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Multi-Messenger Astronomy

Acceleration of charged nuclei (cosmic
rays) - especially in the aftermath of
cataclysmic events, sometimes visible in
gravitational waves.

multi-
messenger
source

cosmic ray nucleus

magnetic
deflection

O pions

Secondary neutrinos and gamma-rays
from pion decays:

7T+_>M++Vu, 7TO—>fy—|—fy

I_>e++ue+yu

Markus Ahlers (NBI) High-Energy Neutrino Observations 2



Multi-Messenger Astronomy

Unique abilities of cosmic neutrinos:

no deflection in magnetic fields
A (unlike cosmic rays)
source
, no absorption in cosmic backgrounds
magnetic .
deflection (Unllke gamma'raYS)

smoking-gun of
unknown sources of cosmic rays

coincident with
photons and gravitational waves

BUT, very difficult to detect!
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The development of Cherenkov
High Energy Neutrino Telescopes

“Dreamers” and pioneers in the Soviet Union

M. Markov B. Pontecorvo
1960 -




IMB detector (proton decay)

IMB detector




Super KﬁHliOkande 50,000 tons of ultrapure water

deteCtor 2 m of water = veto counter
P Y Fiducial volume = 22,500 tons
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New Concept

“Beaded string”



,sta-hding on the shoulder of giants

1987: DUMAND test string

-----

Francis Halzen: ICRC-019



Lake Baikal experiment observes atmospheric neutrinos

Francis Halzen: ICRC-2019
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# Running since 2007
o 885 10” PMTs

12 lines

25 storeys/line

3 PMTs / storey
2500 m deep
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Deployment of
the strings
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iInstrument 1 cubic kilometer of natural ice below 1.45 km




Cherenkov Observatories

Antares lceCube Baikal-GVD KM3NeT/ARCA

- - - -

it
&

Mediterranean South Pole Lake Baikal Mediterranean
2008-2019 fully instrumented under construction  under construction
since 2011 (5 out of 8 clusters) (3 out of 230 DUs)
~0.01 k3 1 k3 ~0.4 km3 (Phase 1) ~0.1 km3 (Phase 1)
~Tkm3 ~1 km3
885 OMs (10) 5160 OMs (10”) 2304 OMs (107) 4140 OMs (31x3")
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Detection Methods |

cosmic

ray \

Atmosphere -
cosmniic

neutrino

cosmic /

ray

-

Cherenkov light detection

3 atmospheri : -
. sprieric in optical modules

neutrino

=?» Selecting up-going muon tracks reduces atmospheric muon background:

10, 000, 000, 000 . 100, 000 : 10
N 4 ” s bl —~—~

atmospheric muons (from above) atmospheric neutrinos €OSMIC neutrinos
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Atmospheric Neutrinos (pi/K decay)
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Detection Methods I

* Outer layer of optical
modules used as virtual
veto region (gray area)

vetoregion 19:0me'ters§

» Atmospheric muons pass

through veto from above. S o B &
fiducial volumé

* Atmospheric neutrinos
coincidence with
atmospheric muons.

« Cosmic neutrino events I P
can start inside the T
fiducial volume. s = 0 =

. . fiducial volume
 High-Energy Starting T & B &

Event (HESE) analysis i Bmekare

Side

:“‘"1 450 m

<2085 m
<2165 m

«-2450 m
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High Energy
Starting Events
* total calorimetry

« complete sky coverage

 flavor determined

 some will be muon EI
(4]

neutrinos with good
angular resolution

loss in statistics is compensated by event definition




Breakthrough in 2013

First observation of high-energy astrophysical neutrinos by IceCube!

“track event” (from v, scattering) “cascade event” (from all flavours)

Edep"‘"71 TEV Edep""’1.0 PeV

[“Breakthrough of the Year” (Physics World), Science 2013]

. . . . ICECUBE
(neutrino event signature: early to late light detection)
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HESE track Through-going track

High energy
starting events
(HESE) tracks
and cascades

0.0 08 1.6 24 32 4.0

Time fcscocnis Through-going tracks




Disentangling an

Astrophysical Neutrino signal

from

Atmospheric neutrino foreground

1. Angular distribution
2 Energy distribution
3. Flavor Content

4. Use of “Veto” [for down-going neutrinos]



Atmospheric neutrino self veto

Two cases :

, AR 2. Veto by an unrelated p
1. Stefan Schonert et al. ] A V) --also applies to v,
Phys. Rev. D79 (2009) 043009 [ * X A Requires Monte Carlo or
Can be evaluated analytically rd »  numerical integration
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Zenith angle
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IceCube Preliminary .
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High- Energy Startmg Events (HESE) 7.5 yr
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Neutrino Flavor at the source.

