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PeV astronomy with neutrinos

radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays
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Neutrinos allow us to peek beyond the gamma-ray horizon...
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Environments opaque to EM radiation
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Environments opaque to EM radiation
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Interaction processes and environments
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Bustamante, Beacom & Winter, PRL 2015
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Flavor ratio depends on production mechanism / source environment.

Glashow resonance events might allow to distinguish interaction processes.
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Sterile neutrino 0.0 ® One sterile
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Neutrino telescopes: ANTARES
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» Mediterranean sea, off Toulon, France

» Operating since 2008 in final configuration

» 885 PMTs on 12 strings (~10-2 km3
instrumented volume)
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Neutrino telescopes: ANTARES
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Neutrino telescopes: IceCube

IceCube Lab

\.‘:‘: S IceTop air-

50 m — \—-.- ............. ~ — shower array
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IceCube array
* 86 strings

| I * 5160 optical
|' | Sensors
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DeepCore
* 8 strings
* denser

L — spacing

Eiffel Tower
2 324 m

2450 m
2820 m

lceCube

» Completed in Dec 2010.

» |Instrumented volume: ~ 1km3
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Signatures of neutrino interactions
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» Track-like event signatures
(CC interactions of v,,)

= Angular resolution: < 1°
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« Effective volume: up to tens of kms.

e R » Energy resolution: only indirect measure of p
| | energy.

<

» Shower-like event signatures
(CC interactions of ve,vr, NC interactions)

= Angular resolution: > 10°

= Effective volume: ~ 1 kms.

| | = Energy resolution: ~15% of deposited energy.
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Signatures of neutrino interactions

| f ~i:j‘2“ '~;55;’
. i . » starting events
(all flavors)
= Angular resolution: < 1° - 15°
= Effective volume: <~ 0.5 km3
= Energy resolution: ~15% of deposited energy.

simulation <9

» High-energy v. events
(CC interactions v-)

(YT T MNe

= v; at PeV energies

= unique signatures that can identify a v interaction.
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High-energy cosmic neutrinos

What did we learn in the 5 years since their discovery ?

Flavor composition ?
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lceCube Preliminary
lceCube high-energy events > 30 TeV (2010 - 2016)
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Astrophysical neutrinos in 2015

10 ¢ lceCube collaboration, ApJ, 2015 and ICRC 2015
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» Global analysis of multiple event samples from
lceCube.
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Updated measurements
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Updated measurements
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Updated measurements

IceCube collaboration, ICRC 2017

- Energy range:
----- O=1.6 (o) %3 [ 12 TeV -2.1 PeV
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» Spectral index for through-going tracks harder than

showers

for showers / starting events

* Sensitive to different energy ranges

» Potential spectral hardening above 100 TeV.
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The cosmic neutrino spectrum

... could be more complex than a simple power law.

lceCube combined analysis (2015)
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| Aartsen et al., arXiv:1701.03731
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The cosmic neutrino spectrum

... could be more complex than a simple power law.

lceCube combined analysis (2015)
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Diffuse neutrinos

Observed by ANTARES
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ANTARES collaboration, Albert et al., ApJ, 2017

= Data

&= Atmospheric MC
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» 1.60 excess over background

» Spectrum consistent with
lceCube measurements
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Identification of tau neutrinos
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What is the origin of the astrophysical neutrinos?

Active Galaxies ?

Supernova remnants ?

GRBs ?

DESY 18



IceCube’s high-energy neutrinos

IceCube high-energy events > 30 TeV (2010 - 2016)

s e Equatorial
el IceCubecoIIaboratlon ICRC 2017

lceCube Preliminary N

Compatible with an isotropic distribution
¢ points to extragalactic origin of cosmic neutrinos

No significant clustering of high-energy events

DESY.
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Searches for individual sources of neutrinos
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lceCube Collaboration, ApJ, 2017
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Search for neutrino sources on
large event samples dominated
by atmospheric background

¢ Search for a local excess of
events.

No point source found.
No extended source found.
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Neutrinos from the Galaxy

Neutrinos from the interactions of cosmic rays with interstellar gas.
Expected spatial distribution well understood from gamma-ray data.
Intensity above 10 TeV uncertain.

IceCube collaboration, ApJ 2017
ANTARES collaboration, PLB 2016

| No correlation
. ‘ Measured | found.
Ay Astrophysical Flux Only small fraction
10-6 1 %o, @4@ T T - f signal
| &b, Lo e —l— | of signal can
| | originate from CR
! : interactions in the
: | Galaxy.
10_7 - A/ -
L4 Iy
10_8 T Tl T T T
10° 104 10° 109 107
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Searching for transient sources

Search for correlations of neutrinos
+ with observed light curves in various electromagnetic (EM) wave bands.

+ with interesting EM or gravitational-wave transients

lceCube and ANTARES high-energy neutrinos trigger EM follow-up
observations.

