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Multi-Messenger Paradigm

multi-
messenger
source

Markus Ahlers (NBI)

Acceleration of cosmic rays -
especially in the aftermath of
cataclysmic events, sometimes visible
in gravitational waves.
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Secondary neutrinos and gamma-rays
from pion decays:
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Neutrino Astronomy

Unique abilities of cosmic neutrinos:

no deflection in magnetic fields
L (unlike cosmic rays)
source
coincident with
magnetic . .
deflection photons and gravitational waves

no absorption in cosmic backgrounds
(unlike gamma-rays)

/ e smoking-gun of

unknown sources of cosmic rays

absorption

BUT, very difficult to detect!
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Optical Cherenkov Telescopes

& Baikal-GvD

KM3NeT
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lceCube Lab
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lceCube Array

DeepCore

Eiffel Tower
324 m

* Giga-ton optical Cherenkov
telescope at the South Pole

 Optical modules attached to
strings instrumenting 1 km3
of clear glacial ice

e Collaboration of more than
300 scientists at 56
Institutions in 14 countries.

* Research focus @ NBI :

* l[ow-energy event selections,
reconstructions & systematics

* tau neutrino appearance

* multi-messenger analyses

* [ceCube Upgrade

*x non-standard v phenomena
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High-Energy Neutrinos

First observation of high-energy astrophysical neutrinos by IceCube in 2013.

"track event" (e.g. v, CC interactions) "cascade event" (e.g. NC interactions)
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(colours indicate arrival time of Cherenkov photons from early to late)
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Diffuse TeV-PeV Neutrinos
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https://arxiv.org/abs/2001.09520
https://pos.sissa.it/contribution?id=PoS(ICRC2019)1017
https://arxiv.org/abs/2011.03545

Status of Neutrino Astronomy

Most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))
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1800(
Galactic Plane

Galactic

No significant steady or transient emission from known Galactic or
extragalactic high-energy sources, but several interesting candidates.
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Astrophysical Flavours

Cosmic neutrinos visible via their oscillation-averaged flavour.

. o
Likelihood contours 0 0 lceCube —— HESE with ternary topology 1D
of observed - PRELIMINARY K Best fit: 0.20: 0.39 : 0.42
flavour ratios 2, /' 0.9 ~1 Global Fit (IceCube, APJ 2015)

Inelasticity (IceCube, PRD 2019)

-------- 3v-mixing 3o allowed region

Ve : Uy @ Vr at source — on Earth:

0:1:0 — 0.17 : 0.45 : 0.37
1:2:0 = 0.30 : 0.36 : 0.34
1:0:0 — 0.55 : 0.17 : 0.28
1:1:.0 — 0.36 : 0.31 : 0.33

¢ »>» o

[lceCube, arXiv:2011.03561]

Fraction of v,

Markus Ahlers (NBI) lceCube


https://arxiv.org/abs/2011.03561

Astrophysical Flavours

== Single, no brights

== Double, no brights

=== Double, with brights

<+ Exp. Data

Photoelectrons

- two distinct energ
depositions visible
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tau neutrino
candidate

IcCECUBE

e Tau neutrino
charged current
Interactions can
produce delayed
hadronic cascades
from tau decays.

* Arrival time of
Cherenkov photons

is visible in
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[IceCube, arXiv:2011.03561]
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https://arxiv.org/abs/2011.03561

Astrophysical Flavours

Glashow
resonance
candidate
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Resonant interaction of electron anti-
neutrinos with electrons at 6.3PeV:
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[IlceCube, Nature 591 (2021) 220-224]
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https://www.nature.com/articles/s41586-021-03256-1

Atmospheric Neutrino Oscillations

cosmic rays

* Muon neutrino disappearance in the 1-100
GeV range allows for precision measurement
of atmospheric mixing parameters.

S0 Y 28 .
@ '_”5 utmosphcnc muon heutrinos
ol

* IceCube @ NBI leads the current generation
of oscillation analyses with DeepCore data.