[usual “benchmark examples”]

1. “Standard Production” = ut v,

{fea f,ua fT}S %{1’ 2’ O} L) e’ U

2. “Muon damped"
{f€7 f,ua fT}S ~ {07 17 O}

4 P2
_db _4e BT b _ 3. m? 58x10" eV
dt 9 m4 R 2€2B\/7__ B BGauss

3. Neutron decay
Di Itt d
(fer fur Fr}sm {1,0, 03 neutrons winout

charged pions



Astrophysical Flavours

Oscillation of neutrino flavours between source and observatory.

~

* initial composition: v, : vy 1V
pion & muon decay: 1:2:
muon-damped decay: 0:1:
neutron decay: 1:0:

o O O

Cosmic neutrinos visible via their
oscillation-averaged flavour. 0
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(E1-E2)/(E1+E2) = -0.80

" ) . /
Double-Double” tau-neutrino event 9 TeV e

i
[double- cascade + double pulse waveform] -»@
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Studies of PARTICLE PHYSICS
with very high energy Neutrinos

Very High Energy Y Pe -\/

10° GeV

Very Long Path-length

(extragalactic) MY G’ p C

10%7 cm

Very large (astrophysical) uncertainties about
source spectra




Potential to study
non-standard neutrino propagation properties

Flavor content ©
NH 0.1

0.2

1 Vary 6,0cp
0.9 Best Fit

///////////!//////////////////////.r’//////////////// 0

0O 01 02 03 04 05 06 07 08 09 1

|Uei|2

Mauricio Bustamante, John F. Beacom, and Walter Winter,
“Theoretically palatable flavor combinations

of astrophysical neutrinos”,
Phys. Rev. Lett. 115, 161302 (2015),
arXiv:1506.02645 [astro-ph.HE].



New physics ~ ° B New physics
9,-,-,50p: BF,1G,30‘ 0.1 0.9 Std. miXing
NH v; flavor cont.

General
superposition of

VT V2 U3

f
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New physics effects can fill n
the “forbidden” area x k E" L



Diffuse TeV-PeV Neutrinos

e High-Energy Starting Events (HESE) (7yrs): [Science 342 (2013); work in progress]
® bright events (Ey, 2 30TeV) starting inside lceCube

® efficient removal of atmospheric backgrounds by veto layer
e Up-going muon-neutrino tracks (8yrs): [Astrophys.J. 833 (2016); update ICRC 2017]

® Jlarge effective volume due to ranging in tracks

® efficient removal of atmospheric muon backgrounds by Earth-absorption

1076 | : : . :
— isotropic y-ray = ultra-high energy
B background ,. ™, cosmicrays
) ; proton (E™7) - A
- 10~7 (Fermi) - (Auger)
Nm ‘‘‘‘‘ HESE calorimetric j
| ™ y 7yr) imit
g I NFeeoll LT S—
@) = - &
% 1078 | Hid / d = ]
# :
2 production
C\E‘ VVOI’k in (8y1‘) ¥ H |
-9 | progress cosmogenic"-_’ |
10 T & e ;

energy E [GeV]
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Status of Neutrino Astronomy

Most energetic neutrino events (HESE 6yr (mage

Earth
absorption

C)

nta) & v, + v, 8yr (red) + public alerts (green))

Galactic Plane

Varvvacetpessessmersccsca’sienieintansnans

.....
.....
-----

----------------------------------------------

. . .2
% o2t bd

llaiasss t.

-90°

Galactic

No significant steady or transient emission from known Galactic and
extragalactic high-energy sources (except for one candidate).
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IceCube result

0.9
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E., > 100 MeV

Fermi two-year all-sky map

i
@)
FGL 1308 0+1162

Comparing the Gamma-ray and the Neutrino sky



FErMI LAT FoURTH CATALOG

0 No association ® Possible association with SNR or PWN = AGN
* Pulsar A Globular cluster * Starburst Galaxy ¢ PWN
® Binary + Galaxy © SNR # Nova
* Star-forming region ® Unclassified source




Search for Neutrino Sources

IceCube and ANTARES/KM3NeT

with complementary field of views. — #77 /roco =

ICECUBE

Southern Hemisphere | Northern Hemisphere

5
=10 e ANTARES 2007-15 sensitivity
~———  ANTARES 2007-15 sensitivity (E <100 TeV)

