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* [ceCube Neutrino Observatory
* Recent results on cosmic rays
* Recent results on neutrinos

e Qutlook to IceCube-Gen2
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« IceTop is a 1 km? ice-Cherenkov tank air shower array under the snow surface ==

» Scintillator panels and radio antennas are planned to mitigate increasing snow
coverage and add composition sensitivity

« Scintillator triggers similarly to IceTop. Radio is passively read out in case of a ===

surface trigger Radio antenna
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https://arxiv.org/abs/1207.6326

» Combined Reconstruction Surface Detector+Radio and deep In-Ice

* Direction & core position
» Shower size and energy loss reconstruction
» With Radio X, .,
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Low energy (10 TeV - 200 TeV) air shower particles barely reach the ground making
‘classic’ surface reconstruction challenging

IceAct P

- measure the el.-mag. shower component inside the atmosphere from TeV to PeV =~ e

« combine with particle footprint on ground level and in-ice muon reconstruction:
 calibration of geometry and energy
 hybrid composition studies
* possible veto capabillity i

» Since 2019 two R&D telescopes have been deployed at the South Pole and are
taking data, a third telescope is currently being deployed

The telescopes can only operate during the Antarctic night (roughly 4.5 months »
stop) and good atmospheric conditions
* Duty cycle ~ 20%

50 cm Fresnel lens
« 50 cm focal length
* 61 hexagonal pixel
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IMAGING AIR CHERENKOYV TELESCOPES
ICEACT

 Afirst approach of single telescope Graph Neural Network reconstruction

E true — E reco

Etrue

« Simultaneously determines:
* Air shower geometry
* Energy
° Xmax
for vertical low-energy air shower

Energy resolution

shower maximum resolution
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https://arxiv.org/abs/2307.13965
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» Coincident event analysis
« Data 2011-2013
* Energy Proxy from IceTop
» Energy deposit profile from lceCube
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Fraction

0.2;

Log(E/GeV)
7.5 8.0

6.5 7.0 8.5 9.0
—— H3a H
————— H4a H
........... GST H
= GSFH
¢ lceCube/lceTop 3 years - H

GSF He

GSF O

GSF Fe

Energy in GeV



SOUTH
DAKOTA
MINES

Log(E/GeV)
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https://doi.org/10.1103/PhysRevD.100.082002

SYSTEMATIC UNCERTAINTY

Energy in GeV
« Large systematic uncertainties hadronic interaction model

« Epos LHC
« Sibyll2.3
«  QGSJetll-04
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lceCube Preliminary

* Update of analysis
published in 2016 — . v
(Paper under - B -OF;ZIative Inte(r)msity [X 10‘(;’.]5 1 . e 2 Signific(;nce [o] 20 +
collaboration review)

* Improved statistics:
* Eleven years of data
(~700 billion events)
* Improved simulation:
* Newer, dataset-specific,
iIncreased statistics
* Improved systematics:

 Shift from detector to
calendar years, stable
detector configuration

-0.5 0.5

CURIOUS Relative Intensitv [x 10~3 Significance [0O]
Ny elative Intensity [x 107°] g
T

e | O°US https://arxiv.org/abs/2308.02331 12
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 New simulation and statistics
only slightly change energy
maps

 Transition still occurs around
100 TeV

« Structure at highest energy
now consistent with other PeV
measurements

 Phase and amplitude of best-fit
dipole consistent with other
experiments

TENACIOUS

DIPOLE PHASE & AMPLITUDE

https://arxiv.org/abs/2308.02331
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 Tank signal includes:
* muons
* electromagnetic component
* background

* Due to EM contamination, the density of muons is
evaluated at 600 and 800 m from the shower axis
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Muon densities compared to hadronic model predictions
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Event reconstruction:

* Neutrino events are characterized by their energy
and direction

* Properties are inferred from observed light pattern
In detector
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| his Work

———(Cascades [lceCube (2019)]
——Tracks [lceCube (2020)]
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https://doi.org/10.22323/1.395.1065
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RECENT NEUTRINO RECONSTRUCTION
it IMPROVEMENTS

Combining maximum-likelihood estimation with deep learning
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—— Hybrid (This work)
—-— Maximume-Likelihood Estimation*
--- CNN (Cascades [IceCube 2019])

*simplified, approximated likelihood

DOI: https://doi.org/10.22323/1.395.1065
Ll Ll L) Ll Ll

103

104 10° 10°

Etrue [GeV]

Improvements due to novel machine learning:
* Improved reconstruction resolution over the entire

energy range

« 30 times as many events
* Analysis sensitivity improved by a factor of 3

The equivalent of 75 years of detector lifetime and > $500 million
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* Evidence for neutrino emission from the galactic plane
* Global significance: 4.50
30 significance from stacking catalogs

» Data-driven background estimation

Observed Data Background Scramble
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GALACTIC PLANE NEUTRINO
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NEUTRINO FLUX MEASUREMENTS

Unfolding of Burnsample
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NEXT STEP IN DETECTOR EVOLUTION

Multi-PMT DOMs

® IceCube sk IceCube Upgrade

o ©
o’.... ::::
o S
IS
o
°
By
° ®
o ®
o'..
@ °
0'.‘
©

250 m ‘ 25 m

lceCube Upgrade (scheduled deployment 2025/26)
* Denser optical array by 7 additional strings
* 1 GeV min. energy for neutrinos

» R&D for IceCube-Gen2
» |Improve calibration to decrease detector systematics
» Oscillation physics

