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Neutrinos from cosmic beam-dumps

2

Some years ago we announced observation of a  
4 billion year old 300 TeV neutrino from a blazar!
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The objective of this lecture
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cosmic-ray challenge 

both the energy of the 
particles and the 
luminosity of the 

accelerators are large 
   
gravitational energy from 

collapsing stars 
is converted into 

particle acceleration? 

 origin of cosmic rays: oldest problem in astroparticle physics 



highest energy radiation from the Universe: protons!

Fly’s Eye 1991 
   300,000,000 TeV

high energy 
high luminosity



nearby 
radiation

supermassive 
black hole

                ! p + π0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + γ ! n + π+

~ cosmic ray + neutrino 

ν and γ beams : heaven and earth accelerator is powered by 
large gravitational energy
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γ

The opaque Universe
p

e+

e-

γ + γCMB ! e+ + e- 
PeV photons interact with microwave photons (411/cm3) 

before reaching our telescopes 
enter: neutrinos 
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?

opticalmicrowave X-rays gamma-rays  neutrinos                 cosmic rays

terra incognita: 
only revealed by 

neutrinos 
  
 

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe: 
neutrinos and cosmic rays

Universe is opaque above ~100 TeV energy
11

Here live the 
dragons!



p

ν

Neutrinos?  Perfect Messenger

e+

e-
• electrically neutral 
• essentially massless 
• essentially unabsorbed 
• tracks nuclear processes 
• reveal the sources of cosmic rays 
         
• … but difficult to detect
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extragalactic  
cosmic rays
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ν

γ + p→ n+π +

GZKneutrino

19601969
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cosmic-rays interact with the 
microwave background

0ππγ ++→+ + pandnp

TeV102E 6×≥υ

cosmic rays disappear, neutrinos with 
EeV (106 TeV) energy appear

π → µ +υµ → {e+υµ +υe}+υµ

  1 event per cubic kilometer per year 
        ...but it points at its source!
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DUMAND: Deep Underwater Muon 
and Neutrino Detector (1973-1995)

Art Roberts, Rev.Mod.Phys. 64 (1992) 259-312 
Christian Spiering and Uli Katz, Prog.Part.Nucl.Phys. 67 (2012) 651-704 17
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Baikal Neutrino Telescope 
(1993-1996)

Art Roberts, Rev.Mod.Phys. 64 (1992) 259-312 
Christian Spiering and Uli Katz, Prog.Part.Nucl.Phys. 67 (2012) 651-704 

1996 first up-
going muon 

neutrino event 

19



AMANDA: Antarctic Muon And 
Neutrino Detection Array (1993-2008)

AMANDA-1

AMANDA-2

Atmospheric neutrino event 
candidate observed by AMANDA-2

AMANDA Collaboration Phys.Rev.D71:077102,2005

x 
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/c

m
^2

/s

20



ANTARES: Astronomy with a Neutrino 
Telescope and Abyss environmental 
RESearch (2002 - present)

21

Candidate 
neutrino 
event 
display



That is all the history I am going to 
cover, but these are nice and fun reads

Art Roberts, Rev.Mod.Phys. 64 (1992) 259-312 
Christian Spiering and Uli Katz, Prog.Part.Nucl.Phys. 67 (2012) 651-704 
Christian Spiering European Physics Journal H, 2012 

22http://neutrinohistory2018.in2p3.fr/
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The IceCube experiment

there

24



25
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http://www.youtube.com/watch?v=cLO1997FJcg
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Digital Optical Module (DOM)

28



CC interaction in ice or bedrock

Cherenkov-light time and spatial distribution 

 ↳ muon direction 

  σcos(θz)  : 0.005 - 0.015
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νe 

ud

W+

e− ντ 

ud

W+

τ−νμ 

ud

W+

μ−

Events can start 
in the detector 
or below it 
(throughgoing).

Events must be 
contained or 
partially 
contained in the 
detector.

Events must be 
contained in the 
detector 

I will show you our 
first candidate event!

All CC Interactions

30



All event morphologies

31



neutrino detection probability

neutrino  
survives

neutrino 
detected

~ _

L

νe μ τ

νμ ντ
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neutrino detection probability

neutrino  
survives

neutrino 
detected

~ _

L

νe μ τ

νμ ντ
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Total neutrino cross section

J. Formaggio 1305.7513

GeV TeV PeV EeVMeVkeV
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Total neutrino cross section

J. Formaggio 1305.7513

GeV PeV EeVMeVkeV

Relevant for 
these lectures

TeV



Relevant neutrino interactions
Neutrino-nucleon scattering at these energies is dominated by “deep inelastic scattering” 
(DIS) where the neutrino interacts with a parton in the nucleon.

36



Uncertainties on DIS interactions

In the region of interest uncertainties below 
the 5 % level 37



Resonant-W production aka Glashow 
resonance

38
In the Earth only present for anti-electron neutrinos: this process is 

important for flavor identification and nu to nubar ratio



Resonant-W production aka Glashow 
resonance

39
In the Earth only present for anti-electron neutrinos: this process is 

important for flavor identification and nu to nubar ratio



40

The first Glashow resonance event: 
anti-νe + atomic electron ! real W at 6.3 PeV

Resonant production of a weak intermediate 
boson by an anti-electron neutrino interacting with 

an atomic electron
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Signal:
hadronic (quark-antiquark decay 
of the W) 

  Or

Background:
electromagnetic shower radiated 
by a high energy background 
cosmic-ray muon 

muons from pions (v=c) outrace 
the light propagating in ice that is 
produced by the electromagnetic 
component (v<c)

W production or background?
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Hadronic shower from W-decay: 
Early muons followed by electromagnetic shower



What about flavor dependence?
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High-energy DIS approximations 

44
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neutrino detection probability

neutrino  
survives

neutrino 
detected

~ _

L

νe μ τ

νμ ντ
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Earth diameter in cmwe

Neutrino interaction length

Earth is transparent to neutrinos 
below ~ 40 TeV. 46



Shadow factor

For isotropic astrophysical 
neutrino fluxes the “zenith-
averaged”  attenuation is 

more relevant.