No significant correlation found with: ANTARES+IceCube+PAO+LIGO+VIRGO
ApJL, 2017

¢ Gamma-ray bursts

¢ Fast radio bursts 45° A .= ~
. 30° e,
¢ Gravitational ¥,
O\

wave events 15°

C / -oolng: °o
e e —
e GW (90% CL)

+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
| === === [ceCube horizon
= == ANTARES horizon
[ ] Auger FoV (Earth-skimming)

[ ]Auger FoV (down-going)

¢ Supernovae
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Auto- and cross-correlation searches

Finding sources below the detection threshold

Fermi LAT Blazars - 2LAC catalog

-90°

lceCube collaboration, ICRC 2017

DESY.

lceCube collaboration, ICRC 2017
2pt-autocorrelation

o 1o . 20 30

% 1.004
&
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g 1.0
S 05 -
&' O-O 1 1 I I
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Angular Separation [°]

» None of the performed searches
finds a significant correlation with
lceCube neutrinos

» Similar searches are performed with
ANTARES
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Neutrinos from Blazars

IceCube collaboration, Apd, 2017
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Blazars dominate the extragalactic
gamma-ray emission above 10 GeV

Fermi LAT blazars can only be
responsible for a small fraction of the

observed v’s.
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Constraints from gamma rays
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A possible scenario

Multiple populations of neutrino sources

lceCube combined analysis (2015)
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Relative Flux > 800 MeV

A very Interesting commdence

ngh-energy neutrlno (example)
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Blazars are highly variable
neutrino sources

> 100 TeV neutrino arrived from
within 0.1 deg of the source
direction

Arrival during an 6 month period
with up to 6 x higher than

average gamma-ray flux

Fermi-LAT detection of increased gamma-ray activity of
TXS 0506+056, located inside the IceCube-170922A

error region.
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Relative Flux > 800 MeV

A very Interesting commdence

ngh-energy neutrlno (example) i’ N _' Blazars are highly variable
| | 1 | | neutrino sources

within 0.1 deg of the source
direction

.. .
'-00000¢0¢.....

with up to 6 x higher than
average gamma-ray flux

Fermi-LAT detection of increased gamma-ray activity of
TXS 0506+056, located First-time detection of VHE gamma rays by MAGIC from

> 100 TeV neutrino arrived from

Arrival during an 6 month period

10 — erro 3 direction consistent with the recent EHE neutrino ——
ATel #10791; Yasuyuki T. Tanaka (Hiroshii event IceCu be'1 70922A
| Kocevski (NASA/MSFC) on b !
B | on 28 Sey ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration -
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KM3NeT-ARCA block 2

KM3NeT - ARCA

¢ Similar instrumented volume to IceCube
¢ Complementary field-of-view
+ Better angular resolution than IceCube

Construction has started
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Where to go from here ?

generation of neutrino telescopes N, A &

Discovery potential (50): ’: N »
e 10'6:| L L KM3NeT/ARCA (2 building blocks), 3 observation years ‘,«( '
" — |
~ - IceCube (IC86+IC79+IC59+IC40), 4 observation years &, KM3NeT-ARCA block 1
g B Astrophysical Journal 796 (2014) 109 —
>+ . o \
Antares upper limits (1338 days . ,

S | KM3NeT pper limits (1338 days) | | g
= 107 — Apj L5 (2014) 786
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KM3NeT collaboration, J. Phys. G, 2016
¥ IREITEIETR A M ¢ vaompilemeniary neia-oi-view

+ Better angular resolution than IceCube

Construction has started
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From IceCube to IceCube-Gean

AAAAAA 1000m
» lceCube Upgrade proposal
¢ 7 new strings in center of lceCube o, Lo R
@) ! .o O ;Zi’ —
+ New calibration devices ¢ : ® ., .

» Future IceCube-Gen2 will allow precision A
studies of cosmic neutrinos.
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IceCube DeepCore Phase1

¢ 5 X better source sensitivity

1450m  2100m  2140m
2450m 2450m 2440m
Instrumented Depth

¢ 10 x higher statistics

¢ GeV to EeV Surface Array
energy range Main Array

Core (PINGU)

Proposed first step: lceCube Upgrade

lceCube-86, IceTop




Summary

We are measuring the spectrum and flavor composition of the astrophysical
neutrino flux with increasing precision

Its origin remains elusive, but many constraints can be found
* Not dominated by a few individual sources
* No apparent correlation with the Galactic plane
* Blazars (and GRB) can only contribute a relatively small fraction

* At least some fraction of the neutrino flux has to come from hidden/gamma-
ray dark sources

There is an interesting coincidence between a >100 TeV neutrino and the
Blazar TXS 0506+056

The next generations of neutrino telescopes are under construction (KM3NeT)
or in an advanced design stage (lceCube-Gen2)
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