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Astronomical messengers - sources
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Figure 5: The combined energy spectrum is fitted with two functions (see text) and compared to data from the HiRes instrument [43]. The
systematic uncertainty of the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated by arrows. A table with the Auger
flux values can be found at [44].
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de l’Univers (SDU-INSU/CNRS), France; Bundesmin-
isterium für Bildung und Forschung (BMBF), Deutsche
Forschungsgemeinschaft (DFG), Finanzministerium
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Simulated downward-going 
cosmic-ray muon in  IceCube 

Principles of high-energy ν detection
• Water Cherenkov 

• ν-induced charged particles emit a detectable 
pattern of Cherenkov radiation 

• backgrounds from cosmic ray µ and 
atmospheric ν reduced via event timing, 
direction, energy and vetoing techniques 

• Radio (Askaryan) 
• radio λ’s are comparable to size of ν-induced 

shower of charged particles; resulting coherent 
radiation can be very powerful 

• Penetrating or upward-going air shower 
• air Cherenkov (e.g. Auger) 

• Acoustic 
• localized ν-induced heating: sharp sonic pulse 
• tests in polar icecap yielded too small λatt   

• water could be better (the Dead Sea?)

see talk Cosmin Deaconu this afternoon
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CC Muon Neutrino Neutral Current /
Electron Neutrino CC Tau Neutrino

track (data)

factor of ≈ 2 energy 
resolution  

< 1° angular resolution at 
high energies

cascade (data)

≈ ±15% deposited energy 
resolution  

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

“double-bang” (⪆10PeV) 
and other signatures 

(simulation)

(τ decay length is 50 m/
PeV)

Principles of high-energy ν detection - water Cherenkov
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ANTARES 
Deep water 
0.01 km3 

2008 – 2019 

Baikal/GVD 
Deep water 
~1 km3 

Construction 

KM3NeT 
Deep water 
1 + 0.006 km3 

Construction 

IceCube 
Deep ice 
1 km3 

2011 –  

IceCube-Gen2 
Deep ice 
~10  km3 

Projected, 1st  
phase imminent 

Ice/water Cherenkov neutrino telescopes - global view

�12



Ice/water Cherenkov neutrino telescopes - global view
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Ice/water Cherenkov neutrino telescopes - global view
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Astrophysical ν signal
Two independent observations of cosmic neutrinos

Isolated neutrinos interacting 
inside the detector (HESE) Up-going muon tracks

provides total energy 
measurement; all flavours, all sky

ideal for astronomy; angular 
resolution < 0.5o

�15



Astrophysical ν signal
HESE

�16

7.5 year dataset;  atmospheric-only hypothesis excluded by more than 7σ

Starting Event SpectrumStarting Event Angular Distribution



Astrophysical ν signal
Up-going muons

Atmospheric-only hypothesis excluded by more than 6σ; best fit spectral index 2.16 +/- 0.11 �17



Astrophysical ν signal

Similar energy injected into the 
Universe in gamma-rays, neutrinos 
& extragalactic cosmic rays 

Spectrum for the observed neutrino 
signatures are largely consistent 
with a single power-law. 

First indications of “tauness” have 
emerged in most recent global fit of 
flavor ratio  (see backup slides)
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Showers Tracks

Results are compatible with the measured IceCube diffuse flux.

Astrophysical ν signal

ApJL 853, L7 (2018)

Reconstructed events after quality cuts provide 
1.6σ excess over background expectations. 

ICRC 2019
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Astrophysical ν signal sources?
10-year search; through-going tracks

HESE
Preliminary

M77 TXS 0506 PKS 1424+240
GB9

M77
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Astrophysical ν signal sources?
2007 — 2017  dataset

Blazar MG3 J225517+2409
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Multi-messenger Astronomy - realtime ν alerts

Operating since July 2009 (314 alerts sent as of February 2018) 

Performance: 

• time to issue alert ~5s 

• First image of the follow-up < 20s 

• Median angular resolution ~0.5 degrees 

Rates (approximate): 

Neutrino doublets: 0.04 evts/yr 

Single neutrinos; direction close to local galaxies (~1 TeV): 10 evts/yr 

High-energy singles (~5 TeV): 20 evts/yr  

Very-high-energy singles (~30 TeV): 3 — 4 evts/yr 

First public alert: IceCube-160427

Improved selection (Summer 2018):  

• angular resolution between 0.5 — 2 degrees at 90% 

• 50% astrophysical neutrino fraction
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IceCube-170922A and TXS 0506+056

! EXAMPLE: High-energy events as public alerts 13

TITLE:   GCN CIRCULAR
NUMBER:  21916
SUBJECT: IceCube-170922A - IceCube observation of a high-energy 
neutrino candidate event
[…]

Claudio Kopper (University of Alberta) and Erik Blaufuss (University 
of Maryland) report on behalf of the IceCube Collaboration […].

