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lceCube detector design

Over 5000 sensors each equipped som
with photomultiplier tube (PMT)

Array in 1km?® of South Pole glacier
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- - -

Use light from Cherenkov effect to
observe charged particles

Running in full configuration for s
almost 13 years with 99% uptime

lceCube/NSF

Al

IceTop
81 Stations
324 optical sensors

Cosmic Rays

IceCube Array

86 strings

including 8 DeepCore strings
5160 optical sensors

100 GeV-PeV

DeepCore

8 strings-spacing optimized
for lower energies

480 optical sensors

5 GeV-100 GeV

Eiffel Tower
324 m



lceCube science covers a broad range of physics topics
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.92.045006

‘ : Hadronic cosmic rays bent by magnetic
¢ . ma fields of the universe

Gamma rays can be attenuated and
produced by leptonic acceleration

Neutrinos travel straight and unlikely to
be attenuated

Astrophysical
beam dump




Astrophysical neutrinos and atmospheric backgrounds
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Main TeV particle morphology classifications within lceCube

Muon Track Electromagnetic/Hadronic Cascade
Angular Resolution: 0.6° Angular Resolution: 5°-15°
Log Energy Resolution: 20% of muon Log Energy Resolution: 15% of neutrino
energy at detector entry energy
Atmospheric muons, charged current v, Neutral current v, charged current v_ and
and v_(T — p+V’s) v_ (Tt — e/hadrons + v’s)
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’ time (us)
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Track positional subclasses: L
e Through-going Cascade positional subclasses:
e Starting e (Contained
e Stopping e Partially contained
e Skimming




Timeline of neutrino astronomy achievements with IceCube
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Recent measurements of astrophysical neutrino flux at earth
as seen by IceCube
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https://pos.sissa.it/444/1008/pdf

lceCube |dent|f|es’ NGC 1068 as likely neutrino source (2022)
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Search for significant clustering of
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https://doi.org/10.1126/science.abg3395
https://esahubble.org/news/heic1305/

Building from NGC 1068, studies of x-ray bright seyferts
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NUCLEAR EMISSION IN SPIRAL NEBULAE*

Seyfert, 1943
ABSTRACT

Spectrograms of dispersion 37-200 A/mm have been obtamed of six extragalactic nebulae with high-
excitation nuclear emission lines superposed on a normal G-type spectrum. All the stronger emission
lines from X 3727 to A 6731 found in planetaries like NGC 7027 appear in the spectra of the two brightest
|spirals observed, NGC 1068 and NGC 4151.
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https://pos.sissa.it/444/1052/pdf
https://pos.sissa.it/444/1032/pdf

lceCube observes galactic plane in neutrinos (2023)

Neutrinos can be produced in galactic
yOpticaI : plane by:

e (Galactic accelerators (e.g.
supernova remnants)
: e Diffuse cosmic ray flux interacting
/A 3y with galactic medium

\
/Southern Sky Southern Sky\\

Used deep neural network to improve
cascade event angular resolution

T | \ W Excess of neutrinos found from

= galactic plane
Pre-Trial Significance (n-o) . .
DOI: 10.1126/science.adc9818 ReJeCtS null hypOthGSIS at 4.50
Fermi t° Model: DOI: 10.1088/0004-637X/750/1/3 assuming the Fermi ° model (diffuse)
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https://doi.org/10.1126/science.adc9818
https://iopscience.iop.org/article/10.1088/0004-637X/750/1/3

TXS 0506+056 and the multimessenger
approach to neutrino astronomy

lceCube has >99% uptime and view of full sky

I MULTIMESSENGER
— can act as sentinel to alert other telescopes RSTR O L

lceCube “realtime” efforts include sending alerts and
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https://doi.org/10.1126/science.aat1378
https://doi.org/10.1126/science.aat2890

lceCube neutrino oscillation measurement using DeepCore

Here, atmospheric neutrinos signal instead of
background

3.4 4 Normal Ordering 90% C.L.
== DeepCore 9.3 years (No FC)
--- NOvVA 2022

Used denser instrumented DeepCore to produce 321 __~ . 551
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https://pos.sissa.it/444/1143/pdf

lceCube uses higher energy atmospheric neutrinos to look for
oscillations from sterile neutrinos
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https://agenda.infn.it/event/33457/contributions/204804/