47



How to account for 
neutrinos cascading down

48



How to account for 
neutrinos cascading down

contribution from neutrinos cascading down
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How to account for 
neutrinos cascading down

contribution from neutrinos cascading down

50



Effect of secondaries is small unless you 
have a very hard spectrum

51



Angular view of Earth 
absorption

Could you measure the Earth using this 
effect? 52



Yes, you can measure the Earth mass and 
profile with neutrinos

53



Yes, you can measure the Earth mass and 
profile with neutrinos
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neutrino detection probability

neutrino  
survives

neutrino 
detected

~ _

L

νe μ τ

νμ ντ
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Muon losses and ranges

Mean energy losses are 
well described by

Mean muon range

In ice
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Muon losses and ranges

Mean energy losses are 
well described by

Mean muon range

In ice
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Putting everything together:  
the neutrino and muons effective area

58
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Neutrino telescope effective area  
at 100 TeV

•  AMANDA ~ ANTARES ~ (1- 5) m2 

•  IceCube 86 strings ~ 100 m2

60

The neutrino effective area is the size 
of the neutrino telescope



Neutrino telescope effective area  
at 100 TeV

•  AMANDA ~ ANTARES ~ (1- 5) m2 

•  IceCube 86 strings ~ 100 m2

61

The neutrino effective area is the size 
of the neutrino telescope



Typical IceCube’s effective areas
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Reconstructing events in the ice

63
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Cherenkov cone and track reconstruction
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Cherenkov cone and track reconstruction
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Cherenkov cone



Muon with Cherenkov cone

67

http://drive.google.com/file/d/14rKXyk90kS3HBixrJaTBKVgV-HZnJOtq/view


Muon reconstruction with direct photons

68



Muon losses and ranges

Mean energy losses are 
well described by

Mean muon range

In ice
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Muon losses are stochastic processes

From C. Wiebusch (1995) 70



Muon tracks with charged secondaries

From C. Wiebusch (1995) 71



Muon tracks with charged secondaries

From C. Wiebusch (1995) 72



Muon tracks with charged secondaries

From C. Wiebusch (1995) 73
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An incomplete information challenge



Absorption length in ice

75



Scattering length in ice

76



Muon in ice

77

http://drive.google.com/file/d/1fs3MG4X4Xdy69Y-WouuATAzTYEyb15Ev/view


Muon in sea water
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http://drive.google.com/file/d/1WbWnSNU63EU-Q13gaCwtAl7VZfCp5k4a/view


Muon angular resolution

Mean deviation angle between 
muon and neutrino

79



Eμ = 139 TeV 

Eν = 179 TeV

• Muon above critical energy 
• Loses energy stochastically 
• Resolution: σlog10(E/GeV) ~ 0.4

80

We are 
here!



Eμ = 139 TeV 

Eν = 179 TeV

• Muon above critical energy 
• Loses energy stochastically 
• Resolution: σlog10(E/GeV) ~ 0.4

81

We are 
here!



Cherenkov front and cascade 
reconstruction

82



Electromagnetic cascades longitudinal 

From C. Wiebusch (1995) 83



Cascades transverse 
Electromagnetic cascade Hadronic cascade

84From C. Wiebusch (1995)



Cascade in ice

851 TeV

http://drive.google.com/file/d/1iDiMSRwDXf6TFJ6-K3mL-Pt5vuDUzqUa/view


Cascade in water

86
1 TeV

http://drive.google.com/file/d/1uUwZOjkagfeVai245wGKdug-yU12w8KN/view
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AMANDA holeice camera

88

http://www.youtube.com/watch?v=hiJVajBA9TQ


89

Subtle local ice effects are important
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Subtle local ice effects are important
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10 msec of IceCube data

Muons detected per year: 

• Atmospheric  (3000 per second) 
• Atmospheric*  (1 every 6 minutes) 
• Cosmic** 

μ ∼ 1011

ν → μ ∼ 105

ν → μ ∼ 102
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Atmospheric neutrinos production

Slide by  Anatoli Fedynitch 94



Slide by  Anatoli Fedynitch

Cascade equations
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Slide by  Anatoli Fedynitch

Cascade equations
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Slide by  Anatoli Fedynitch

Cascade equations
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Cascade equations

Slide by  Anatoli Fedynitch 98



Relationship between primary and 
secondary

99



Muon-neutrino flux

100



Electron-neutrino flux

101
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Reminder: All event morphologies

103
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The hunt for astrophysical neutrinos
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106 atmospheric µ

per atmospheric ν

Challenges: 
Astrophysical neutrino flux is very small 

Large atmospheric neutrino and muon backgrounds 

Backgrounds



Challenges: 
Astrophysical neutrino flux is very small 

Large atmospheric neutrino and muon backgrounds 
106

Backgrounds
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Strategy: 
- Use the Earth to block the large atmospheric muon flux 
- Look at the highest energy where the atmospheric neutrino 

flux is smallest

Strategy One: look at the 
Northern Sky

astrophysical 
neutrinos

Two years of data



9.5 years of northern-sky neutrinos 
 show consistent excess over atmospheric background

γ = 2.37 ± 0.1

108



9.5 years of northern-sky neutrinos 
 show consistent excess over atmospheric background

Northern-sky astrophysical neutrino flux is well characterized by 
single power-law with spectral index: 2.37±0.10 

109
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Strategy: 
- Define a veto region in the detector to supress the 

atmospheric background, 
- Advantage: All-sky vision

Strategy Two: Use the 
other detector as a veto



High-Energy Starting Events (HESE)

Astrophysical 
neutrinos 
candidates!