On 22 Sep, 2017 IceCube detected a track-like, very-high-energy 
event with a high probability of being of astrophysical origin. The 
event was identified by the Extremely High Energy (EHE) track event 
selection. The IceCube detector was in a normal operating state.[…]

After the initial automated alert […], more sophisticated 
reconstruction algorithms have been applied offline, with the 
direction refined to:

Date: 22 Sep, 2017
Time: 20:54:30.43 UTC
RA: 77.43 deg (-0.80 deg/+1.30 deg 90% PSF containment) J2000
Dec: 5.72 deg (-0.40 deg/+0.70 deg 90% PSF containment) J2000

We encourage follow-up by ground and space-based instruments to help 
identify a possible astrophysical source for the candidate neutrino.

Fermi-LAT found a flaring source 
in the region, then MAGIC  

detected it above 100GeV, …

Example: IC170922A sent on Sep 22

! EXAMPLE: High-energy events as public alerts 13

TITLE:   GCN CIRCULAR
NUMBER:  21916
SUBJECT: IceCube-170922A - IceCube observation of a high-energy 
neutrino candidate event
[…]

Claudio Kopper (University of Alberta) and Erik Blaufuss (University 
of Maryland) report on behalf of the IceCube Collaboration […].

On 22 Sep, 2017 IceCube detected a track-like, very-high-energy 
event with a high probability of being of astrophysical origin. The 
event was identified by the Extremely High Energy (EHE) track event 
selection. The IceCube detector was in a normal operating state.[…]

After the initial automated alert […], more sophisticated 
reconstruction algorithms have been applied offline, with the 
direction refined to:

Date: 22 Sep, 2017
Time: 20:54:30.43 UTC
RA: 77.43 deg (-0.80 deg/+1.30 deg 90% PSF containment) J2000
Dec: 5.72 deg (-0.40 deg/+0.70 deg 90% PSF containment) J2000

We encourage follow-up by ground and space-based instruments to help 
identify a possible astrophysical source for the candidate neutrino.

Fermi-LAT found a flaring source 
in the region, then MAGIC  

detected it above 100GeV, …

Example: IC170922A sent on Sep 22

Multi-messenger Astronomy - realtime ν alerts
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Spectral Energy Distribution — Sept/Oct 2017

Figure 4: Broadband spectral energy distribution for the blazar TXS 0506+056. The SED
is based on observations obtained within 14 days of the detection of the IceCube-170922A
event. The E

2
dN/dE vertical axis is equivalent to a ⌫F⌫ scale. Contributions are provided

by the following instruments: VLA (38), OVRO (39), Kanata Hiroshima Optical and Near-
InfraRed camera (HONIR) (52), Kiso and the Kiso Wide Field Camera (KWFC) (43), South-
eastern Association for Research in Astronomy Observatory (SARA/UA) (53), ASAS-SN (54),
Swift Ultraviolet and Optical Telescope (UVOT) and XRT (55), NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16), MAGIC (35), VERITAS (59), H.E.S.S. (60) and HAWC (61).
Specific observation dates and times are provided in (25). Differential flux upper limits (shown
as colored bands and indicated as “UL" in the legend) are quoted at the 95% C.L. while mark-
ers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder (62), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for ab-
sorption owing to the EBL. SARA/UA, ASAS-SN, and Kiso/KWFC observations have not been
corrected for Galactic attenuation. The electromagnetic SED displays a double-bump structure,
one peaking in the optical-ultraviolet range and the second one in the GeV range, which is char-
acteristic of the non-thermal emission from blazars. Even within this 14-day period, there is
variability observed in several of the energy bands shown (see Figure 3) and the data are not all
obtained simultaneously. Representative ⌫µ + ⌫µ neutrino flux upper limits that produce on av-
erage one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5 years
(dashed black line) are shown assuming a spectrum of dN/dE / E

�2 at the most probable
neutrino energy (311 TeV).
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	 Science 361, eaat1378 (2018)

• Extensive broad-band follow-up measurements 

• Inferred ~300 TeV neutrino emission has νFν of same order as HE / VHE gamma rays 