The next generation of lceCube: the IceCube Upgrade
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e Denser instrumentation
e Lower minimum energy (~1 GeV)

5 H— 1C86 (12 yr) + 1C93
— [C86 (12 yr) + 1C93 + JUNO
4 0,3 =30 range (NuFit 5.2)

Goals:
e RA&D for IceCube-Gen2
e Calibration of detector systematics
e Oscillation physics
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https://pos.sissa.it/444/1036/pdf
https://pos.sissa.it/444/1183/pdf

The next generation of lceCube: IceCube-Gen2
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IceCube-Gen2

Increase effective volume
Increase upper energy threshold

Goals:

Measure neutrino flux at extreme
energies (PeV+)
Improve sensitivity to astrophysical

neutrino sources by factor of ~5
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https://icecube-gen2.wisc.edu/science/publications/tdr/

Summary of IceCube review

+7:6°

lceCube has been operating at South
L ey i NN ; Pole for 12+ years
77 vt @ """"" """ PRRr s A B >\ lceCube discovered flux of
0° gt KR ---------- PR EOL astrophysical neutrinos
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Beginning to identify sources of
astrophysical neutrinos:

e NGC 1068, x-ray bright seyfert
e TXS 0506+056, blazar flare
e (Galactic plane

Study oscillation parameters with

=lels Expectation ‘ \\ ) atmospheric nGUtrinOS
Typical Event Uncertainty “’ |

lceCube-Gen2 to explore cosmic
& energy frontier
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Neutrino Interactions
V. W VY

Cannot observe neutrinos directly |
% | Faows: || neitams | | isuthi
Instead observe the outgoing charged particles from %
weak neutrino interactions - e ﬂ T
At IceCube energies, most interactions DIS
electron muon tau
— V g
Y l l [_ory,
W
n pr
: > : > b
time time time

e harged Current (CC) Neutral Current (NC) Deep Inelastic Scattering (DIS) 19




Neutrino astronomy versus gamma ray astronomy
Gamma rays attenuated by CMB and other background light in the TeV energy ranges

Gamma rays also produced by cosmic ray electron acceleration, leptonic acceleration

radio/microwave infrared/optical neutrinos cosmic-rays

10¢
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and gravitational waves
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https://ui.adsabs.harvard.edu/link_gateway/2017muas.book.....B/doi:10.1088/978-0-7503-1369-8

Some subclasses of TeV particle morphologies within lceCube

0

Starting Track ‘
Angular Resolution: 1.5°

Log Energy Resolution: .3 x log(E )
Charged current v, and v_(T — p +V’s)

1 2 3

time (us) ‘

Dust layer

99.3 PeV v_

Double Cascade (simulated)

v_ (t — e/hadrons + v’s)
Must be high energy to see tau track
At lower energies look for double pulse
structure in PMT waveform
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Combined track and cascade measurement of diffuse
astrophysical neutrino flux

I —— Single Power Law
Combine diffuse measurement for — 10-s| lceCube —— LogParabola
N ¢ Work in Progress —— Broken P L
northern tracks and cascades P g roken rowertaw 3
. = 4+ Segmented E~2 Flux |
Cascade channel has less atmospheric € 7 '
. () -7L
background, dominates below 100 TeV < *°°
)
Hints at shape within the diffuse =
neutrino spectrum? > 107
=2
Next step is to add more channels for a ‘&ei
“global” diffuse neutrino measurement 7
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https://pos.sissa.it/444/10https://pos.sissa.it/444/1064/pdf46/pdf
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Diffuse Galactic Plane Neutrinos meumagy DR

HAWC

Observe a flux of cosmic rays at the earth - ' :
Cosmic rays interact in the atmosphere and i

Kascade Grande
IceTop
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https://iopscience.iop.org/article/10.1088/0004-637X/750/1/3
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
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https://pos.sissa.it/444/1008/pdf
https://doi.org/10.1126/science.adc9818
https://pos.sissa.it/444/1046/pdf

lceCube’s Glashow event (2021)

W resonance between electron and electron
antineutrino

Partially contained cascade event with 6.3 PeV
reconstructed energy

Secondary muons observed consistent with
hadronic decay of boson

Insight into PeV neutrino flux
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Nature 591, 220-224 (2021)
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https://www.nature.com/articles/s41586-021-03256-1