111

Large muon 
background 
that is  
well- 
separated
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This event selection contains some of the 
highest energy neutrinos ever observed

Bert Ernie

1PeV 1.1PeV

Big Bird

2 PeV

Color indicates time (red earlier, green later) 
Sphere sizes indicate charge deposited.

early late
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HESE-7.5 years distribution

*HESE = high-energy starting events

new events

114
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HESE-7.5 years distribution

*HESE = high-energy starting events
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Expected angular distributions
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p

K+

µ+

µ�

⌫µ

p

K+
e+

⇡0

⌫e
µ+

Glacier surface

Veto layer

Fiducial volume

Veto by correlated muon Veto by uncorrelated muon

“Self-veto”



DowngoingUpgoing

Coincident muons supress neutrino flux!

Schönert,  Gaisser,  Resconi,  Schulz 
Phys.  Rev.  D  79;  043009(2009) 

Gaisser,  Jero,  Karle,  van  Santen 
Phys.  Rev.  D  90;  023009(2014) 

CA,  Palomares-Ruiz,  Austin Schneider,  
Wille,  Yuan 

JCAP  1807  (2018)  no.07,  047
118



Southern Sky/Down-goingNorthern Sky/Up-going

HESE-7.5 years angular distribution
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Southern Sky/Down-goingNorthern Sky/Up-going

HESE-7.5 years angular distribution

astro signal 
suppressed 

background

120
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Starting Events Energy Distribution And 
Inferred Spectrum

γ = 2.9 ± 0.2

High-Energy Starting Events energy distribution is well described 
by a single power-law, but with a spectral index softer than the 
northern tracks!



Comparison of different single 
power-law spectra

❖Shower power (hep-ph/0409046): Cascade-only event selections also 
produce very pure astrophysical neutrino samples! 

❖Multiyear cascade analysis extends to TeV energies, yields a harder 
spectrum. Restricting this above 60 TeV, HESE spectrum is recovered. 

❖First hints of a diffuse component in the ANTARES data! 122
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Summary:  
complementary search strategies

Neutrinos interacting 
inside the detector

Muon neutrinos 
filtered by Earth

Total energy measurement 
all flavors, all sky

Astronomy: angular resolution 
superior (<0.4 degrees)
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High-energy astrophysical 
neutrino flavor composition



(1:2:0)

(0:1:0)

(1:0:0)

Pion

Muon-damped

Neutron

127

Flavor composition @ source



Flavor 
mixing

Standard 
Expectation New Physics!

128

Initial 
flavor



The flavor triangle
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Fraction of m
uon flavor at EarthFr
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The flavor triangle
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Fraction of m
uon flavor at EarthFr

ac
tio

n 
of

 ta
u 

fla
vo
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ar
th

Fraction of electron flavor at Earth

100% muon neutrino



The flavor triangle
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Fraction of m
uon flavor at EarthFr

ac
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of
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ar
th

Fraction of electron flavor at Earth
100% electron neutrino



The flavor triangle
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Fraction of m
uon flavor at EarthFr

ac
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n 
of

 ta
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fla
vo

r a
t E

ar
th

Fraction of electron flavor at Earth
100% tau neutrino



The flavor triangle

133

Fraction of m
uon flavor at EarthFr

ac
tio

n 
of

 ta
u 

fla
vo

r a
t E

ar
th

Fraction of electron flavor at Earth

⅓ of each flavor
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Due to unitarity, the possible Earth 
flavor ratios for a given initial flavor 

composition is confined.

Predicted flavor triangles given 
some initial flavor composition
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CA, T. Katori, J. Salvado 
(Phys. Rev. Lett. 115, 161303)

Measuring a flavor 
composition outside of 
these regions points to 

new physics!

136

After oscillations where will the 
different sources end up?

pion 
neutron 
muon-damped 
exotic tau

See also Bustamante et al. PRL 115, 161302 (2015); CA et al. JCAP 2019 arXiv:1909.05341



137M. Bustamante, J. Beacom, K. Murase (1610.02096)

+Neutrino 
decay
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Brdar et al. JCAP 1701 (2017) no.01, 026 

• Sterile neutrinos 
effect is small on 

propagation.  
•Large change only 

if the sources are 
shooting sterile 

neutrinos

+ (eV) sterile neutrino
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In the pion scenario 
NSI effects are small. 
This is not the case for 
other initial flavor ratios.

Gonzalez-Garcia et al. Astroparticle Physics 84 (2016) 15-22

+ NSI@Earth
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(setting operators scales to current SK bounds)

35 TeV

1 PeV

+ New physics: effective operators



Folding in with the effective areas we can 
get expected track to cascade ratios

141



Can we do better than the shower to track ratio? 
 

The search for tau neutrinos 



Strategy: 
- Search for high-energy double cascade deposition

Strategy Three: Find tau 
neutrinos

143

Most atmospheric neutrinos are mostly 
produced by either pion or kaon decay.

Tau neutrinos are predominantly produced by 
D-meson decay, which is a very small 
contribution. 

Tau neutrino contribution negligible in energy 
range of interest.



Strategy Three: Find tau 
neutrinos

144
tau decay length = γ c τ = 50m per PeV

Detecting anthropogenic tau neutrinos at neutrino experiments
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Tau Production and Decay
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Ternary Classification of 
events



All  energies: 4  events 
0  new  events  in  2016 season 
0  new  events  in  2017 season

Above 60TeV: 2  events 
0  new  events  in  2016 season 
0  new  events  in  2017 season

7.5 Years Double Cascades

Data

Event 
#1

Event 
#2

147

Two tau neutrino candidates observed in 7.5 HESE
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Event 2 Event 1

Event 2 is in a region where tau neutrinos are most 
likely to appear, event 1 is not.

