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High-energy Neutrino Astronomy

This decade and the next

Marek Kowalski, MMA @ EGO, Pisa, 10.10.2022
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Pushing the energy frontier with neutrinos

radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays
s
cosmological max of star formation
103 — ]/source
S 10? " nearest blazar
=
[o— 101 L
D
=
0
m 10 b
0 nearest galaxy
O 10
102
galactic center gravitational waves - ripples in space-time
103 :

| I I I
10°  10* 102  10° 102
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| | ] | | | | | |
104 10° 10®8 10" 102 10“ 10" 10'® 10%
Energy [eV]

Bartos & Kowalski, IOP 2017
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Pushing the energy frontier with

10

10°

Distance [Mpc]
3 3 3

—
.

102

107

radio/microwave

infrared/optical

neutrinos

gamma-rays

cosmological max of star formation

nearest blazar

nearest galaxy

galactic center
]

neutrinos

cosmic-rays

gravitational waves - ripples in space-time

| I I I
10°  10* 102  10° 102

DESY. Multimessenger Neutrino Astronomy | Marek Kowalski

|
104

106 108
Energy [eV]

1OI1O

10I12

|
1014

10I16

]
1018

1OIZO

Bartos & Kowalski, IOP 2017
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The neutrino telescope landscape: GeV (10° eV) to tens of PeVs (1015 eV)

P-One
Deep water
. In prepartio

&

Trident
Deep water
In prepratin

AR,

/ Baikal/GVD
KM3NeT —I? ‘|e ?(Sn\évater
Deep water Construction

1 km3 (ARCA) +
0.006 km3 (ORCA)
Construction
ANTARES: 2008 —
2019 (completed)

B T, L VORI

Iccue | Iceub-Gn2
Deepice Deepice

1 km3 ~10 km3

2011 —.. In preparation,
1st phase (lcecubel
Upgrade) funded

IcECUBE
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The IceCube Neutrino Observatory

5160 PMTs

1 km3 volume

86 strings

17 m vertical spacing

125 m string spacing
Completed 2010

Fully operational since 2011

DESY. Multimessenger Neutrino Astronomy | Marek Kowalski

50 m

1450 m

2450 m
2820 m

IceCube Lab

.-\:-I-‘ﬁ%i-'};é}’ =

N

—

)

IceTop
81 stations
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings—spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m



Neutrino Signatures in open water/ice-neutrino telescopes

I .
' b i1
‘8 : ol
Bl o & [»
Electron neutrinos: Tau neutrinos: Muon neutrinos:
isolated cascades “double bang” track-like events
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First cosmic tau-neutrino event(s) candidates

 First convincing “Double-Bang” event signature

l-- Single, no brights == Double, no brights === Double, with brights = Exp. Data
detected by IceCube . bright DOM
- - L ] :
* Tau-neutrinos smoking gun signature for £
. . . A0 o T
astrophysical origin o2\ E ; fr . e ,
L i
~ J | -I' g e TR L ,Jr\ . +*+ ¥
TR N 2t /2 S L o R I 25
N bright DOM
[ J »
° %
e © 5
e e o 2 e o
: : o ° ;&i’“‘. F‘-\RE‘L‘* +
@ e : ,'\:bg-'l %L-...i
e ¢
© bright DOM
@ © © ’
§ W
© (& \
% 0 5
s 18 2
. N y :‘ ‘_,'s
: ° A &\%Ma&i
Fraction of v, L Time
—— HESE with ternary topology ID v, : v, : v at source — on Earth: https://arxiv_org/abs/zo1 1.03561
% Best fit: 0.20: 0.39 : 0.42 m 0:1:0 - 0.17: 045 : 0.37 EPJ-C (2022)
Global Fit (IceCube, APJ 2015) e 120—=030:036: 034
Inelasticity (IceCube, PRD 2019) A 1:0:0 - 0.55:0.17: 0.28
-------- 3v-mixing 30 allowed region ¢ 1:1:0—-036:031:0.33
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First hint of electron anti-neutrino

W boson (Glashow) resonance
Nature 591, 220-224 (2021)
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-

W boson resonance , nuebar 6.3 PeV

Leeoceage

0.5
0.4
0.3

Density

0.2

0.1

0.0

- data

5 6 7 8
Visible energy [PeV] (posterior)

1071,

1072,

IceCube, 2021
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Events in 4.6yr per bin
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Multimessenger spectroscopy

...with 10 years of IceCube data

1074 5 3
] ¢ Diffuse y (Fermi LAT) ® IceCube cascades (PRL 2020) F

¢ Cosmic rays (Auger) < IceCube Glashow (Nature 2021)

