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Large Hadron Collider:
E . .=clB[B[R=7x10"7eV
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Potential galactic sources of cosmic rays
E .= CLEI[B[R ~10"eV

Supernova-Remnants

Microquasars
Pulsars



Potential extra-galactic sources of cosmic rays
E,. o= CBBIR ~1020eV

max

Active Galactic Nuclei
Gamma Ray Bursts




Cosmic rays, Gamma Rays & Neutrinos
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Cosmlc rays, Gamma Rays & Neutrinos
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The IceCube Neutrino Observatory

—_— -

IceCube e i
+ 86 Strings, 5360 DOMs ekl
* Completed in 2011
Eiresh ~ 100 GeV

-> astrophysical neutrinos
cosmic ray physics, dark
matter, neutrino physics,...

digital optical module (DOM)
housing 10 inch PMT
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Optical properties of the
detection medium
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IceCube Coll, J. Geophys. Res. 111 (2006) D13203
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Neutrino signatures

Muon-tracks
+ good pointing (<1 degree)
+ large event rates due long muon range

10 TeV.

- signature of v,

O”O-N,b

o ,‘ b -
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Neutrino signatures

Particle shower (cascade)
+ Ve, Ve, (V)

+ good energy resolution

+ little background

ST Multi-PeV
signature of v, signature of v_
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The Backgrounds: Atmospheric Neutrinos & Muons
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Vetoing atmospheric \. ,Veto
muons and neutrinos '

Schonert et al, 2009
Gaisser et al. 2014

primary
cosmic ray

Downgoing event without

Marek Kowal

airshower = astro. neutrino!



Surface Veto

cosmic neutrino
(detected 2014)

--------




Astrophysical Neutrinos!

54 events observed with 20+£6 expected from atmosphere
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Astrophysical Neutrinos!

54 events observed with 20+£6 expected from atmosphere
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Astrophysical Neutrinos!




Energy Spectrum

54 events observed with 206 expected from atmosphere
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in lceCube: 2.

The highest energy event so far,

deposited energy
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and there is more...

Events per bin

Assuming best-fit power law:
+++ Unfolding B Conv. atmospheric v, 7,
B Astrophysical v, +v,

L e L L 1.0
10°F e RRRIRRRE s IceCube: Preliminary -
[ . 3 5 5 T
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LO T E et i - =
, — 0.4
102 i R R R <
N gngutrino energy pdf | 5
107 (highest-energy event) | 02 5.9 sigma detection of
107 pr SRR SRR T ; astrophysical neutrinos
10 i AR SN S V- BN B | _lo.0 with through-goin
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loglo(medlan neutrino energy / GeV) y
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Neutrino Flavor Ratio

Protonen

Neutrinos

vy LRadiation

p+X—=a-+x0+ .. Neutrino oscillation length:
Flavor ratio at the source Flavor ratio at the Earth:
VeV, ivy=1:2:0 Ve iV ive=1:1:1

Ky
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Neutrino Flavor Ratio

Ve : v, . v, at source o
= 0:1:0 2 . e
e 1:2:0 o ' 118
116
114
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S 2
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v, neutron
decay

Flavor ratio (ve:v“:vT) compatible with expectation (1:1:1)

“uN,,
ApJ 2015, PRL 2015 @ o
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Sky map of 54 High Energy Starting Events

Galactic

0  TS=2log(L/LO) 11.3
Largely isotropic L1 extragalatic origin!
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The gamma-ray sky observed by the FERMI satellite




Multi-Messenger Astronomy
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Multi-Messenger Astronomy
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Resolving the sources of the diffuse flux
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IceCube neutrino follow-up

Swift (X-Ray) —

PTF / ROTSE +-*-
(optical)

WY WY

More follow-up with
1 VERITAS, MAGIC, HESS
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SOUTH POLE NEUTRINO OBSERVATORY



IceCube neutrino follow-up
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IceCube’s first SN

PTF12csy: A bright SN Type IIN @ 300 Mpc
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Neutrino follow-up of LIGO event GW150914

x>

GW (99% CL)
GW (90% CL)
GW (50% CL)
X  neutrino

1.0 +
0.5

No significant concidence with neutrinos

in (1072Y)

~ 0.0

T \@ i

o5t

91U,
-1.0 i —Numerical relativity il ;"y &
-Reconsu.umd (templat?) I | Marek Kowalski | Deciphering IceCube’s High-Energy Neutrinos | 22.2.2016 | Page 37 o f Ef

. peryt




Resolving the sources of the diffuse flux

Luminosity L [ergs/yr]
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Resolving the sources of the diffuse flux
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Resolving the sources of the diffuse flux

Luminosity L [ergs/yr]
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The IceCube-Gen2 Observatory

A wide band neutrino observatory (MeV — EeV) using several detection
technologies — optical, radio, and surface veto — to maximize the science.

lceCube/DeepCore/lceTop

Low Energy / PINGU

Surface veto array 40 strings

Baseline: High Energy Array
75 km?/ 100 TeV threshold Baseline:

140 strings, 240 m spacing

1-Uk,
‘:0\'0 &R, b&?"
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Conclusion

> lceCube detected high-energy extra-terrestrial neutrinos,
offering a unique view on the high-energy Universe

> Sources not yet resolved, consistent with extra-galactic
origin

> New (multi-messenger) observation reduce the list of
candidates

> As many new questions as old ones answered

> Planning for IceCube-Gen2 has started
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