Energy Asymmetry 
= (E1-E2)/(E1+E2)



149
early late

Event 1 (Big bird): PeV event, does not show double bang 
characteristics on DOMs



Separation between bangs ~17m,
150

Event 2: First astrophysical 𝛎𝛕 candidate identified!

Total deposited energy 
~ 90 TeV. 


First “bang” in time 
(shower)


Second “bang” in time 
(tau decay)

ντ 

ud

W+

τ−

early late



151

Search for  
Double Pulse Events



152

(Same event that was found by looking searching 
for two separated energy depositions)
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Likely background event that passes the double 
pulse search. Corner clipper muon.
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Sensitivity
Result

Latest astrophysical neutrino 
flavor measurement
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nearby 
radiation

supermassive 
black hole

                ! p + π0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + γ ! n + π+

~ cosmic ray + neutrino 

ν and γ beams : heaven and earth accelerator is powered by 
large gravitational energy

162



γ

The opaque Universe
p

e+

e-

γ + γCMB ! e+ + e- 
gamma rays accompanying IceCube neutrinos interact

with interstellar photons and fragment into multiple lower
energy gamma rays that reach earth

163



γ

The opaque Universe

e+

e-

164
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169

IceCube Preliminary
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171
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173



174

Multimessenger 
approach
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Real time system up and running!

176
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Try the 
IceCube 
Augmented 
reality app to 
see our alert 
events! 
 
Search for: 

IceCubeAR
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Looking at the archival data in the TXS 
direction

186

search in archival IceCube data: 
•150 day flare in December 2014 of 
     19 events (bkg <6) 
•2.10-5 bkg. probability 
•spectrum E-2.1 

No significant gamma-ray emission at 
flaring time! 



nearby 
radiation

supermassive 
black hole

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earthν and γ beams : heaven and earth accelerator is powered by 

large gravitational energy

187



nearby 
radiation

supermassive 
black hole

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earthν and γ beams : heaven and earth accelerator is powered by 

large gravitational energy

188

τγγ ∝
σγγ

σpγ
τpγ
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Other interesting questions 
(ask about them for more info)

190



When will we measure the “prompt 
component”? Where are the neutrinos 

from D meson decay?

191



192

Do we understand high-energy neutrino 
interactions? Will there be surprises?



Does the flux keep going ? Or is there a 
spectral cut-off?

193



How close are we to see a galactic 
component?

194
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What is the flavor composition of 
astrophysical neutrinos?
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What about the GZK neutrinos?
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Detection via Earth-skimming neutrinos
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Current Constraints on GZK neutrinos
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Future sensitivity to GZK neutrinos



200



201



202
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Neutrinos cascading down!

https://github.com/IceCubeOpenSource/TauRunner

http://www.github.com/IceCubeOpenSource/TauRunner


204

๏ Left: Tau tracks at and 
above 10 PeV. 

๏ Center: Interaction vertex 
is contained in the 
detector. Initial cascade + 
outgoing track. 

๏ Right: Tau decay to 
muons (18% of the time). 
Muons are then observed. 

๏ NC interactions in the 
detector volume are 
possible (not shown)

Signatures of Earth-traversing EeV+ neutrinos



Are there hints of DM? Is there space for 
DM?

205



Beyond dark matter, 
What other signatures of new physics could find?

206
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What other signatures of new physics could find?
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What other signatures of new physics could find?
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What other signatures of new physics could find?



See CA, Bustamante, Kheirandish, Palomares-Ruiz, 
Salvado, and Vincent arXiv:1907.08690 for more 
details 210

What other signatures of new physics could find?
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The Future of IceCube: 
The Upgrades

Phase 1: 7 new, high-precision strings in  
the central, densely instrumented region.

Funded, installation in 2024-2025.

Phase 2:  x10 the volume 
of present IceCube,  
plus additional detectors.
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IceCube Gen-2 Highlights
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IceCube Gen-2 Technology
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Km3Net
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Km3Net



Km3Net Timeline

218
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ORCA’s first atm-nus!
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ORCA’s first atm-nus!



Romero-Wolf et al https://arxiv.org/abs/2002.06475

TAMBO

221

https://arxiv.org/abs/2002.06475
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Projected Upgrade Flavor 
Measurement

N. Song, S. Li, CA, M. Bustamante, A. Vincent (arXiv:2012.12893)

https://arxiv.org/pdf/2012.12893.pdf
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Terrestrial measurements



> 10 TeV

> Mpc 
(~Andromeda)

Terrestrial measurements        astrophysical frontier

224
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Gracias!

Do not hesitate to email 
carguelles@fas.harvard.edu


 
Also for all IceCube data and results enquires 

you can always email to:

analysis@icecube.wisc.edu


mailto:carguelles@fas.harvard.edu
mailto:analysis@icecube.wisc.edu


How about CR hitting the 
Sun?

226
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230



231



Maybe we ont find solar WIMPs, but these neutrinos are 
there for sure!  

One persons background, becomes another one’s signal! 232



There is also expected neutrino 
production from solar flares!

233

On going searches for temporal 
coincidence neutrino signature 
and solar flare.



Trying to go beyond a Power Law …
Sorry for this plot! So many points! :(

Statistics are not high enough to infer a specific pattern.
234



Technical note: electrons are not in empty 
space

Loewy et al. arXiv:1407.4415 235
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High-Energy	Neutrino	Flux
Observation of the high-energy 
cosmic neutrino flux has been 
established in multiple channels in 
IceCube. 

Different slopes hint at structure in 
the flux of high-energy cosmic 
neutrinos. 

The magnitude of the flux at ~10 
TeV energies is found to be higher 
than the flux at >100 TeV energies.  

Multimessenger connection 
dictates extragalactic sources of 
the high-energy neutrino flux at 
medium-energies to be 
“obscured” to GeV 𝛾-rays.