. 10-5 3 h  Cosmic rays (TA) H+ IceCube tracks (AP) 2022) 3
: - -
g 107° 4 T ]
7 1o, E
m ] %%@‘3’% |
T 1077 5 00, f‘gbﬂo— - .-
0 & N € é
% E w '+ '+' | _ - :
O 1078 4 T T3 | 3
o : ; |
v I
N _9 - -
w 10 jV: v=1:1 :
1 all flavours
10719 - '_

10° 1010 10!t 1012 10! 10'% 10%> 10'® 1017 10'® 101° 1020 1021
E [eV] Ackermann et al, Snowmass 2022
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https://arxiv.org/pdf/2203.08096.pdf

Multimessenger spectroscopy

...with 10 years of IceCube data

1074 3
; ¢ Diffuse y (Fermi LAT) ® IceCube cascades (PRL 2020)
. ! ¢ Cosmic rays (Auger) < IceCube Glashow (Nature 2021)
107 3 i Cosmic rays (TA) 44 IceCube tracks (AP) 2022) 3
N N [
|
g 1070 4 3
T 10, :
» ] %%w%
— -7 %@ -@- -
w 10773 o0 f'LI*w E
% Y P . F
o 10-8 - Blazars~80% -
& 5 :
x !
N _9 - —
w10 jviv=1:1
1 all flavours
10710 - 3

109 101 10! 102 1013 104 10'> 10'® 1017 101 10!° 1020 102
E [eV] Ackermann et al, Snowmass 2022
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https://arxiv.org/pdf/2203.08096.pdf

Time-integrated point source searches with 10 years of IC data

75 Phys. Rev. Lett. 124, 051103 (2020)
60 —F - | = Data release
45 : ' £ TR TR Most significant excess:
30 - NGC1068 @ 2.9 sigma

15

--- IceCube v, + , Best Fit

= Lamastra et al. 2016:y

: ! : > R i Rt \ : 0wl =
_15 . g . - . ! - o " . A v 1.70° . ------ Lamastra et al. 2016:v,

+ = HES.S. upper limit (4hr)

#*

@ Fermi-LAT (7.5y1s)
101 FH  MAGIC upper limit (125hr)

1
=~
Ut
Declination
& s
—log(Procal)

Ez/de/dE [TeV em~%77)

» V | - : 10712 +—9——a— T r. %
- 3 . 2 - . - — - - V}-»-,n.‘.;n_',,ﬁt-_::': + ) :
. X =% L il 1.5 ;—?—ﬂ,_’ -
- & et
) 6 O 75 ) | g * ‘ 10784 T -
i Eflliatoria 0.0 : ................................ \l
42.87° 40.87° 38..870 1071 102 100 102
Right Ascension B, [TeV]

0 1 2 3 4 5 6 Improved point source analysis on the way
_ 1OglO(plocal)
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https://icecube.wisc.edu/science/data-releases/

Realtime high-energy neutrino alerts

Public alert stream running since April 2016, >100 alerts so far

8 IceCube HESE alerts
¢ iceCube EHE alerts
IceCube GOLD alerts
IceCube BRONZE alerts

V1 (0.12 per week)

V2 (0.47 per week) II|
_lIIII

Stein, ICRC 2021

(=)
o

=~
o

[\~
en}

IceCube Realtime Alerts (excluding retractions)

o

equatorial coordinates
GCN/AMON Notices https://gen.gsfc.nasa.gov/

8§ § &
(o) [ (@)
N N N
< > IS
ru 5 &
) ] )

Jan 2016
July 2016
Jan 2017
July 2017
Jan 2018
July 2016
Jan 2019
July 2019

July 2021

V1: HESE/EHE stream [astropart. Phys., 92, 30 (2017)]
V2: Improved and unified stream with Gold/Bronze classification

(> 0.5/0.3 probability for astro. origin)
Blaufuss et al, ICRC 2019

12
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https://arxiv.org/pdf/2110.01631.pdf
https://arxiv.org/abs/1908.04884
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Fermi-LAT detection of increased gamma-ray activity of
TXS 0506+056, located inside the IceCube-170922A
error region.

Further SwIft-XRT observations of IceCube 170922A
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Fox (PSU), D. F. Cowen (PSU), J. P. Osborne (U. Leicester), and F E. Marshall » ¢ g
ASAS-SN optical light-curve of blazar TXS 0506+056, ] ° """ e et %

located inside t!\e IceCube-1 '{0922A .er‘ror region, show: > % '-b:gt‘k o T %

increased optical activity & A ‘ " ‘\ \ - o

ATel #10794; A. F . - _ — e P 7 9/9 ’ [\ ,\‘ :

AGILE confirmation of gamma-ray activity from the < Iy 4 o (] Y L) \N e )
IceCube-170922A error region & 27 AR
v ’): ¢ 1
First-time detection of VHE gamma rays by MAGIC from {;_7;:’;’;‘:’3'5’;“ ‘ t'op view 0 500 1000 1500 ] 2000 2500 3000 125m
a direction consistent with the recent EHE neutrino [over, G. Minervin 2 - -
event |ce : PS). M. Cardillo

he (] A
Joint Swift XRT and NuSTAR Observations of TXS
0506+056

Keivani (PSU), P. A. Evans|
170922A and sz , D. F. Cowen (PSU), J. P.