• NB: observations not strictly contemporaneous

Multi-messenger Astronomy - realtime ν alerts

�24



2009 2010 2011 2012 2013 2014 2015 2016 2017

0

1

2

3

4

5

�
lo

g 1
0

p

IC40 IC59 IC79 IC86a IC86b IC86c

IceCube-170922A

Gaussian Analysis

Box-shaped Analysis

1�

2�

3�

4�

Figure 1: Time-dependent analysis results. The orange curve corresponds to the analysis
using the Gaussian-shaped time profile. The central time T0 and width TW are plotted for the
most significant excess found in each period, with the P value of that result indicated by the
height of the peak. The blue curve corresponds to the analysis using the box-shaped time profile.
The curve traces the outer edge of the superposition of the best-fitting time windows (durations
TW) over all times T0, with the height indicating the significance of that window. In each period,
the most significant time window forms a plateau, shaded in blue. The large blue band centered
near 2015 represents the best-fitting 158-day time window found using the box-shaped time
profile. The vertical dotted line in IC86c indicates the time of the IceCube-170922A event.

(from MJD 56937.81 to MJD 57096.21, inclusive of contributing events at boundary times).
For the box-shaped time window the uncertainties are discontinuous and not well-defined, but
the uncertainties for the Gaussian window show that it is consistent with the box-shaped time
window fit. Despite the different window shapes, which lead to different weightings of the
events as a function of time, both windows identify the same time interval as significant. For
the box-shaped time window, the best-fitting parameters are similar to those of the Gaussian
window, with fluence at 100 TeV and spectral index given by E2J100 = (2.2+1.0

�0.8) ⇥ 10
�4

TeV cm�2 and � = 2.2 ± 0.2. This fluence corresponds to an average flux over 158 days
of �100 = (1.6+0.7

�0.6) ⇥ 10
�15 TeV�1 cm�2 s�1.

When we estimate the significance of the time-dependent result by performing the analysis
at the coordinates of TXS 0506+056 on randomized data sets, we allow in each trial a new fit
for all the parameters: �100, �, T0, TW. We find that the fraction of randomized trials that result
in a more significant excess than the real data is 7 ⇥ 10

�5 for the box-shaped time window
and 3 ⇥ 10

�5 for the Gaussian time window. This fraction, once corrected for the ratio of the
total observation time to the IC86b observation time (9.5 years / 3 years), results in P values of
2 ⇥ 10

�4 and 10
�4, respectively, corresponding to 3.5� and 3.7�. Because there is no a priori

reason to prefer one of the generic time-windows over the other, we take the more significant
one and include a trial factor of 2 for the final significance, which is then 3.5�.

Outside the 2012-2015 time period, the next most significant excess is found using the
Gaussian window in 2017 and includes the IceCube-170922A event. This time window is

5

Science 13 Jul. 2018: Vol. 361, Issue 6398

• IceCube evaluated 9.5 years of archival data in the direction of TXS 0506+056 

• 13 +/- 5 events excess compared to background expectations in 150 day 
period (September 2014 thru March 2015) 

• Inconsistent with background only hypothesis at 3.5σ level (Gaussian window)  

• Time-integrated neutrino spectrum is approximately E-2.1; flux over 9.5 years 
corresponds to ~ 1% of the diffuse neutrino flux 

• Indications of gamma ray spectrum hardening during that time (Padovani et 
al.)

IceCube-170922A and TXS 0506+056

Multi-messenger Astronomy - realtime ν alerts
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IC-170922A/TXS 0506+056
• TXS 0506+056 redshift of z = 0.3365 

(S. Paiano et al. ApJL 854, L32 (2018). )  

• time-averaged luminosity an order of 
magnitude higher than Mkn 421, Mkn 
501, or 1ES 1959+605 

• VLBA high resolution measurements 
indicate TXS may be a rare pc-scale 2-
jet AGN formed following a merger 

Multi-messenger Astronomy - realtime ν alerts
IC-190730A/PKS 1502+106

• 11th brightest blazar in the GeV sky 
neutrino 

A&A 630, A103 (2019

�26



Future outlook ICRC 2019

https://www.icrc2019.org/uploads/1/1/9/0/119067782/
gvd_cascades_2019_dvornicky.pdf �27



Future outlook

• Anticipated deployment of full project scope 2019 — 
2021.

https://pos.sissa.it/358/006/pdf �28



Future outlook

The Upgrade precision re-calibration program

Preliminary

Preliminary

The IceCube Gen2 Facility
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Summary

Photo credit: R. Busse/NSF 

From discovery to astronomy… 
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Summary

Photo credit: R. Busse/NSF 

From discovery to astronomy… 

The discovered high-energy cosmic neutrino flux is robust  
• energy density similar to that of gamma rays and cosmic rays 

Neutrinos have entered the game of multi-messenger astronomy  
• a broad multi-wavelength followup campaign of IC-170922A provided 

evidence identifying a cosmic ray accelerator 

Global program underway to develop new and enhanced neutrino observatories* 
• opening a new window through which to study the extreme universe; 

from fundamental neutrino properties to cosmic accelerators

*including new exploration of a deep ocean via the P-ONE project associated with Ocean Networks Canada �31



Special thanks to…

DESY Science Communication Lab 

Thank you for your attention!