Murase+2015
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Arrival Direction of the Highest Energy Neutrinos
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Multimessenger Observation of TXS 0506+056
Multi-Messenger Observations of TXS 0506+056

58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z # 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 4 of 8

Fig. 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
E2dN=dE vertical axis is equivalent
to a nFn 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),
Southeastern Association for
Research in Astronomy Observa-
tory (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% CL,
while markers 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
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. 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 characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm $ !nm neutrino flux upper limits that
produce on average 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=dEºE"2 at the most probable neutrino
energy (311 TeV).
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.!

RESEARCH
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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[Science 361 (2018) no.6398, eaat1378]

• Coincident with Fermi flare; chance correlation can be rejected at the 3s-level.

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars.

• One of the most luminous BL Lacs (2.8 ⇥ 1046 erg/s).

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 4

[IceCube, Science 2018]

• Up-going muon track observed on September 22, 2017 from 5.7° below horizon 
with best fit neutrino energy of ~300 TeV for E-2 Spectrum.


• Angular distance from TXS 0506+056: 0.1°.


• Coincidence with enhanced 𝛾-ray activity, chance correlation rejected at the level 
of 3𝜎.


•Multi-wavelength observation available from multimessenger follow-up campaign.



TXS 0506+056
ISP BL Lac located at Redshift 0.3365 [Paiano+ 2018]

Among the 50 brightest Fermi blazars.

Outshines near by sources.


Highest energy gamma ray 
source in EGRET above 40 GeV 
[Dingus & Bertsch 2001]. 

239



13±5 signal events rejecting 
background hypothesis at 3.5𝜎
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Neutrino Flare in 2014

with reduced significance.) An additional look-elsewhere correction then needs to be applied

for a result in an individual data segment, given by the ratio of the total 9.5 year observation110

time to the observation time of that data segment (30).

Results

The results of the time-dependent analysis performed at the coordinates of TXS 0506+056 are

shown in Fig. 1 for each of the six data periods. One of the data periods, IC86b from 2012-2015,

contains a significant excess which is identified by both time-window shapes. The excess con-115

sists of 13±5 events above the expectation from the atmospheric background. The significance

depends on the energies of the events, their proximity to the coordinates of TXS 0506+056, and

their closeness in time. This is illustrated in Fig. 2 showing the contribution of individual events

during the IC86b data period.

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.

6

the Gaussian window show that it is consistent with the box window fit. Despite the different

window shapes, which lead to different weightings of the events as a function of time, both130

windows identify the same time interval as significant. For the box time window, the best-

fitting parameters are similar to those of the Gaussian window, with 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.

(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 flu-
ence at 100 TeV, 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 (31) 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.

When we estimate the significance of the time-dependent result by performing the analysis135

8

TW = 110+35
�24 days

�100 =
�
1.6+0.7

�0.6

�
⇥ 10�15TeV�1cm�2s�1

[IceCube, Science 2018]

Time-dependent search in the direction of TXS 0506+056 revealed 
a neutrino flare in December 2014.
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• Identification of TXS 0506+056 and correlation 
studies demonstrate that the 𝛾-neutrino 
connection could be complicated. 


• If the sources are efficient producers of 
neutrinos, they become opaque to the very 
high-energy 𝛾-rays. 


• EBL absorption plus large intergalactic 
magnetic filed makes it difficult to observe the 
possible enhancement for such sources.


• Explaining broadband spectrum of the source 
during neutrino burst is challenging. 
[Reimer+2018, Murase+2018, Gao+2019]


• Stationary target photon scenario is favored. 
[Reimer+2018]


• X-ray and soft gamma ray measurements are 
essential to obtain complete understanding of 
emission mechanism.
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𝛾-Neutrino	Connection

6 Reimer et al.

field through photon-photon pair production, and is ei-
ther driven by mainly inverse Compton scattering in the
same radiation field (’Compton-supported cascades’) if
u!
t ! u!

B (with u!
B the magnetic field energy density),

by synchrotron radiation (’synchrotron-supported cas-
cades’) if u!

t " u!
B, or by both (’synchrotron-Compton

cascades’) in cases where the magnetic field energy den-
sity turns out to be comparable to the target photon
energy density. Once the cascade photons reach down
to energies too low for pair production, the cascade de-
velopment ceases, and the remaining pairs lose their en-
ergy via inverse Compton and/or synchrotron emission.
The emerging photon spectrum is governed by both, the
energy-dependent photon-photon pair production optical
depth, and the dominating radiative dissipation process.
The pair cascading code employs the matrix multipli-

cation method described by Protheroe & Stanev (1993)
and Protheroe & Johnson (1996). Monte Carlo pro-
grams for photon-photon pair production and inverse
Compton scattering are used to calculate the mean in-
teraction rates (see Fig. 4) and the secondary particle
and photon yields due to the interaction with the tar-
get radiation field. Note that inverse Compton scatter-
ing during the cascading proceeds in the Klein-Nishina
regime, and transitions to the Thomson regime only be-
low the threshold for pair production. The calculation of
the synchrotron yields follows Protheroe (1990) (see also
Pacholczyk 1970). The yields are then used to build-up
transfer matrices which describe the change in the elec-
tron and photon spectra after propagating a given time
step !t, which we chose as the dynamical time scale of
the problem. The escape probability for photons is cal-
culated using the formula given in Osterbrock & Ferland
(2006) for a spherical region, while charged particles are
assumed not to escape. For steady-state spectra we con-
tinue the transfer process until convergence is reached.
In each time step energy conservation is verified.
In the following, all the photon models are generated

with a normalization that yields the observed neutrino
flux.