[IceCube, PRL 120 (2018) 7]

tau neutrino

IceCube

Am3, =7.5-10°eV?
Amj =2.32-10 % eV?
0,,=33.9° 6,;,=9.1°
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Tau Neutrino Appearance

e 86% of . slobal data from lceCube | = =
75 o 10 lceCube —p —
» High statistics of v_ allow to make 2 o
[ ] [ ] ’U o
precision tests of the 3-flavour 310 3
. . . Z
oscillation paradigm. 5 ~
= 101 ¢ 2
>
 Current analyses efforts led by NBI c 5
will increase the data by a factor 4-5. |
2000 2005 2010 2015 2020
Year reported
e V¢ mem V© o VCC Hamo =1 No Oscillations e —— Analysis A, NC+CC
3500 T — \)ﬂc _— \)hlc — \)EC ¢ Data Best-Fit 68%, 90%
1 I e— ———] Bescr cav,s0%
2500 T : : :
| Ana!ysis A, CC
‘UE) 2000 1 - Best-Fit 68%, 90%
% Analysis 5B, CC
1500 + Y — ' Best-Fit 68%, 90%
1000 t Supng 2017, CC 68%l | *
arXiv:1711.09436 | | :
N | , orers 20 co oo - |
. 10° 10t 102 10° 0.0 0.5 1.0 15 2.0

L/E (km/GeV)

[lceCube, PRD 99 (2019) 3] v; Normalization
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Machine-Learning Tools

* Improved angular and energy

reconstructions are a key to
improve sensitivities of
neutrino telescopes.

* Machine-learning tools, e.g.
based on graph neural
networks are paving the way
for future analyses with

Angular reconstructions with GraphNet
courtesy of Troels C. Petersen et al.]
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DeepCore data and IceCube- 5
Upgrade. o
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GraphNeT = -
Graph Neural Networks for E
Neutrino Telescope Event Reconstruction _=—20 -
oy
https://github.com/icecube/graphnet/ >S€e poster

Kaare Iversen
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Outlook: IceCube Upgrade

-

* 7 new strings in the DeepCore .
region (~20m inter-string spacing) "

* New sensor designs, optimized for
ease of deployment, light n
sensitivity & effective area

 New calibration devices,
incorporating lessons from a o e e S
decade of IceCube calibration
efforts

D-Egg

* In parallel, IceTop surface
enhancements (scintillators &
radio antennas) for CR studies.

* Aim: deployment in 2025/26

1000m

Bom " 30cm

lceCube

Markus Ahlers (NBI)

1450m 2100m 2150m
2450m 2450m 2425m
Instrumented Depth

pDOM

33 cm



Outlook: IceCube Upgrade

Improved low-energy detection efficiency with IceCube Upgrade
[courtesy of Tom Stuttard]

§ DeepCore [

- *Doesn'’t even itriggg':r... |
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Detected light :
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Outlook: IceCube Upgrade

* Precision measurement of
. . . . J—.— DeepCore 3 yr (10)
atmospheric neutrino oscillations IceCube Upgrade
IceCube Work in Progress 1 yr sensitivity (10)

and tau neutrino appearance

_oi OPERA (10)
* Improved energy and angular | . Superk (10)

o 0.0 0.5 1.0 1.5
reconstructions of lceCube data N,
25 | | =
— = Expected (stat. only) 0.00321 ~ " $§Kv/;021081(99(59)/)
g . -- Observed (sys. + stat.) Superk 2018 (90%)
S 20 o- 0.0030{ —-- MINOS 2016 (90%)
o === DeepCore 3 yr 2018 (90%)
O | o= == mmmm [ceCube Upgrade 3 yr sensitivity (90%)
5 15 d o _0.0028 , -
'E' 5 \ o . S
o \ ~ 2
= K o = 0.0026
@© \ & o NEm
= 10- *\* < 0.0024
@ .
= - e HESE cascades
GJ -
= O A 0.0022
0.0020 ,
O S . S . - IceCube Work in|Progress
102 103 104 0.30 0.35 0.40 0.45 050 0.55 0.60 0.65 0.70
: sin?(6,3)
Deposited ener TeV
b gy [TeV] llceCube, PoS (ICRC2019) 1031]
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https://pos.sissa.it/358/1031/