ANTARES 2007-15 limits (candiJate list)
ANTARES 2007-15 limits (candidate list for HESE events)
ANTARES 2007-15 limits (1° declination bands)

—logyp

w

£

u -

2 10° IceCube 7 years sensitivity [ApJ 835(2017)2 151] [Aartsen et al., Astrophys.). 835 (2017) no.2, 151]
o, IceCube 3 years MESE sensitivity (E < 100 TeV) [ApJ 824(2016)2 L28]
3
N
8
s
T

IceCube 7 years limits [ApJ 835(2017)2 151]

—h

<
~
|

* No significant time-independent
i et s et point sources emission in all-sky

10"’% e Al search.
10°} * No significant time-independent

- PRELIMINARY o .

. emission from known Galactic and
I S o 0k a2 0 o2 o4 ©E 0n extragalactic high-energy sources.

sind
[Albert et al., Proceedings of ICRC 2017]
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Galactic Neutrino Emission

1077

IcECUBE

fa—
9
oo

= KRA7v model

—— (Combined UL KRAY’

===+ Combined UL KRA~"
ANTARES UL KRA~?

---- IceCube UL KRAy*
(|1 IceCube starting events
I

E?d®/dEdQ [GeV em ™2 s Lsr Y]

[lceCube, Astrophys.J. 868 (2018) no.2, L20]

IceCube up-going v,

-9 T 1l Y| L1
1010—1 100 101 102 103

E[TeV]
Contribution of Galactic diffuse emission at 10TeV-PeV is subdominant.

Markus Ahlers (NBI) High-Energy Neutrino Observations



Realtime Neutrino Alerts

IcCECUBE .
Iridium
~ Online Event lceCube | . IceCube > EHE Alet ®  avoN
©  Fiteing - Lve = Live &
System South . Noth ~PHESEAlert™® GON
..SounPole Anacica i Fotowup

-’Heunnstmcﬁms ->

IceCube Data Center, Madison WI

................... Median alert latoncy: 33seconds . ...eeeeees

IceCube and ANTARES issue realtime neutrino alerts to
multi-messenger partners for rapid follow-up.

TAR
< IR,

* 50% astrophysical neutrino fraction
- angular resolution 0.5-2deg
- high-energy starting tracks (>60TeV)
- 4.8 alerts/year (1.1 signal/year)
» through-going muons (>100TeV)
» 4-5 alerts/year (2.5-4 signal/year)

* time to issue alert: 5s
- median angular resolution 0.5deg

- neutrino doublets

* 0.04 alerts/year

* neutrinos from local galaxies (>1TeV)

- 10 alerts/year

* high-energy neutrinos (>5TeV)

» 20 alerts/year

- very high-energy neutrinos (>30TeV)

* 3-4 alerts/year

[Blaufuss et al., Proceedings of ICRC 2017]

Markus Ahlers (NBI)

[Dornic et al., Proceedings of ICRC 2017]
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IceCube GCN 21916 17/09/23

TITLE: GCN CIRCULAR

NUMBER: 21916

SUBJECT: IceCube-170922A - IceCube observation of a high-energy neutrino candidate event
DATE: 17/09/23 01:09:26 GMT

FROM: Erik Blaufuss at U. Maryland/IceCube <blaufuss€@icecube.umd.edu>

Claudio Kopper (University of Alberta) and Erik Blaufuss (University of Maryland) report on behalf of the IceCube
Collaboration (http://icecube.wisc.edu/).

On 22 Sep, 2017 IceCube detected a track-like, very-high-energy event with a high probability of being of astrophysical
origin. The event was identified by the Extremely High Energy (EHE) track event selection. The IceCube detector was in a
normal operating state. EHE events typically have a neutrino interaction vertex that is outside the detector, produce a muon
that traverses the detector volume, and have a high light level (a proxy for energy).

After the initial automated alert (https://gcn.gsfc.nasa.gov/notices_amon/50579430_130033.amon), more
sophisticated reconstruction algorithms have been applied offline, with the direction refined to:

Date: 22 Sep, 2017

Time: 20:54:30.43 UTC

RA: 77.43 deg (-0.80 deg/+1.30 deg 90% PSF containment) J2000
Dec: 5.72 deg (-0.40 deg/+0.70 deg 90% PSF containment) J2000

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

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector operating at the geographic South Pole, Antarctica.
The IceCube realtime alert point of contact can be reached at roc@icecube.wisc.edu

“We encourage follow-up by ground
and space-based instruments”



The _
X neutrino event in IceCube TXS 0506+56

Event 130033/50579430-0 Fermi-LAT detection of increased gamma-ray activity of
Time 2017-09-22 20:54:30 UTC TXS 0506+056, located inside the IceCube-170922A
Duration 22468.0 ns ; :

- error region.