3.2.1. Compton-supported Cascades

If inverse Compton scattering supports the cascade
(u!

t ! u!
B), the emerging photon spectra are fully de-

termined once the opacity due to photon-photon pair
production is fixed, because "!! # "IC. This energy-
dependent opacity in turn is related to the optical depth
of photon-proton interactions, which itself is linked to
the neutrino spectral flux (see Sect. 3.1). Compton-
supported cascading on the minimal target photon field
(as determined in Sect. 3.1) therefore provides the cor-
responding minimal cascade flux for u!

t ! u!
B. In

the following we choose to vary the maximum of the
energy-dependent photon-photon opacity, "!!,max (which
here serves as a proxy for (R! · u!

t)) to calculate the
corresponding cascade spectra. Figs. 5 – 8 show our
results for Doppler factors D = 1, 10 and 50 and
log("!!,max) = $6,$5, . . . , 0, 1, 2, covering the optically
thin and thick cases, and compares them to the MWL
SED of TXS 0506+056 during the period of the neutrino
flare. The shaded areas represent the spread of the cas-
cade spectra (shown for selected "!!,max = 10"5, 1, 100
as examples) due to the uncertainties in the observed
neutrino spectrum.

Figure 5. Compton-supported cascade spectra arriving at Earth
without (thin lines) and including absorption in the EBL (thick
lines) using the model of Franceschini & Rodighiero (2017) for
!4 (short dashed line), !3 (dashed-dotted line), !2 (dashed-
triple-dotted line), !1 (long dashed line) as indicated, and D =
10. The shaded areas represent the spread of the cascade spec-
tra, for the case !!!,max = 10!3 as an example, propagated
from the uncertainties of the observed neutrino spectrum. The
red data points (ASAS-SN, SWIFT-BAT, Fermi-LAT) depict
the quasi-simultaneous observations while the grey data points
represent archival data (Aartsen et al. 2018a). VHE data (all
MAGIC data from Ansoldi et al. (2018); all VERITAS data from
Abeysekara et al. (2018), HAWC archival data from Aartsen et al.
(2018a)) are not simultaneous to the 2014/15 neutrino flare and
are included in grey.

Figure 6. Compton-supported cascade spectra arriving at Earth
without (thin lines) and including absorption in the EBL (thick
lines) for log(!!!,max) = 0, 1, 2 as indicated, and D = 10. The
shaded areas represent the spread of the cascade spectra, for the
case !!!,max = 1 as an example, propagated from the uncertain-
ties of the observed neutrino spectrum. For the !!!,max = 1-case
we have also added the corresponding proton synchrotron radia-
tion component for two sub-equipartion (u"

B " u"

t) field strengths:
0.5 G (solid line), 3 G (dashed line). The data points are the same
as shown in Fig. 5.

The cascade spectra at source (thin lines) are
then corrected for absorption in the extragalac-
tic background light (EBL) using the model of
Franceschini & Rodighiero (2017). EBL-corrected cas-
cade spectra are shown as thick lines. For "!!,max " 1
(e.g., Fig. 5), internal absorption can be neglected, and

[Halzen, AK+, APJL 2018]

[Reimer+2018]
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The	Multimessenger	Picture
Neutrino 

flux 
energetics

𝛾-ray flux outside the source 
shifted to lower energies by 
internal cascade/absorption

EBL Absorption Observed 
flux @ Fermi
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(preliminary)

[Halzen, AK, Weisgarber, Wakely, ApJL 2018]

𝛾-ray enhancement is not expected, 
consistent with the observation

Multimessenger
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Hints	of	Neutrino	Emission	from	AGN	Flares

Need more neutrino flares!

• We need more observations like TXS to
identify the emission process and to
establish blazars as neutrino emitters.

• Maybe we have already witnessed these
sources:

? PKS B1424-418 & “Big Bird”
[Kadler et al.’16]

? PKS 0723-008 & “Dr. Strangepork”
[Kun, Biermann & Gergely’16]

? AGL J1418+0008 & IC-160731A
[Lucarelli et al.’17]

? GB6 J1040+0617 & IC-141209A
[Garrappa et al., in preparation]

10 Lucarelli et al.

Figure 4. AGILE-GRID intensity map in [ph cm�2 s�1 sr�1] zoomed around the ICECUBE-160731 position, in the
time interval (T0 � 1.8; T0 � 0.8) days. The black and white circles again show, respectively, the 90% c.r. of the
ICECUBE event and the 95% C.L. contour of the AGILE-GRID detection AGL J1418+0008. The figure shows also
the positions of several e.m. candidates found during the MWL follow-up. Cyan cross: HAWC best archival search
result (Taboada 2016); blue crosses: the six SWIFT-XRT sources reported in (Evans et al. 2016a,b); yellow boxes: two
optical sources (one steady, one transient) detected by the Global MASTER net (Lipunov et al. 2016a,b)); magenta
diamonds: two optical transients detected by iPTF P48 (Singer et al. 2016). Black point: the X-ray source 1RXS
J141658.0-001449, which appears within both error circles, is one of the best neutrino-emitter candidate found in the
additional search made with the ASDC tools described in the text.

circle. Only sources #5 and #6 are still compatible with the neutrino position (and within the AGILE ellipse
contour), while source #2 remains just on the border.

In the optical region, the Global MASTER Optical Network performed a search for optical transients in
the time interval (T0 + 17; T0 + 21) hrs (Lipunov et al. 2016a,b). They only detected a point-like event,
classified as MASTER OT J142038.73-002500.1, that might have been induced by particle crossing the
CCD, and the bright NGC 5584 galaxy (which, anyhow, is already outside the revised error circle) (yellow
boxes in Fig. 4). Rapid follow-up observations in the Optical/IR band, started only 3.5 hours after T0,
were performed by the Palomar 48-inch telescope (iPTF P48) (Singer et al. 2016). They detected two
optical transient candidates at 1.1 and 2.0� from the initial neutrino candidate position (magenta diamonds
in Fig. 4).

