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Multimessenger Astronomy oy o

\

AGNSs, SNRs, GRBs... ' *

Gamma rays -
They point to their sources, but they
black .
holes can be absorbed and are created by
multiple emission mechanisms.

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower
[

They are charged particles and
are deflected by magnetic fields.

o X IceCube Collaboration/WIPAC, Juan Antonio Aguilar, and Jamie Yang

Christian Haack | ECAP - Current State of Neutrino Astronomy



PHYSICS

The Cosmic Ray Connection AEEAU

Accelerator (AGN, SNR, GRB, ..)

Idealized scenarios
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o u+V, e+, +V,+y, Interaction of accelerated CR naturally leads to

production of neutrinos and gamma rays
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Energy Density of Cosmic Particles ﬁ\\\ o

IceCube v EHE limit (2019) - Fermi gamma-ray (2014) IceCube v Glashow (2021)
~+  Pierre Auger cosmic rays (2013)  —é— IceCube v globalfit (2023) % lceCube v ESTES (2023)
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PHYSICS

Energy Density of Cosmic Particles ﬁ\‘\:‘VEAU

IceCube v EHE limit (2019)
~  Pierre Auger cosmic rays (2013)
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PHYSICS

Detection Method Q\:v it

Transparent Natural Medium (Water / Ice)

Astrophysical Accelerator Secondaries Photons Strings with
' (Cherenkov) photosensors
Neutrinos
\

W

Tp2
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PHYSICS

Neutrino Telescopes ooy el

Planned Under Construction

+ Several proposed Chinese projects

Taking data since 10+ years
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PHYSICS

The IceCube Neutrino Observatory ﬂ\}}v el
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lceCube-Gen2

arXiv:2008.04323v1

Neutrino signatures
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“Tracks”: “Cascades”: “Double Bang”:
* Good directional * CCv, &v;interactions * CCv; interactions + 7 decay
resolution < 1° + NC all-flavor e Atmospheric v; production
* Poor energy resolution via * Directional resolution strongly surpressed
4E Sf muon ~5—15° * 7 decay length:
ax « Good resolution of visible d~50m - ( E )
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Event Selection Strategies

Fiducialisation
Morphology-based BG discrimination
All* flavors
U / Veto Vo o
o

, >
B

v

“Starting Events”

Using Earth as shield
Direction based BG discrimination
Only v,

Air shower

| p-dominated

t vonly

Atmosphere
(exaggerated)

Air shower

Astrophysical source

“Upgoing Tracks”
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A History of Neutrino Astronomy
in Antarctica

Starting Events “Partially contained” Cascades

b
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Telescc;e in the AME\J DA Atmos_pheric Iceabe Astropmysical First Source Gla;ow Second Source Thlrd;:)urce

Ice Envisioned Completed Neutrinos Completed Neutrinos TXS 0506+056 Resonance NGC 1068 Milky Way
Detected Discovered Identified Neutrino Identified Identified
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Beyond the Single Powerlaw AN

‘v PHYSICS
1076,
Combined Fit BPL .
| Starting Events MESE BPL J Two recent analyses on different (but
— ‘ —-— NGC1068, 4m av. o
7 —-- Galactic v (Fermi ), 4 av. correlated) event samples see deviation
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PHYSICS

Beyond the Single Powerlaw

Combined Fit BPL
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E?®per _ flavor X GEVCmM™?s™1sr71

Enhanced Starting Track Selection

1076

1079 —

[ v Cascade 6 year
| ® NS Tracks 9.5 year

Single Power Law (This work)
Broken Power Law (This work)
e Segmented (y =2) (This work)

HESE 7.5 year
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AN
D\ 24

0 Sample dominated by starting tracks
(v, interacting inside the detector)

O High purity & good energy resolution

O Does not see spectral hardening at
lower energies

O Prefers single-power law (y = 2.58)
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Tau Neutrinos AN Fau

ERLANGEN CENTRE
r FOR ASTROPARTICLE

. I PHYSICS

https://doi.org/10.1103/PhysRevlett.132.151001

] Seven tau neutrino candidates with

novel image recognition methods
based on CNNs (background

expectation of 0.5 events, only
considering light-meson decays)
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1 Independent confirmation of
astrophysical neutrino flux
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Neutrino Flavor Ratio AN T

. IV PHYSICS
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Energy Density of Cosmic Particles ooy el
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PHYSICS

Neutrinos from the Galactic Plane ﬁ\‘\:‘vm’*\u

DOI: 10.1126/science.adc9818

y. Optical

v Predicted r° Northern Sky Northern Sky

Southern Sky B o
p uaranteed flux
- tic diffuse neutrino emission is a 8
? --------- Galac
» IT \ i
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FOR ASTROPARTICLE
PHYSICS

GP Searches in IceCube A‘\}v FAY

Tracks, Astrophys.J. 849 (2017) 67 _ Cascades, Astrophys. J. 886 (2019) 12
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Evidence for Galactic Neutrino Emission é\\w\_. e,
-y

PHYSICS

Cascade channel Deep Learning
KRA; Model —— KRA; Best-Fit v Flux AT
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PHYSICS

New Result: Track Channel A‘\:\VEAU

1 2.9 x CRINGE 1 1.1 x KRA-+-5 1.6 x FM-SNR
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PHYSICS

The Muon-Neutrino Sky ﬂ\‘\}v el

Searching for clustering and deviation from atmospheric v spectrum at every point in the sky
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PHYSICS

The Muon-Neutrino Sky ﬁ\‘}‘vm’*\u

Searching for clustering and deviation from atmospheric v spectrum at every point in the sky
+75°

Brightest spot overall and part of
a-priory selected catalogue of 110
astronomical objects.