Bl ATel #10791; Yasuyuki T. Tanaka

Daniel Kocevski (NASA/M, Ft;rther '§wi1‘t'-)ERTobservati-ons of IceCube 170922A

on
ATel #10792; P. A. Evans (U. Leicester) A. Keivani (PSU), J. A. Kennea (PSU), D. B.

IC170922A R HEEY  ASAS-SN optical light-curve of blazar TXS 0506+056, |- coissmsion "
t tHTE dllocated inside the IceCube-170922A error region, shows
Alert sent R increased optical activity
Sep 2220 SRR g ATel #10794; A. Franckowiak (DI AGILE confirmation of gamma-ray activity from the
. » % 1§ o OSU), T. W.-5. Holoien, B.
ENRCEN TR SRR ;; T IceCube-170922A error region

on
ATcl #IOSOI F. LucarrHt (SSDC/ASI and INAF/OAR), G. Piano (INAF/IAPS), C.

BAR), M. Tavani (INAF/IAPS, and Univ

& First-tirne detection of VHE gamma rays by MAGIC from [ Pe). P. Munar-Adrover, G. Minerviai,

DA-Brera), I. Donnarumma (ASI), V.
a direction consistent with the recent EHE neutrino |(cirs and inAF/1APS), M. Cardillo

prei, M. Trifoglio (INAF/IASF-Bo), A.
event lceCUbe-1 70922A prri (INAF/IASF-Mi), A. Chen (Wits

Y. E lista, M. Feroci, F.
ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration ;3};"8 P g bt

on 4 Oct 2017, 17:17 UT ENEA-Frascati), G. Di Cocco, F.

Coincident SRR  Joint Swift XRT and NuSTAR Observations of TXS E"““’"’“"”"" INFN Trieste), F

llini, E. Vallazza (INFN Trienr}._F‘
observations by . B! ‘ 05%'.'056 rselli, P. Picozza (INFN and Univ.
i AR 11 #10845; D. B. Fox (PSU), J. J
Fermi-LAT and MAGIC | & . I’éﬂl’if;i'fii’i«f?ﬁ?ffff« MAXI/GSC observatio%ssg;:g;gube-ﬂoszn and TXS
on 12

] ATcl#lUS’aS H. Negom fN.rhon U.). s. Uﬂm H. Tomida, M. Ishikawa, Y. Sugawara,
- eegki, 5. Nakahira, W. Iwakiri,

VLA Radio Observatlons of the blazar TXS 0506+056 ), N. Kawai, . Sugita, T.
associated with the IceCube-170922A neutrino event |4 Toshida. I. Sakamoto,

), H. Tsunemi, T. Yoneyama
on U.), Y. Ueda, T. Hori, A.

a), P. Lipari, D. Zanello (INFN and

Ll LN EM B iad £ _Colai

L

B ATel #10861; A. J. Tetarenko, G. R. Sivakoff (UAlberta), A. E. Kimball (NRAO), and
3 J.C.A. Miller-Jones (Curtin-ICRAR)
on 17 Oct 2017; 14:08 UT

Science 361 (2018) n0.6398, eaat1378




Follow-up detections of IC170922 based on public telegrams

[ X, 2
11t] &
O O O
IceCube Swift Fermi, ASAS-SN
September 22 September 26 September 28
& ey
e 5
SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 @ October 4 September 29
O O cad
Kanata, NuSTAR VLA Subaru

October 12 October 17 October 25



TXS 0506+056

= |ceCube (50%) MAGIC (95%) 0 TXS 0506+056
— = lceCube (90%) Fermi (95%)
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Multimessenger observations
of an astrophysical neutrino
source pp. 115,146, & 147

780 775 770 765
Right Ascension [°]
* |C-170922A observed in coincident with flaring blazar TXS 0506+056.
« Chance correlation can be rejected at the 3o-level.

* TXS 0506+056 is among the most luminous BL Lac objects in gamma-rays.
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accretion
disk

relativistic jets pointing into our line of sight.
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The blazar TXS 0506+056 lies within the error circle of
iceCube-170922A, the IceCube high-energy neutrion candidate event
whose detection was reported in GCN circular #21916.