In the gamma-ray band, FERMI-GBM could not observe the region at T0 since the position was occulted
by the Earth (Burns & Jenke 2016) while FERMI-LAT reported only flux ULs (95% C.L.) above 100
MeV of 10�7ph cm�2 s�1 in 2.25 days of exposure starting from a 2016-07-31 00:00 UTC, and of 0.6 �
10�7ph cm�2 s�1 in 8.25 days of exposure starting from 2016-07-25 at 00:00 UTC (Cheung et al. 2016). As
shown in Appendix A, the non-detection of any gamma-ray precursor by Fermi-LAT might be due to a low
exposure of the ICECUBE region during the AGILE gamma-ray transient.

[Lucarelli et al.’17]
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3. Method B: Flare Search

In this section a search method sensitive to occasional neutrino flares, whose times and durations are unknown,
is described. Observations of strong variability in the electromagnetic emission exist for various TeV neutrino
candidate sources. However, often there is no continuous observation of the flux (e.g. the EGRET sources)
and/or no prediction for a time correlation between the photon and neutrino emission.
The data selection has been optimized with the help of toy Monte Carlo events. The data sample produced by
the time-integrated point source search [1] without any re-optimization gives the highest detection probability.
A method based on a sliding window of fixed duration has been investigated, where the length of the window is
a parameter to be optimized. As the flare duration is not known the detection probability in dependence of the
time window length has to be calculated. Note that short flares will be not detectable if the peak to valley ratio
is much higher than the one observed in !-rays. The signal contribution in very long windows is limited by the
number of events observed in the time-integrated search. The optimum choice is a 20 days window for galactic
objects and a 40 days window for extra-galactic ones. The three categories of sources selected are a subset
of the standard list of TeV neutrino candidate sources used in the time-integrated point source analysis [1].
Moreover, we have included in our analysis three sources from the EGRET catalog which show extraordinarily
large variations in the MeV !-ray flux.
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Figure 16. Left: AMANDA-II neutrino candidates within 2.25o from the direction of the blazar 1ES 1959+650. The
triangles indicate the arrival time of the observed events; the crosses refer to the background events in the 40-days windows.
The window showing the highest multiplicity is highlighted. Right: Zoom-in of the time-window MJD 52410-52460. The
arrival time of two out of the five AMANDA-II events is compared with the Whipple light curve from [5].

4. Results and Discussion

The results obtained with the two methods discussed in section 2 and section 3 are reported in Tab. 2. In both
cases, no statistically significant excess of events over the background expected has been observed.

Although the results obtained are not significant, the time structure of the neutrino candidates from the direction
of the blazar 1ES 1959+650 (within 2.25o) merits a dedicated discussion. The sample is composed of five
events in the entire four-years period. They have been identified by the blind analysis as described previously
(see Fig. 16). The following has been noticed:

• Three events out of the five fall within 66 days (MJD 52394.0, 52429.0, 52460.3).

[M.Ackermann et.al, ICRC 2005] [Lucareli+ 2017]

• AGL J1418+0008 & IC 16073A [Lucareli+ 2017]


• PKS 0723-008 & HESE-5 [Kun+ 2016]


• 1ES 1959+650 in AMANDA. [M.Ackermann+ 2005]
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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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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic
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trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

[IceCube 2019]

Neutrino	Sky-IceCube	10	yr
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NGC	1068 & the Neutrino Signal
• NGC 1068, aka M77, is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied AGN, which played a major role in AGN unification 

scheme 
• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of star formation

‣ Historically considered as a promising cosmic-ray accelerator. 

/ E�3.2

• IceCube 10 yr time-integrated search 
found 51 neutrinos in the direction of 
NGC 1068, with a soft spectrum. 

• The neutrino flux much higher than the 
observed 𝛾-ray flux by Fermi.  

• Models built on measured 𝛾-ray flux by 
Fermi cannot accommodate the 
neutrino flux. 

• Obscuring necessary to absorb the 
pionic 𝛾-ray accompanying neutrinos. IceCube, PRL2020

Image Credit: NASA/HST
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Galactic	Sources	of	Cosmic	Neutrinos
• The search for Galactic neutrino sources 

concentrates on the search for “Pevatrons” which 
have the required energetics to produce CRs up to 
the knee in the spectrum.  

• Galactic Sources were considered as guaranteed 
contributors to the HE neutrino flux. 

• They are subdominant, but identification is easier with 
VHE gamma-rays. 

• We have tested major Galactic sources (PWN, SNR, 
Binaries), no source confirmed yet but hints are 
consistent with the expectations! 10°1 100 101 102
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Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 1017eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It

247

Gravitational Waves follow-up

Binary Neutron Star Merger
GW 170817

• Gravitational Waves originate in compact objects.  
• Compact objects play a key role in particle acceleration.   

  → potential neutrino emission! 
• No coincident neutrino so far → consistent with predictions. 
• New opportunities with O3 run.

[ANTARES, IceCube, Auger, LIGO/Virgo ApJL 2017]
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jet burrowing through the stellar envelope in a core-collapse
event (Mészáros & Waxman 2001; Razzaque et al. 2003; Bar-
tos et al. 2012; Murase & Ioka 2013). Nevertheless, if the
observed gamma-rays come from the outbreak of a wide co-
coon, it is less likely that the relativistic jet, which is more
narrowly beamed than the cocoon outbreak, also pointed to-
wards Earth.

We further considered an additional neutrino-production
mechanism related to ejecta material from the merger. If a
rapidly rotating neutron star forms in the merger and does not
immediately collapse into a black hole, it can power a rela-
tivistic wind with its rotational energy, which may be respon-
sible for the sometimes observed extended emission (Met-
zger et al. 2008). Optically thick ejecta from the merger can
attenuate the gamma-ray flux, while allowing the escape of
high-energy neutrinos. Additionally, it may trap some of the
wind energy until it expands and becomes transparent. This
process can convert some of the wind energy to high-energy
particles, producing a long-term neutrino radiation that can
last for days (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017). The properties of ejecta material around
the merger can be characterized from its kilonova/macronova
emission.