�32



Backup Slides
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�X

IceCube Lab

IceCube

DeepCore

Amundsen-Scott 
South Pole Station

Skiway

The IceCube Neutrino Observatory
IceCube Array 
86 total strings, including 8 
DeepCore strings 

60 optical sensors on each string 

5160 optical sensors

Digital Optical Module
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�X

IceCube Lab

IceCube

DeepCore

Amundsen-Scott 
South Pole Station

Skiway

The IceCube Neutrino Observatory
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�X

IceCube Lab

IceCube

DeepCore

Amundsen-Scott 
South Pole Station

Skiway

The IceCube Neutrino Observatory - Generation 2

High Energy Extension

Surface Veto Array

(astrophysical neutrinos)

PINGU
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Astrophysical ν signal - flavour component

• Studying the flavour 
components of the neutrino 
signal can tell you about 
neutrino production in the 
source environment


• Neutrino oscillations 
complicate this

Neutrino Flavors

• initial composition: (⌫e : ⌫µ : ⌫⌧ )
pion & muon decay: (1 : 2 : 0)
neutron decay: (1 : 0 : 0)
muon-damped pion decay: (0 : 1 : 0)

p p ⇡ X

µ ⌫µ

e ⌫e ⌫̄µ

p � ⇡ X

µ ⌫µ

e ⌫e ⌫̄µ

p � � 1232 ⇡ n

µ ⌫µ

e ⌫e ⌫̄µ

1

• oscillation-averaged probability:

P⌫↵!⌫� '

X

i

|U↵i|
2
|U�i|

2

neutron
decay
(1:0:0)

oscillation-averaged

pion & muon
decay
(1:2:0)

muon-suppressed
pion decay

(0:1:0)
25%

50%

75%

75%

50%

25%

75
%

50
%

25
%

⌫�

⌫µ

⌫e

• “NuFit 1.3”: sin2 ✓12 = 0.304 / sin2 ✓23 = 0.577 / sin2 ✓13 = 0.0219 / � = 251�

4 observed events consistent with equal contributions of all neutrino flavors

Markus Ahlers (UW-Madison) Multi-Messenger Aspects of Cosmic Neutrinos August 1, 2015 slide 7
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Astrophysical ν signal - flavour component

• Studying the flavour 
components of the neutrino 
signal can tell you about 
neutrino production in the 
source environment


• Neutrino oscillations 
complicate this
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Astrophysical ν signal - flavour component
From the most recent 7.5 year HESE analysis…

Events reconstructed looking for evidence they contain 2 
cascades

Two double cascade events have been identified

Double cascades can arise from ντ or mis-identified 
background (astro ν or atmospheric).

Separate study of “tauness” of the double cascade events 
ongoing

�39



Astrophysical ν signal - flavour component
From the most recent 7.5 year HESE analysis…

Events reconstructed looking for evidence they contain 2 
cascades

Two double cascade events have been identified

Double cascades can arise from ντ or mis-identified 
background (astro ν or atmospheric).

Separate study of “tauness” of the double cascade events 
ongoing

Double cascade Event #1 Double cascade Event #2
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Potential hadronic nature of this event is 
being investigated

Work in progress

Event identified in a partially-contained PeV 
search (PEPE)

Deposited energy: 5.9±0.18 PeV (stat only)

ICRC 2017 arXiv:1710.01191

Resonance: Eν = 6.3 PeV 
Typical visible energy is 93%

IceCube high energy events search

 41
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Multi-messenger Astronomy - realtime ν alerts
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The story of a neutrino and a blazar…

shower

tracks

• “online data stream” search with fast 
reconstruction (3 degree cone for +/- 1 hr and 1 
day time windows around the source provided 0 
up-going muon neutrino candidates 

• “time-integrated” search for 3136 live day (2007 
— 2017) 

• 0.18 track-like events per square-degree 

• 0.004 shower-like events per square degree 

• number of signal events fitting likelihood function 
for the source = 1.03 

• pre-trial p-value = 2.6%; compatible with 
background  

• “2015 burst period search” - time dependent 

• Gaussian (550 days) and box (158 days) time 
window shapes (flares) centred on MJD57004 

• relaxed selection criteria gave 0 events in the 
flaring periods 

Joint IceCube-ANTARES analysis is under 
development.

ANTARES visible sky
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Gravitational wave follow-up