Follow-up observations were performed by a number of GeV-TeV
instruments with both Fermi-LAT and MAGIC reporting evidence for
gamma-ray emission from positions consistent with the lceCube neutrino
error circle which they thus associate with the blazar TXS 0506+056.
Upper limits on the gamma-ray emission from the region were

reported by H.E.S.S, HAWC and VERITAS.
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Neutrino Flare in 2014/15

IC40 IC59 IC79 IC86a IC86b IC86¢

5 1 1 1 L L

+ lceCube-170922A

o e Gaussian Analysis

o 34 = Box-shaped Analysis
(o)
O o

|

2009 2010 2011 2012 2013 2014 2015 2016 2017

6.0 T
* Independent 3.5¢ evidence for
i oo a neutrino flare (13+5 events)

In 2014/15.

5.69°

-10g10(p)
Declination

* Neutrino luminosity over 158

ad days is about four times that of
gamma-rays (Fermi-LAT).

78.36° 77.36° 76.36° \

Right Ascension neutrino “morphology” of flare
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Neutrino Flare in 2017

eV keV MeV GeV TeV PeV
. | ,| il . L }

-9 | source distance [Mpc]
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= =22I21 Quiescent Flare 3 10% i |
Y -10f GeV-y . 1021
= 0 10}
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o one v, in IceCube o 107} : :
o) per 1/2 yr “g 10 - ] ]
o -1 107
s | ST/ 00 e /D 5£.310°
< S 10
N 5. 0.10 : : — : — : .
u,.;l,_.'z? = 0.08} i i [ 1event [{
6)0_ = ggg : : : T [1 2 events|]
ol _8 L et ER e Bt . 3 events |
2 X R e L 12 — ]
2 0.00 — — s = =5 5} .
10 10 10 10 10 10 10
-13 . . : flux (expected # of detected events)
10 15 20 25 30 B
[Gao et al.’18]  logo(Frequency/Hertz) [Strotjohann, Kowalski & Franckowiak’18]

 Photon SED can be modelled by lepto-hadronic or proton-synchrotron models.
[Keivani et al.’18.; Gao et al.”18; Cerruti et al.”18; Zhang, Fang & Li"18; Gokus et al."18; Sahakyan’18]

* Neutrino flux limited to less than one event by theoretically feasible cosmic ray
Iuminosity and X-ray data. [Murase, Oikonomo & Petropoulou’18]

Eddington bias: expected number of events expected from BL Lacs observed by
one event in the range 0.006 - 0.03 [Strotjohann, Kowalski & Franckowiak’18]
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Are Blazars the only Sources?
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effective bolometric neutrino energy &, [erg|

[Ackermann, MA, Anchordoqui, Bustamante et al., arXiv:1903.04333]

Rare sources, like blazars or gamma-ray bursts, can not be the
dominant sources of TeV-PeV neutrino emission (magenta band).

Markus Ahlers (NBI)
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Outlook: Baikal-GVD

GVD Phase 1: 8 clusters with 8
strings expected to be completed
by 2020/21 (~0.4 km3)

cluster depth: 735-1260 m

since April 2019: 5 clusters

final goal: 27 clusters (~1.4 km3)

present detector outline (2019)

|
| | I Ay "“f " m-zoo‘} [
*2 18F GVD 2016, 2018 e . RV
2 16F Cumulative distribution e - '\.%" )
= 2 d L ey 4 ej
14} o .
N N, >20 ' | | | _ : | o0 ¥
2 data  BAKAL-GVD HI RS % -
10 L : " - "
: preliminary : £/ ‘ N  a A/
8 ) T N
6 P L |
43 IC E**
E — A 4
2f e R AR
S RTETE FEETE FEETE PR FEETS PETES Pl FETr S N e
?.3 14 1516 1.7 1.8 1.9 2 21 22 23 ' ' a e
Igl0(E/TeV)  ~157 TeV cascade event GVD-Phase 1
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Outlook: KM3NeT/ARCA

- ARCA : 2 building blocks of 115 TS 72 a
detection units (DUs) 8 sf
© C
+24 DU funded (Phase-1, ~0.1 km?3) €44 L & N
» 3 DU deployed off the coast of Italy @ 3_ ___________ ’ 4 _f:"d E

(1 DU recovered after shortage) N/ e e conenomnconamy]

