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Some Important Notes
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This is not a blazer, and 
even if it was, it is not  in 
the right location .  The 
detected blazer was 
below the horizon.

¸ƻǳ ŎŀƴΩǘ ǊŜŀƭƭȅ 
see the in-ice 
detectors, and if 
you could, this 
ƛǎƴΩǘ ŎƭƻǎŜ ǘƻ 
being to scale.!

This is a  real picture of 
the IceCube Counting 
Laboratory at the 
South Pole.
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Motivation
ÅYou can observe a lot just 
by watching-Yogi Bera



Å 20% of the Universe is opaque to 

EM spectrum

Å Non-thermal Universe powered by 

cosmic accelerators

Å Probed by gravity waves, neutrinos 

and cosmic rays
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The opaque Universe
p

e+

e -

g+ gCMBĄ e+ + e-

PeVphotons interact with microwave photons 
(411/cm3) before reaching our telescopes

enter: neutrinos
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Neutrinos?  Perfect Messenger

e+

e -

ÅElectrically neutral
ÅEssentially massless
ÅEssentially unabsorbed
ÅTrack nuclear processes
ÅReveal sources of cosmic rays
ÅProbe beyond standard model physics

ÅΧ ōǳǘ ŘƛŦŦƛŎǳƭǘ ǘƻ ŘŜǘŜŎǘΥ Needs large projects
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Radiationand dust

Black hole or
neutron star

p + gĄ p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH

NeutrinoBeams: Heaven & Earth

p + gĄ n + p+

~ cosmic ray + neutrino

Neutrino (g-ray) Production
Cosmic accelerator powered 

by gravitational energy



Cosmic Rays Create Neutrino Beam
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Atmospheric Neutrinos
Cosmic ray up to knee : nfrom pand K decay

Around and above knee: nfrom charmed meson decay
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Ultra-High Energy Neutrinos in the Universe
F
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Astrophysical neutrinos
p+ginteractions or 

p+pinteraction with matter

Atmospheric to astrophysical

transition ~10TeV-100TeV

?
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knee

ankle

Extremely-High Energy Neutrinos in the Universe

Cosmogenic (GZK) neutrinos

induced by the off-source (<50Mpc) 
interactions of  cosmic ray and CMB 
photons via GZK (Greisen-Zatsepin-
Kuzmin) mechanism, ~106 TeV
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Neutrinos above 1 TeV
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Detecting Neutrinos
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ÅInteraction 
produces high 
energy charged 
particles that 
travel faster than 
light in medium 
ÅCherenkov 

radiation in near 
UV to visible
ÅAskaryaneffect 

produces radio 
pulse for E>~1 
PeV*

* See Radio Detection of the Highest Energy Neutrinos, Vieregg, TeVPA2017

https://indico.cern.ch/event/615891/contributions/2563953/attachments/1505424/2345717/tevpaRadio.pdf


cosmic ray

éK, charm

Astrophysical neutrinos
10s per year

Atmospheric muons (cosmic rays)
1011 per year

Atmospheric muons (cosmic rays)
105 per year

{IceCube Rates}}

Slide from Abby  Vieregg



15Slide from

Multiple flights

Test Stations

Test Stations



Pierre Auger Neutrino Searches

ÅInteractions that occur closer to Earth, pass through 
mountains, or up-going Earth-skimming

ÅThreshold ~100 PeV
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neutel11.wordpress.com/2017/03/16/cosmogenic-neutrinos-at-the-pierre-auger-observatory/

Searches for neutrino fluxes in the EeVregime with the Pierre Auger Observatory
Enrique Zasfor the Pierre Auger Collaboration, ICRC 2017 https://arxiv.org/pdf/1708.06592.pdf

https://arxiv.org/pdf/1708.06592.pdf


Array of photomultiplier tubes in a dark transparent material
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Optical Detection

Cherenkov light

Digitized 

Waveform

Charged 

Particles
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Neutrino Telescopes
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Neutrino Telescopes
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IceCube Neutrino  
Observatory
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neutrino energy: 5GeV-100GeV

neutrino energy: 1TeV-100EeV

ω Spacing: Strings ~70 m, DOMs 7 m

ω Spacing: Strings 125 m, DOMs 17 m



IceCube Signals
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Isolating Neutrino Events
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Science  Reach
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core-mantle             boundary