E. Marshall (GSFC)

ATel #10817; Razmik

MAXI/GSC observations of IceCube-
0506+056
ATel #10838; H. Negoro (Nihon U.), S. Ueno, H. Tomida, M. Ishikawa, Y. Sugawara,

N. Isobe, R. Shimomukai (JAXA), T. Mihara, M. Sugizaki, S. 0 -
M. Shidatsu, F. Yatabe, Y. Takao, M. Massuoka (RIKEN), M| VLA Radio Observations of the blazar TXS 0506+056

Yoshii, Y. Tachibana, 5. Harita, K. Morita (Tokyo Tech), A.] - associated with the IceCube-170922A neutrino event
M. Serino, Y. Kawakubo, Y. Kitaoka, T. Hashimoto (AGU),

o i e S D e e 1 s 1w  AAFCNIVAl @NAlYSIST INCONSistent with bkg-only at 3.50
(In addition of the 3o flaring Blazar coincidence)

on 11 Oct 2017; 02:36 UT on 17 Oct 2017 14:08 UT

1C40 1C59 IC79 IC86a IC86b IC86¢c
5 L L L L L

, ] 7+ 1eeCube-170022 ;_\ :[“  Science 361 (2018) n0.6398, 147-151

Gaussian Analysis

3 4 — Box-shaped Analysis I\ } 30

2 2 Much more learned: Structured jet, proposed and
) 1 ______—+—4" confirmed (Ros et al. A&A 2020);

T p— ¥ —

200 2010 2011 202 2013 2014 205 2006 2017 Perhaps even periodic: Becker-Tjus et al, 20227
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https://www.aanda.org/articles/aa/abs/2020/01/aa37206-19/aa37206-19.html
https://arxiv.org/abs/2210.00202
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The IceCube Gen2 facility at the South Pole

A wide-band observatory (10° to 1020 eV) using several detection technologies — optical, radio, and
surface veto — to maximize the science

v Gen2-Radio

5km

® IceCube-Gen2

IceCube-Gen2 planed construction: 2025-2033

* Point source sensitivity ~5 x lceCube
» Event rate 5-10 that of lceCube

» Significantly expanded energy range

DESY. Multimessenger Neutrino Astronomy | Marek Kowalski

® IceCube

completed in 2010

ok IceCube Upgrade

25 m

under construction

Gen2 white paper: 2008.04323

15


https://arxiv.org/abs/2008.04323

KM3NeT

KM3NeT consists of “blocks” of 115 strings/detector units with 18 Digital Optical Modules. Two blocks for high energy (ARCA)
and one for low energy (ORCA) under construction. Superb angular resolution and complementary hemisphere to IceCube.

KM3NeT 2.0 Letter of Intent, arXiv:1601.07459
Page 16
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KM3NeT

in full swing

Construction

L3

2o
2. ©

(73
5]

L2 Y S . o 9 [ 2 >3

e Bad 3 A B f 2 N
e e % ) o) ) e e
GRS TINH ) g ey s

.

e e e e e e e e

LTSI S S S S S

PO S S S S S S S

,.,,.,.s.a.s.,s.l
. .oo.m 8.3 8.."3. .MH. .cu.o. { v ..,1

e
~

115 strings
18 DOMs / string

.~800 m

LR N

ed s sise
Depth

v

2450 m

Event with 19 detection units (of ARCA array) 17

One of two ARCA building blocks
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KM3NeT

Two building blocks currently under construction

Angular resolution of KM3NeT

—

Angular-resolution [ *]

3

o rrrn
iR

nbvrlnrr

1072
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ARCA
Reconstruction

and classifier

ORCA
Reconstruction

and classifier

Supernova
pipeline

lEvent

lEvent

L

Dispatcher

Eve n,i T Selected

l T Alert content i

Neutrino
selection

VO Alert
Manager

VO Alert Broker
(COMET)

Diagram describing the alert generation

First public alerts from sub-array expected by spring 2023
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The highest-energy frontier: EeV (1018 eV)

On ground: Above Ground:
Radio: ARIANNA**, ARA**, GRAND, BEACON, TAROGE, Ballons: ANITA*, PUEO*, EUSO-SPB
|IC-Gen2. RNO-G* Satellites: POEMMA