Considering the possibility that the relative weakness of
gamma-ray emission from GRB170817A may be partly due
to attenuation by the ejecta, we compared our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we used
the results of Kimura et al. (2017) and compared these to
our constraints for the relevant ±500 s time window. For
extended emission we considered source parameters corre-
sponding to both optimistic and moderate scenarios in Ta-
ble 1 of Kimura et al. (2017). For emission on even longer
timescales, we compared our constraints for the 14-day time
window with the relevant results of Fang & Metzger (2017),
namely emission from approximately 0.3 to 3 days and from
3 to 30 days following the merger. Predictions based on fidu-
cial emission models and neutrino constraints are shown in
Fig. 2. We found that our limits would constrain the op-
timistic extended-emission scenario for a typical GRB at
⇠ 40Mpc, viewed at zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (✓obs . ✓j) and se-
lected off-axis angles to indicate the dependence on this parameter.
The shown off-axis angles are measured in excess of the jet opening
half angle ✓j . GW data and the redshift of the host-galaxy constrain
the viewing angle to ✓obs 2 [0�, 36�] (see Section 3). In the lower
plot, models from Fang & Metzger (2017) are scaled to a distance
of 40 Mpc. All fluences are shown as the per flavor sum of neutrino
and anti-neutrino fluence, assuming equal fluence in all flavors, as
expected for standard neutrino oscillation parameters.

The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Optimistic scenarios for on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.
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Neutrino energy

GeV TeV PeV

Astrophysical  
NeutrinosAtmospheric  

NeutrinosNeutrinos in 
IceCube

Why look for new physics with HE neutrinos? 
• Standard neutrino oscillations term decreases with energy. 
• High-energy atmospheric neutrinos: understood flux and flavor composition. 
• Astrophysical neutrinos traverse the largest distances, small effects can 

accumulate.

Standard term New physics term

std. atm. osc. here!



Because of oscillations, neutrinos are natural clocks.

As time passes, they change from one flavor to the other, 

and back.

Lorentz violation will change the neutrino oscillation frequency 
producing new flavor conversion 249
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We have search for Lorentz Violation with 
 high-energy Atmospheric Neutrinos

The analysis sensitivity, especially for 
high-dimensional operators, is 
dominated by the highest-energy 
events.

Lorentz violation changes the ratio of horizontal to vertical events.
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Leading constraints across several fields of physics

Very strong limits on Lorentz Violation induced by dimension-6 operators!

Nature Physics (2018) s41567-018-0172-2
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Trajectories in the flavor triangle in the presence of  
Lorentz Violation (LV)



Results on high-dimensional LV operators
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IceCube 
Prelimiinary
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Beyond the Lorentz Violation interpretation
Standard term New physics term

Our analysis is performed by 
introducing effective terms, which 

can be due to by other new physics 
beyond Lorentz Violation. 

New long range forces gauged on

Bustamante et al. 1808.02042

(0:1:0) source (1:0:0) source

Caveat: need to know neutrino source 
initial flavor composition to get robust 

bounds with current limits.



de Salas, et al. Phys. Rev. D94 (2016) 123001


Capozzi et al. 1804.05117 255

Coherent Dark Matter Scattering
Standard term New physics term

(0:1:0) source (1:0:0) source

Coherent scattering with dark 
cosmic background

Our analysis is performed by 
introducing effective terms, which 

can be due to by other new physics 
beyond Lorentz Violation. 

Caveat: need to know neutrino source 
initial flavor composition to get robust 

bounds with current limits.
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CA, A. Kheirandish & A. Vincent Phys. Rev. Lett. 119, 

201801

Dark matter neutrino incoherent scattering
Not to scale
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Neutrino skymap
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??
No!

The low energy approximation does not work at a PeV!!

Begin to resolve microphysics: need more concrete model

What about the cross section?
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Fermion DM, vector mediator:  
similar to a leptophillic Z’ model

Scalar DM, fermionic mediator:  
e.g. sneutrino dark matter,  

neutralino mediator.  
Resonant behavior (s-channel)

Two Simplified Models
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Effects in energy and direction

Galactic center

IceCube Work In Progress
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New constraints on  
neutrino-dark matter interactions 

Cosmological bounds using Large Scale 
Structure  from Escudero et al 2016

Color scale is the maximum allowed coupling.

IceCube Work In Progress
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El fin



263

Thank 
you!
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Bonus slides
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Due to unitarity, the possible Earth 
flavor ratios for a given initial flavor 

composition is confined.

Predicted flavor triangles given 
some initial flavor composition

C.A., T. Katori, J. 
Salvado (Phys. Rev. 
Lett. 115, 161303)
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Beyond the Lorentz Violation interpretation

Capozzi et al. 1804.05117 

Coherent dark matter 
scattering with local DM

Induced by DM int.

Looks the same as the LV term

I’ll come back to the astrophysical constraints soon…

Projections to this kind of physics with 10 years of IceCube/
DeepCore.

High-energy atm. Low-energy atm. Reactor/solar

Astro?

DeepCore

Reinterpret our LV limits in dark matter neutrino coherent scattering 



Current bounds from SK

IC wins a lot in c due to the E 
factor

arXiv:1410.4267

267
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(arXiv:1007:0006)
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+ (eV) sterile neutrino

Brdar et al. JCAP 1701 (2017) no.01, 026 

• Sterile neutrinos 
effect is small on 

propagation.  
•Large change only 

if the sources are 
shooting sterile 

neutrinos