21
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v lceCube-Gen2 Radio ® IceCube-Gen2 Optical ® IceCube ok IceCube Upgrade
Y L] T . I Py smma—
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* Increase upper energy threshold e 10_7_2 s
» Measure flux of high-energetic g 107
neutrinos above PeV energies = 5]
* Improve sensitivity to astrophysical w
neutrino sources by factor of ~5 | | | | | | |
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https://icecube-gen2.wisc.edu/science/publications/tdr/
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ICECUBE-GEN2 SURFACE-ARRAY

Projected Statistical Precision
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* About 25% of detected air showers will have associated in-ice signals to
study the high-energy air shower content

 High statistics for more anisotropy measurements
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https://icecube-gen2.wisc.edu/science/publications/tdr/
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lceCube-Gen2 (lceCube) numbers
" Area: ~6.5km? (0.9)
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" 9600 optical sensors (5160)
* T 2w120 strings (86)

IceTop tanks
scintillators
antennas

IceAct telescopes

Surface array number:

e 274 scintillator panels wm

102 radio antennas
e 4 |ceAct station in Fly’s eye configuration

.|." R PR Yo

oobe, ..\.'- sadl .
I - ! 7

" Instrumented depth: 1.26 km (1.0) ..,.__5-_-.(-._-..: """ -

" Instrumented volume: 8 km3(1.0) -~ e S i

1 km
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Multimessenger Neutrino Flavor Ratio Neutrino Sterile Neutrinos
Astronomy Astronomy Oscillations
Cosmic Non-standard

Interactions

*In cosmic rays and air shower physics, we are measuring
* Energy spectrum and mass composition

. gy p p . PHYSICS

* Anisotropy T

* Testing hadronic interaction models

PMNS Unitarity

Neutrino Decay

Gamma Ray

Astronomy Glaciology

Earth

Cosmic Muons
Tomography

* The first evidence of neutrino emission from the galactic o

Space

Atmospheric

. Weather Sciences
plane was measured with 4.50
Ay
Neutrino DM Quantum
i ‘ DM Interactions Annihilation Space-time

* [ceCube Upgrade and IceCube-Gen2 will enhance the
physics capabilities even further 26
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mH NEUTRINO SIGNALS AND BACKGROUNDS

DAKOTA
MINES

* Dominant signal: —
» Downgoing muons from cosmic rays YR
interacting in the atmosphere \.*
« ~2600/sec (~10"/year) e

* Neutrino discriminators: atmospheric

« Upgoing (through Earth) or starting e e
inside the array \
* ~12/hour (~10°/year)

* Astrophysical discriminators:
* Energy: Crossover ~ 100TeV

Atmosphere
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~12,700 km
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) o

[ceCube

* Muon veto (starting events) v up-going -

° Spatlal CIUSterS/CatalOgS f down-going ;/ utm’ustp‘/.m'u
» Time: Bunches/Multimessenger onsie B
* 10s per month (~100s/year) My =
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DIGITAL OPTICAL MODULE
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operates independently : LD
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* |nput variables

ICETOP-ICECUBE
MASSCOMPOSITIO
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https://arxiv.org/abs/1906.04317
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CR ENERGY SPECTRUM
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Need good reconstruction of directions and energies
and model of how they differ between signal and background

We improved in both areas!

>
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distribution
distribution

source

background

-

direction log,,(energy)
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CONVOLUTIONAL NEURAL NETWORK
IN ICECUBE

Modification for IceCube

* Unify time dimension into a fixed set of input features

* Transform lceCube geometry such that it can be utilized
by standard CNNSs

* Hexagonal convolutional kernels

 Additional uncertainty estimation layer via Gaussian
likelihood
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RECONSTRUCTING EVENT PROPERTIES

[ Hypothesis H Neural Network ]

Expectation A
Update l

hypothesis T
Likelihood

<-| Data x |

Hybrid reconstruction method:

« Combines maximume-likelihood estimation with
deep learning

* Modeling of high-dimensional PDFs via neural
networks

« Exploits available information and symmetries
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SOUTH IN ICECUBE
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Achievements of CNNSs in 16
lceCube

—2 1. ).
« Versatile tool for event 10
reconstruction | S\ardard
* Improved reconstruction —— CNN

accuracy at high energies 104 =

 Reduced per-event runtime
by 3 orders of magnitude

Fraction of Events
-
S
I

» Allows ‘Online’ event 10~ 10° 10/ 10° 107
reCOnStrUCtiOn W|th the I|m|ted Runtime per Event / S
hardware at the South Pole
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https://doi.org/10.22323/1.395.1065



THE MULTIWAVELENGTH MILKY WAY
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|/ M ICECUBE IDENTIFIES NGC 1068 AS LIKELY
SO NEUTRINO SOURCE
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7 - -,
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-------------------------------

@ """"" """ % AR TR ot
. . TTXS Q50,6"!'056 ‘
-. . NGC 1068
""""" '"'@
24h Oh
| | | |
1 3 5 7

« Search for significant clustering of events versus isotropic null hypothesis https://doi.org/10.1126/science.abg3395

« Brightest point in sky correlates with Seyfert galaxy NGC 1068
« NGC 1068 rejects isotropic hypothesis at 4.2sigma after trials correction




m Data-Driven Search Method

SOUTH

DAKOTA Model expectations based on Fermi-LAT measurements
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m Data-Driven Search Method
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DAKOTA Scrambled background distribution (no signal present)
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2 years of data . 7 years of data
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ENERGY ESTIMATION ANISOTROPY
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Seasonal unfolding of 11.5yrs of Data
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