Air-Cherenkov: TRINITY
Water-Cherenkov: Pierre Auger Observatory™*, TAMBO

Combination: GCOS ﬂ R N O G

Radio Neutrino Observatory - Greenlond

Inice:

*In construction
ARA, RNO-G , IceCube-Gen2

**completed
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The highest-energy frontier: EeV (1018 eV)

-5
10 ] == == = GRAND 200k

| s« = BEACON 1k

—
9
(o))

—_
9
N

108

All Flavor E2® [GeV ecm 2 s 1 sr71]

—
9
O

10—10

Diffuse Flux, 1:1:1 Flavor Ratio

| - = TAMBO

s s s Trinity 18
e u == POEMMAZ30 (5 years)

] ==es=== PUEO (3 flights, 100 days)
| m— = = RNO-G
| ====m== RET-N 10 x 100 kW Preliminary

== == == [ceCube-Gen2 UHE

Near term

1014 1015

Cosmogenic: UHECR constraints, van Vliet et al
[ Cosmogenic: UHECR + pure proton, Muzio et al
" Astrophysical: MMA constraints, clusters, TDEs

1016 1017 1018
Neutrino Energy [eV]

1019

ARTANNA

1020

1021
Ackermann et al, Snowmass 2022


https://arxiv.org/pdf/2203.08096.pdf

Multimessenger astronomy with realtime high-energy neutrino alerts

Blazar associations P 1C190730A - PKS 1502+106 Neutrino astronomy with single
| 15th brightest GeV Blazar, with strong radio flare neutrino associations:
[Rodriguez et al, Britzen et al]

IC 200107A => BZB / 3 HSP J0955+3551
strong X-ray flare [Paliya et al, Petropoulou et al]

» Single neutrinos probe the full
Universe, limited by follow-up
capacities and source confusion.

» p-value 210-3for long duration
counterparts

» # sources o< # cosmic neutrinos,

IC191001A - AT2019dsg
Bright TDE with evidence for outflows from
radio observations [Stein et al]

IC200530A > AT2019fdr
Super-bright TDE in AGN with IR dust echo
[Stein et al]

AT2019fdr, AT2019dsg, as well as
neutrino coincidence detected via AMPEL AMPEL

DESY. Multimessenger Neutrino Astronomy | Marek Kowalski 21


https://arxiv.org/abs/2009.04026
https://arxiv.org/abs/2103.00292
https://inspirehep.net/literature/1785484
https://inspirehep.net/literature/1796574
https://www.nature.com/articles/s41550-020-01295-8
https://www.nature.com/articles/s41550-020-01295-8

Outlook: The Multimesseger connection exemplified with TDEs

Can we map the history of cosmic ray production via neutrino alerts and follow-up observations?

Currently, with ZTF we can detect
potential TDE only to redshift of ~0.1.

LSST and ULTRASAT will allow to
detect TDEs to a redshift ~0.5.

If TDESs established as high-energy
neutrinos and cosmic ray sources, we
can map history of cosmic ray
production through cosmic time
through multi-messenger observations.

Similar argument applies to Blazars
and a range of other em. wavelength

DESY. Multimessenger Neutrino Astronomy | Marek Kowalski

Number of Associations / yr

N
o

RN
(@)

1.0

o
(&)

ZTF | ULTRASAT
— & LSST

B : 7

0.0 0.1 0.2 0.3 0.4 0.5
Survey depth [z]

Expected rate of TDE/neutrino coincidences with
IceCube alerts, normalized to current coincidence rate
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Enabling Multimessenger neutrino astronomy

L7

Large majority of alerts still without identified counterpart. o]
. . azar
Major source classes unknown. [Speculation allowed! —].

A fantastic puzzle to figure out, requiring:

_ TDE
* More, well resolved neutrinos

» Wide-field (ideally all sky) EM counterpart discovery obs.
* Follow-up from radio to gamma-rays to identify features
* Multimessenger search automatization following FAIR principles

\“e)o/o

[}

Bartos et al. 2022
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https://arxiv.org/pdf/2105.03792.pdf

lceCube, completlng constructlon 11 years ago aIready
' deI|vered several breakthroughs in neutrlno astronomy
and pushed the boundaries in cosmic ray SC|ence as WeII
as neutrino phyS|os : : ‘

KM3NeT under construotlon W|th ocompletton ant|C|pated
for 2026, about to deliver publlc alerts with unprecedented
resultion. Balkal GVD also startlng to deI|ver on its .

Next generation/decade detectors opt'imized to harvest the .
enormous scientific opportun|t|es e.g. 10 times Iarger alert
statistics and expanded senS|t|V|ty up to 1020eV in energy.

Multimessenger observations & techniques essential for
exploiting full potential of neutrino astronomy.
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