid environment with stable
temperature/pressure profiles ideal for noise sensitive optical sensors. IceCube has recorded de-
tector uptime of more than 98% in the last several years. While it has been 15 years since the
first installation of the sensors, an extremely low failure rate of the optical modules has also been
observed, demonstrating that the South Pole is a suitable location for neutrino observations.

The IceCube Upgrade will consist of seven new columns of approximately 700 optical sensors,
called strings, embedded near the bottom center of the existing IceCube Neutrino Observatory. As
illustrated in Fig. 1, the "Upgrade" consists of a 20 m (horizontal) ⇥ 3 m (vertical) grid of photon

Figure 1: The Upgrade array geometry. Red marks on the left panel shows the layout of the 7 IceCube
Upgrade strings with the IceCube high-energy array and its sub-array DeepCore. The right panel shows
the depth of sensors/devices for the IceCube Upgrade array (physics region). The different colors represent
different optical modules and calibration devices. The Upgrade array extends to shallower and deeper ice
regions filled with veto sensors and calibration devices (special calibration regions).

2

Advertisement

• Travel supports available for >1month stay in 
Japan for production and testing in 2019 and 
2020 for graduate students and postdocs

• Need to apply before 2019 March for stay 
between April 2019 and March 2020
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IceCube Gen2
• Looking forward, to get larger and better 

samples of astrophysical neutrinos, a 
larger detector is needed


• Envision a wide-band neutrino observatory


• 8-10 x larger optical Cherenkov detector


• Neutrino astronomy and multi-
messenger astrophysics


• Askaryan radio detector array


• Probe neutrinos beyond EeV energies


• Surface particle detector


• Detailed cosmic ray spectrum and 
composition measurements and veto 
capabilities
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THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 17: Left: Discovery potential of IceCube and IceCube-Gen2 for neutrino flares similar to the one observed for
TXS0506+056 in 2014/15 which lasted 158 days. Shown is the projected significance of the observation as a func-
tion of the flare duration. The flux and spectral index of the assumed flare are the ones observed for TXS0506+056
(see Figure 16) and assumed constant within the flare duration, i.e., the neutrino fluence increases with flare du-
ration. Green dotted lines mark the 5� discovery threshold, as well as the lower threshold for sending alerts to
partner telescopes for follow-up observations. Right: Significance of the observations of NGC 1068 as a function of
observation time for IceCube and IceCube-Gen2, assuming the best-fit neutrino flux derived in [27].

IceCube-Gen2 will allow to firmly discover the brightest AGNs on the neutrino sky. Fig-
ure 17 (right side) shows the expected significance as a function of observation time
for NGC 1068. A detection at 10� significance is expected after 10 years, allowing
a precise measurement of the spectral shape of the neutrino emission that is key to
understanding the acceleration processes in the source. Figure 18 shows the differen-
tial sensitivity of IceCube-Gen2 in relation to the spectrum of NGC 1068 inferred from
the IceCube data, a model of the neutrino emission, and observations of the source in
gamma rays, underlining the strong gain in sensitivity with IceCube-Gen2 even for soft
spectrum sources. In addition to the direct observations, precise spectrum and flavor
ratio measurements (see Section 2.2.6) of the diffuse flux will support the study of the
acceleration processes and environmental conditions in AGN cores and/or jets.

2.2.2 Cosmic-ray production in tidal disruption events

Another proposed transient source of high-energy CR and neutrinos is the tidal disrup-
tion of stars by supermassive black holes [171–174]. Such TDEs occur when a star is
disintegrated by strong gravitational forces as it spirals towards the black hole. TDEs
have been detected across a range of wavelengths, and, in some cases, have been
observed to launch relativistic particle jets.

Observations of the first coincidences between TDE and high-energy neutrinos open
a great perspective for IceCube-Gen2. Figure 19 shows the expected rate of asso-
ciations between neutrinos and TDEs for IceCube-Gen2, based on current IceCube
observations. In combination with the much deeper survey depth that next-generation
optical survey telescopes will provide one can expect O(10) coincidences per year. The
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https://icecube-gen2.wisc.edu/science/publications/TDR/
https://icecube-gen2.wisc.edu/
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Thanks!

Skua

Adelie penguin

NSF-IceCube/COLDEX

A ground-penetrating radar capture of the IceCube detector deployed in the ice.
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IceCube Neutrino Alerts -  
MMA Tools

• Select events passing alert criteria in online filter computing 
farm at South Pole


• Make wise choices to optimize limited realtime connectivity 
to Pole


• Neutrino candidates:  ~1 in 106


• Astrophysical neutrino candidates: ~1 in109


• Significant computing resources (~500 cores) needed to 
properly characterize and filter O(3kHz) of events


• Results also used to measure realtime data quality and 
detector health.