_____________
.................................

+250°
y PKS 1424+240

------ """""" '@ """" ' ------------------
. ; % VR e -..sz 0506"!'056

0O [rxftn 4. e S ____________ TN AR ERR e WA 2 e, X5 Q _______
24h
! ' ! ' Science 378,538-543(2022)
1 3 5 7
_LOG1O(/OLOCAL>

Christian Haack | ECAP - Current State of Neutrino Astronomy 23



NGC1068 I\, Yoot

FOR ASTROPARTICLE
CUCH. PHYSICS

d Type Il Seyfert Galaxy

d d=14.4Mpc

J Compton-thick AGN
 Intrinsic X-ray photons in

corona can provide target
for v production
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PHYSICS

Neutrino Emission from NGC1068 AN Fau
-y

- 1OglO (plocal)
B IceCube (this work) {  Electromagnetic observations (26)
Theoretical v model (52,55) -+ 0.1 to 100 GeV gamma-rays (40,41)
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Four Extra Years of Data
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PHYSICS

EAU
Source Spectrum Q\:v el
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Exploring Seyfert Galaxies AN

FOR ASTROPARTICLE

l Iv PHYSICS
log1o(column density/cm?)
|. . . . . |
~ 199 o - - > - ~  Searching for v emission from Seyfert galaxies
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& .
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< o® .
21 O M,’%&f@? source in catalogue)
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Exploring Seyfert Galaxies
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Binomial Test

NGC 4151 & CGCG 420-15

—

—— Binomial Prob. (model fit)

—— Binomial Prob. (power-law fit)
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number of source candidates (p < p)

=AU
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After correcting for multiple testing: 2.70 excess
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PHYSICS

Four additional years of data Q}v el

O 7/
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o EAU
Neutrino Fluxes Q}v o
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What’s Next?

Credit: Emanuel Jacobi / NSF



lceCube Upgrade + Gen2

AN

=AU

FOR ASTROPARTICLE
PHYSICS

v Gen2-Radio ® Gen2-Optical

> 30 PeV
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sk IceCube Upgrade
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PHYSICS

IceCube Upgrade + Gen2 A‘\:‘VEAU

IceCube Upgrade ¥k IceCube Upgrade

e Extending sensitivity at lower
energies for calibration &
atmospheric neutrino
oscillations

* Re-processing of >TeV data
to include new calibration

* Deployment of new
photosensors in winter
2025/26
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IceCube-Gen2 Neutrino Observatory AN U

> PHYSICS
D\ 2

361 stations on a 550km? footprint ‘ - Covering the footprint of the optical array

Surface Array | Station

120 new strings with 80 sensors each =~ & o=

] IceCube | Laborator
7.9km?3 instrumented volume | :

Optical Array | Sensor




E2x & [GeVs tsrlcm?]

E?x® [GeVs tsrlcm™2]

PHYSICS

Gen?2 Science Highlights Q}v el

Precision measurement of the . . i i issi
. . Resolving neutrino sources 8.70 for diffuse galactic emission
astrophysical neutrino spectrum after 10years.
Astrophysical flux model [ 2.9 x CRINGE 1.1 x KRA-y-5 1.6 x FM-SNR
1076 4 BN iceCube-Gen2 (10 years) oo (power Tow. index = 2.5) 3 — 4.7 x Fermi-r® 0.8 x FM-const. I Isotropic Flux
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https://icecube-gen2.wisc.edu/wp-content/uploads/2023/07/IceCube_Gen2_TDR_0.05_July27.2023_Part_I_and_II.pdf

PHYSICS

Telescope Complementarity e el

@ TXS 05064056 B IceCube KM3NeT
® NGC 1068 B P-ONE B Baikal-GVD
-@- Galactic center/plane

Lisa Schumacher
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The global picture ‘& =AU
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— Slide by Lisa Schumacher
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The global picture A\ =AU

FOR ASTROPARTICLE
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PHYSICS

Neutrinos from the Galactic Plane Q\:‘VEAU

Y. Optical

v Predicted n® Northern Sky \Northern Sky
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Southern Sky Southern Sky

v Analysis Expectation

Typical Event Uncertaint’V‘
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. . | DOI: 10.1126/science.adc9818
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https://doi.org/10.1126/science.adc9818

PHYSICS

GRB221009A Q\%'/A\U

ICECUBE COLLABORATION
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Seyfert Galaxies
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Cosmic Neutrino Spectrum
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Seyfert Galaxies
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