Vision: lceCube-Gen?2

* Multi-component facility (low- and high-energy & multi-messenger)
* In-ice optical Cherenkov array with 120 strings and 240m spacing
* Surface array (scintillators & radio antennas) for PeV-EeV CRs & veto

* Askaryan radio array for >10PeV neutrino detection

Surface Array

Radio Array |y

IceCube

DeepCore
R PINGU

High-Energy Array

y [km]

string layout surface station

[IceCube-Gen2 White Paper, arXiv:2008.04323]
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https://arxiv.org/abs/2008.04323

Vision: lceCube-Gen?2

: ..
25 50 75
Test Statistic

p-value map of
mock data and sources
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[IceCube-Gen2 White Paper, arXiv:2008.04323]
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https://arxiv.org/abs/2008.04323

* Neutrino astronomy has reached an important milestone by the
discovery of an isotropic flux of high-energy (TeV-PeV) neutrinos.

* So far, no significant point sources, but many interesting candidates.
(TXS 0506+056, NGC 1068, TDE AT2019dsg, ...)

* In parallel, neutrino telescopes are potent and unique particle physics
laboratories.

(high statistics, broad energy range, broad range of baselines, all flavour, ...)

* Broad neutrino oscillation program with competitive atmospheric
mixing parameter measurements and world-leading v_ data.

* Development of neutrino telescopes for the next decade with
complementary FoV and/or increased sensitivity and energy coverage.

(IceCube-Upgrade, Baikal-GVD, KM3NeT, P-ONE, RNO-G, IceCube-Gen2, ...)

Markus Ahlers (NBI) lceCube



Backup Slides

Markus Ahlers (NBI) lceCube



Isotropic Ditfuse Flux
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Spectral Index yspy.

» Diffuse flux level agrees across analyses
(within their overlapping energy regions).

* However, mild tension between spectral
index for a "vanilla" single power-law flux.
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HESE (7.5y Full-sky)
Phys. Rev. D 104, 022002 (2021)

Inelasticity Study (5y, Full-sky)
Phys. Rev. D 99, 032004

Cascades (6y, Full-sky)
Phys. Rev. Lett. 125, 121104 (2020)

This work: Through-going Tracks
(9.5y, Northern-Hemisphere)

ANTARES Cascades+Tracks
(best-fit: 9y, Full-sky) PoS(ICRC2019)891

[lceCube, Ap) (2022) 928]

----- Conventional Atm.
= Piece-wise (y = 2.0)
=== Log Parabola

\ === SPL w. Cutoff

- l AN ~ Single Powerlaw (68%)
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Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

0 0 ci; 0 spe™| (e s O 0 0
U=|0 ¢33 53 0 1 0 =515 ¢ Ol o0 &% 0
0 =83 03 —Sl3ei5 0 ¢ 0 0 1 0 0 1
"atmospheric” &R Dirac phase "solar"  €P Majorana
mixing o sin 6, mixing phases

flavour transition probability (in vacuum):

3. 3 Am-Jz-f

_ % I Tk : :

Pyaéyﬁ(f) = El 2 UaiUﬁanjUﬂjeXp l oF,
=1 j=

2 = m? = m?

notation: ¢; = cos 0; & s5;; = sin6); & Am ;

] 7
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Astrophysical Flavours

ternary graph 0.0

1.0
flavor ratios

3'ﬂaV9r \4 (1:2:0)s 4 on production
oscillation U

(v-fit v5.0 / NO)

Superposition of
% flavor and mass states
O . . .
< induce oscillations.
¢

SN
R
N

RN SN NN

. SN

ENNNRL SRS
§\

A

N

N —— S
SSSSS oo

S
S

N

N

N

ST

N N
N
—
R
NS

NN

NS =
=
\\‘

K l,/’/ / Y O AN Y/ LU 7 I T TIPSR

Ve fraction (fe o)

Markus Ahlers (NBI) lceCube



Search for Neutrino Sources

75 , pre-trial p-values

lceCube and ANTARES/KM3NeT
with complementary field of views.