• Transmit event data north via IceCube dedicated Iridium system


• 24x7 data connection via Iridium (~10 kbps connection)
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IceCube 
Live

South

IceCube 
Live
North

Online Event 
Filtering 
System

Iridium

Cascade Alert

Track Alert
GCN 

Notices 
and 

CircularsSouth Pole, Antarctica

IceCube Data Center, Madison WI

Median alert latency: 33 seconds 

Fast Response 
PS Searches

• Once in the North, significance computing to refine alert 
direction


• O(1000) cpu-hours per event to complete scans to full precision


• Coordination is also significant effort - Realtime Oversight 
Committee


• Provide immediate oversight and rapid vetting of alerts and 
realtime point source searches


• Alert communications


• GCN “classic” Notices are migrating to new Kafka-based 
brokers.


• New systems support richer alert content and more rapid 
development of new alerts


• GCN Circulars for higher visibility for significant results.

https://gcn.gsfc.nasa.gov/amon.html
https://gcn.nasa.gov/missions/icecube
https://gcn.nasa.gov/missions/icecube


Alerts from Cascades
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GCN High Energy Cascade Alert Documentation

Figure 2 – Opening angle ΔΨ between the reconstructed and Monte Carlo directions in
function of the circularized 1σ (68%) error estimated by the deep neural network recon-
struction. The 1σ estimated error is larger than the 68% quantile of the opening angle
because systematic uncertainties are not included in the opening angle while they are in
the estimated angular error.

Figure 3 – Circularized 1σ (68%) error estimated by the deep neural network reconstruc-
tion for baseline Monte Carlo simulation and Data.

4

New Cascade neutrino alert stream added to 
GCN in July 2020

• Dominated (~85%) by astrophysical 

neutrinos

• Novel DNN tools used for event 

reconstruction

• Skymap probability maps published with 

GCN alert as FITS files

Figure 5 – Image of the content of a typical FITS file containing the probability density of
the neutrino source direction. Each pixel contains the probability that the source lies in
that pixel.

Figure 6 – Signalness in function of the reconstructed energy for events coming from
three bands of cos(zenith) corresponding to [-1,-13 ], [-13 ,13 ] and [13 ,1]. The alert will not
give values higher than 90%.

6

Table 1 – Number of astrophysical and atmospheric events per year passing the selection
cut and their proportion in the sample. The total is given for the Monte Carlo sample and
7 years of data from 2011 to 2017.

Number of Proportionevents/year

Astrophysical
Cascades 6.7 85%
Tracks 0.1 1%
Total 6.8 86%

Atmospheric Neutrinos 1.1 14%
Muons 0.0 0.0%

Total Monte Carlo 7.9 100%
Data 8.1±1.0

• the charge collected during the 100 ns and 500 ns after the first pulse as well as the total
charge

• the charge-weighted mean and standard deviation of relative pulse arrival time.

The DNN outputs not only the direction and energy of the incoming neutrino but also the uncer-
tainty on these parameters. In order to account for systematic uncertainties, the training is done
on a mix of the baseline Monte Carlo simulation and all systematic datasets.

Figure 2 shows the opening angle between the reconstructed and the Monte Carlo directions in
function of the 1σ angular error estimated by the DNN, the 50%, 68% and 90% quantiles are shown.
Figure 3 is a projection of Figure 2 along the X axis. Including systematics, 50% of events have an
angular error lower than 7° and 68% lower than 9°.

On Figure 2 and 3 the circularized error is used, however the DNN allows us to compute more
sophisticated error contours which can be asymmetrical but are nevertheless usually elliptical as
can be seen on Figure 4.

4 Description of event contents
The GCN Notice will contain several information about the event, allowing follow-up observers to
select the events they are interested in.

• Time and date in Universal Time to 0.01 second precision.

• Stream number, which is 26 for the IceCube cascade stream.

• The IceCube Run number and event number - used as a unique ID within the IceCube col-
laboration.

• Direction (Right Ascension and Declination) in several epochs (J2000, current and 1950) with
50% and 90% containment angular error radii, corresponding to a circularized error.
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https://gcn.gsfc.nasa.gov/doc/High_Energy_Neutrino_Cascade_Alerts.pdf