Neutrino Absorption Pattern
High energy neutrinos disappear because of neutrino-nucleon interaction in Earth 
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Aperture:

detector+

geometry

f(En,q)

Interaction f(En) Astro nflux f(En) Absorption f(En,q)

Zenith angle 90o-100o

gives near zero 

absorption normalization 

at 1-10TeV

Event rate = V 4ṧ.„ṧ‰ṧÅØÐ.„ὢ



’ᴼ’ Disappearance 
TeV Scale Neutrino Cross 

SectionNature 551 596 (2017)

PDG
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Neutrinos as a Cosmic Messengers

ÅChallenge: Identify astrophysical nΩǎ
ÅIceCube yearly events
Å~1011 cosmic ray muons
Å~105 atmospheric nΩǎ
ÅϤмлΩǎastrophysical nΩǎ

ÅDiscriminators
ÅEnergy Yes
ÅMulti-messenger Yes
ÅFlavor (tau) Maybe
ÅHotspots No
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IceCube Astrophysical Neutrinos
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Astrophysical Diffuse Neutrino Flux
Upward going muon* neutrino sample (8 years/2009-2016)

High energy starting event** neutrino sample (7.5 years/2010-2017) **Select neutrino events with outer layer detector as muon veto

*Select muon induced by muon neutrino CC interactions

Phys. Rev. Lett. 115, 081102(2015)

₩880TeV upward through-

going muon track event

PRL 111 (2013) 021103

Edep~1PeV

Cascade  +

PRL 113, 101101 (2014)28



Best Fit Estimate, Independent Samples

Best single power-law fit results

ÅGood agreement for independent astrophysical neutrino samples above 200TeV 
ÅDetailed consistency studies on <200TeV still ongoing
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The PeVUniverse
1-2 PeVcascade events

Simulated GR event

6.0± 0.3 PeVcascades compatible with Glashow resonance
(Preliminary) 
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ÅDeposited energy2.6± 0.3 PeV
ÅMedian neutrino energy  8.7 PeV

Highest energy event to date

Upward-going track



Beyond PeVUniverse: GZK Neutrinos?

Differential limit on the extremely-high-energy cosmic 
neutrino flux in the presence of astrophysical background 
from nine years of IceCube data
aΦ DΦ Aartsenet al.(IceCube Collaboration)
Phys. Rev. D98, 062003 (2018)

No GZK neutrino observed in 9 
years of IceCube data
ÅStrong constraints on sources of 

proton dominant UHECRs
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n
Iridium 

satellites

high energy n

Latency time: a few minutes

AMON Alert!

The IceCube realtimealert system, 
AstroparticlePhysics, 92, 30ς41, 
(2017)

Neutrino Online AlertSystem

ÅOriginal private alert 
system background 
dominated

ÅApril 2016 activated 
public online channel 
with signal efficiency 
of >30-50% 
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Telescopes over the world!
(good opportunities for even small telescopes)



IceCube-170922Aevent
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Fermi Telescope

Magic telescope

Kanata telescope

neutrino observed Optical telescopes

neutrinos

gamma-rays

optical light

Å 2017/9/2220:54:30.43 UTC
Å 5th and the most cosmic neutrino signal-like EHE alert
Å Automated alert was distributed to observers just 43 seconds later

...and many more telescope

Science 361, eaat1378 (2018) 



IceCube-170922A Follow up

a most probable neutrino energy of 290 TeV

23.7 2.8 TeV muon energy loss in the detector

Neutrino energy PDF

HE gamma-ray observations

Å Fermi-LAT(20MeV - 300 GeV) 

reportedgamma-ray flaring

blazer TXS 0506+056

(ATel#10791)

VHE gamma-ray observations

ÅFurthermoreTXS 0506+056
was observed VHE gamma-ray 
Magic telescope (E > 100GeV)
ǿƛǘƘ ҔсΦнˋ ό!¢ŜƭІмлумтύ
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