15 /o
0 [
15\
-30
ICECUBE =
Southern Hemisphere | Northern Hemisphere 75
| ——- ANTARES E-%Semsit. —=- 90% Sensit. B3 ojrm:fi
10_7? —=- ANTARES E° Sensit. ——— 50 Disc. Pot. E7% | —10g1(Ptoca)
| ==- S0%Sewt B | [lceCube, PRL 124 (2020) 5]

50 Disc. Pot. E72
90% Upper Limits 2 . o ) _ .
\ v % upetnis £ | No significant time-integrated point
{ -

A

sources emission in all-sky search.

—_
-
%
~
“
\
I
ll
I
/
/

,I
,4
/
/
D)
<

10793 S

 No significant time-integrated emission
from known Galactic and extragalactic

| high-energy sources, but interesting
07275 0.5 00 0.5 1.0 candidates, e.g. NGC 1068.
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https://arxiv.org/abs/1910.08488

Northern Hot Spot

Comptonized X rays
CR induced cascade y
CR optlcaI/UV

accretlon
; ﬁi black hole
disk

107°

E NGC 1068 v
. L=10" erg/s ascade y ]
1077 L \ d=12.7 Mpc male X ——— |
— =\
o B \ A IceCube
C}IE 108 L \} ", eASTROGAM WA |
O ; 0' ““ ""
> B ‘ ’0‘ :'
o * JAMEGO
O 10%E LAY [ _starburst N -
L = ) (MW16) R
E'_, i | H Fermi LAT .
- \
10 104 \ 3
|
11 [ |
107"

104102102107 10° 10" 102 10° 10% 10° 10° 107
E [GeV]

[Murase, Kimura & Meszaros, PRL 125 (2020)]
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* Northern hot spot in the vicinity
of the AGN NGC 1068 has a

significance of 3.30

e Emission can be modelled via
stochastic CR acceleration in
AGN coronae.

1.70°

-0.30°

Declination

-2.30°

4287 4087  38.87°
Right Ascension

[IlceCube, PRL 124 (2020) 5]


https://arxiv.org/abs/1910.08488

Realtime Neutrino Alerts

Low-latency (<1min) public neutrino alert system established in April 2016.

[ridium

+ Gold alerts: ~10 per year . Online Event IceCube ceCube > EHE Alert > avion
o) " Filtering - Lve { i  Live &
>50% SIgnalness . System South © ©  North “»HESEAlert™®  GCN
South Pole, Antarctica Followup
* Bronze alerts: NZO per year ...................................................................... ; -’Reconstructions*

lceCube Data Center, Madison WI

30-50% signalness

[lceCube, PoS (ICRC2019) 1021]

TXS 0506+056

-

O~ DN W Ot J00 ©
Fermi-LAT Counts/Pixel

6 60 ] best ﬁt dlrectlon 10170922A _
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Earth
absorption

ot &t =
=~ Co [\
o o 0

Declination

g ¥
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https://pos.sissa.it/358/1021/

Realtime Neutrino Alerts
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up-going muon track (5.7° below horizon) observed September 22, 2017
best-fit neutrino energy is about 300 TeV

Markus Ahlers (NBI)

lceCube



accretion
disk

- clouds
(BLR/NLR)