2:._ S — i e S AT L. ... V"'mpmmptunceﬂamty ...... i
1 i . R e T T, -

flux per flavour 1.2 10°® (E/1. GeV)? exp(-E/3 PeV) GeV'sr's cm? ]

% 05 1 15 _ 2 25 3 35
Observation time [years]

* Improved angular resolution for
water Cherenkov emission.

o T N AT

- 50 discovery of diffuse flux with
full ARCA within one year

b I I It

- Complementary field of view ideal
for the study of point sources.

detection unit with multi-PMT DOMs
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Outlook: IceCube Upgrade

* 7 new strings in the DeepCore
region (~20m inter-string spacing)
with improved optical modules.

* New calibration devices,
incorporating lessons from a decade
of IceCube calibration efforts.

* Precision measurement of
atmospheric neutrino oscillation.

* Midscale NSF project with an
estimated total cost of $23M.

* Additional $9M in capital
equipment alone from partners

* Aim: deployment in 2022/23

Markus Ahlers (NBI)

v_ normalization

2.00

1.75

1.50

1.25

1.00

o
g
w

0.50

0.25

0.00

-9
IceCube

DeepCore

)

Upgrade

- . . = “.'"f"c . @
17m I

7m
i im
1450m 2100m 2150m

2450m  2450m  2400m
Instrumented Depth

IceCube Upgrade Preliminary
v, Appearance

95% range
- 68% range

OPERA (68%) arxiv:1804.04912

SuperK (68%)

Opera (90%)

IC Upgrade 3y (68%) ——

0.5

1.0

15

2.0

livetime (years)

Neutrino Observations

DeepCore 10y (68%)

W
=}



Vision: lceCube-Gen2

- Multi-component facility (low- and high-energy & multi-messenger).
* In-ice high-energy Cherenkov array with 6-10 km3 volume.

- Under investigation: Surface arrays for in-ice radio Askarayan and cosmic
ray veto (air Cherenkov and/or scintillator panels).

Surface Array

e ¢ IceCube-Gen2 (15 years)
R . ‘.. ’ .- . IC Cube 1"_‘ — :z:gzzg :::\rgjcigt?ly. Ap) 2016)
. s ® w
1 e € T
— 8 vo m10'7-:‘.
E & .'.‘-'-':-'.'.. ''''' TE i
= 0- S
S 5 i DeepCore |3
=15 PINGU [Ws
T T 1 - ., . — T
-2 0 ngh Energy Array 104 105 10® 107 10® 10°
x [km] Neutrino energy [GeV]

[Aartsen et al., Proceedings of ICRC 2017]
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“Horizon” (in time) for protons
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Vision: EHE Neutrino Observatory

* Cosmogenic (GZK) neutrinos
produced in UHE CR interactions
peak in the EeV energy range.

[Berezinsky&Zatsepin’70]

* Target of proposed in-ice
Askaryan (ARA & ARIANNA), air
shower Cherenkov (GRAND) or
fluorescence (POEMMA & Trinity)
detectors.

 Optimistic predictions based on
high proton fraction and high

maximal energies.
[e.g. MA et al.”10; MA & Halzen’12]

* Absolute flux level serves as
independent measure of UHE CR
composition beyond 40EeV.
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[Alves Batista et al.”19]
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Very strong case to develop Neutrino telescopes
beyond the “beaded string - km3 concept”

aiming at the EeV

range

[Radio attractive technique with this potential]

107° -

10_73

10_83‘

1072 -

EZ® (all-flavor)[GeV cm™2 s~ 1 sr1]

] = Target sensitivity '

I vervive=1:1:1

IceCube

-~
a0 L amssmag
. e U S L
~ .

.t
.
LT
aan®

Neutrinos from Iow—Iumihosity GRBs
Neutrinos from AGN
Neutrinos from CR interactions during propagation

106

o 1 10 100 o

Neutrino energy [GeV]




* The future of neutrino astronomy is bright:
* Diffuse TeV-PeV neutrino flux of unknown origin.
* Intensity comparable to cosmic-ray and gamma-ray observations.
» First compelling evidence of neutrino emission from blazars.
+ With next-generation telescopes we will go from discovery to astronomy!

* Many more avenues of neutrino astronomy, that could not be covered:

supernova neutrinos, GZK neutrinos, BSM physics, neutrino-nucleon
cross-section measurements, dark matter indirect signals, ...

P o
> & 1“ [

\\ Happy 20th Anniversary! / |
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