TXS 0506+056

— lIceCube (50%) MAGIC (95%) 0 TXS 0506+056 4 . “E““‘X" ﬁm ;;"‘; L. '\;
— - lceCube (90%) Fermi (95%) i ra man s N ‘

L, 872
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e g7t 773777733

o
o

e U Txs 050emse D S
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o

Declination [°]

S S s S [T NEUTRIN“}?
SRR e w/ | FROM A BLAZAR

Multimessenger observations
of an astrophysical neutrino
source pp. 115,146, & 147

/8.5 /8.0 77.5 77.0 /6.5

Right Ascension [°] [lceCube++, Science 361 (2018) 6398]

* |C-170922A observed in coincident with flaring blazar TXS 0506+056.
« Chance correlation can be rejected at the 30-level.

* TXS 0506+056 is among the most luminous BL Lac objects in gamma-rays.
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https://science.sciencemag.org/content/361/6398/eaat1378

Neutrino Flare in 2014/15

IC40 1IC59 IC79 |IC86a IC86b IC86¢
5 1 1 1 1 1 -
===+ |ceCube-170922A A « I 4o
o 4 Gaussian Analysis \ g
o 3 - = Box-shaped Analysis ]\ ol
5 "
O o
| = 20
1+ ____r’_J_ ‘| 10
O _- 1 — 1 ‘_.f--h__ﬂ_ll,-_|_l_|_l_|- T 1 — | T 1 T :]
2009 2010 2011 2012 2013 2014 2015 2016 2017

[IlceCube, Science 361 (2018) 6398]

6.0

| | | * Independent 3.5¢0 evidence for
2 T . o0 a neutrino flare (13+5 excess

3 A | s events) in 2014/15.
-l e BB
| 8 » Neutrino luminosity over 158
————————— --------------------------------------- 4.69° days is about four times that of
‘ : : Fermi-LAT y-rays.
78.6° 77.6° 76.6°
Right Ascension neutrino “morphology” of 2014/15 flare
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https://science.sciencemag.org/content/361/6398/147

Stars are pulled apart by tidal forces in the vicinity of
supermassive black holes. Accretion of stellar remnants
' powers plasma outflows.

stellar debris

“black hole

........
,,,,,,
W ¥ £

[Credit: DESY, Science Communication Lab]




Tidal Disruption Events

. SWIFT—UVOT + Uvw?22 (193 nm) U (346 nm) _ 1044
— 10-11 . ®0000 o0, +  UVM2 (225 nm) } g (464 nm)
) ""ﬁ*::i : .. ¥ UVWI1 (260 nm) ¢ r (658 nm) —
h " ¢ .¢ ¢ < 0
= bi &I*.}* = L < et + disk o
O .. * e
> R T E .” ;* £110% 2
1072, e ool = [Hhs o3
R ZTF L TS O |
= ’ Wott _— |
. ¢ -
lightcurve of AT2019dsg T
. . . . . -1042
0 50 100 150 200

177 days (after discovery)

* Association of IC-19100TA with TDE AT2019dsg and IC-200530A with AT20191{dr.

* Plot shows optical/UV data from Zwicky-Transient Facility (ZTF) and SWIFT-UVOT
for AT2019dsg

e Combined chance for random correlation of TDEs and IceCube alerts is 0.034%.

[Stein et al. Nature Astron. 5 (2021) 5; Reusch et al. arXiv:2111.09390]
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Neutrino Selection Il
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Galactic Neutrino Emission
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[IceCube, Astrophys.J. 868 (2018) no.2, L20]
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Contribution of Galactic diffuse emission at 10TeV-PeV is subdominant.
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Astrophysical Neutrino Fluxes

— CvB core-collapse SNe — avg.atmo.v, + 7, = avg. Galactic diffuse =™ IC cascade (byr) = cosmogenic (p)
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Probe of Fundamental Physics
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Dark matter

[Ackermann, MA, Anchordoqui, Bustamante et al., Astro2020 arXiv:1903.04334]
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