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The IceCube Neutrino Observatory
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The IceCube Neutrino Observatory <

» 1 km? in-ice Cherenkov detector:

hadrons

» 36 strings with grid spacing of ~125 m electromagnetic
component
» 5100+ Digital Optical Modules (DOMs)
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Cosmic Ray Measurements

4

Hybrid cubic-kilometer particle detector at South Pole

Surface detector:

» Electromagnetic air shower component

» Low-energy (~(GeV) muon content

In-1ce detector:

» High-energy (~'leV) muon content
Coincident cosmic ray measurements!

Ideal facility to study cosmic rays!

primary
cosmic ray

hadrons

electromagnetic
component

GeV muons

—— 2835 m.a.s.l
TeV muons
;gi.f i 1450 m
in-ice 1l .
J 2450 m







hadrons

Cosmic Ray Spectrum

» Cosmic ray energy determined from surface signals (only)

electromagnetic
component

» Lateral Distribution Function (LDF) /78N | GeV muons
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» Shower size S 195 (air shower energy), Sl()pe parameter f [IceCube Collaboration, Phys. Rev. D 100, 082002 (2019]]
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https://arxiv.org/abs/1906.04317
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Cosmic Ray Spectrum

» Reconstruction ot cosmic ray energy based on LLDF fit

between ~1 PeV and ~1 EeV (3 years ot data)

electromagnetic
component

GeV muons

» Machine learning techniques to extend spectrum Bt (AP

down to 250 eV (1 year of data) ~CEee
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Cosmic Ray Spectrum

» Comparison with other measurements (GSF 2017)

SNN/GGV
10! 107 10° 10%

(—
<=
N

10°

1 4 s l

modified from HD et al. PoS (ICRC 2017) 533

Empirical fit |

LHC
pp @ 13 TeV
0
104 0000080 OQOOOCIvQ.ZI:l‘I:ﬁi.*,* [I;'j:’% @ 8.2 TeV
ilg ) = A .
m=mnEE | e,

el

e
‘."“;.,..
.'.‘L.‘g._

uog™
3 AN
1 O 1 .ii.;“

..
.\_., o
RO

b

All particle flux

O HAWC
O IceCube

w KASCADE-Grande
O Pierre Auger

—

Jis/(GeVm?ssr)~! X (Exin/GeV)?>°

1200000
102 - proton flux oxygen flux  iron flux “*';,\ I
b
e AMS-02 AMS-02 e AMS-02 a ACE-CRIS ]
= CREAM CREAM ¢ HEAO < HEAO \
= CREAM = CREAM \
10 102 10° 10* 100> 10° 107 10® 107 10'9 10

modified from [H. Dembinski et al., PoS(ICRC2017)533]

Auger 1
TA1

KG-
IceCube 1
TUNKA -
ARGO-YBI{
CREAM-II
CREAM-11
AMS-02
PAMELA -
HEAO- 1

06 07 08 09 1.0 1.1

energy-scale offsets

® - 0.87
-

° — (.88

0.95

1.08

&
e

o—— (.90

—e— 098

® 10

e 1.00

e 1.00

o 0098

1.05

E/E

12 13 1.4


https://arxiv.org/abs/1711.11432

vy,

Ly

2

o | . § credit: IceCube/NSF




Cosmic Ray Mass Composition

» 'I'he number of muons produces in air showers.
depends on the mass ot the primary cosmic ray

» Using Ice'lop and the m-ice detector IceCube can
measure the cosmic ray energy and mass composition!

» TeV muon number estmated from the fluctuations

of the deposited light yield

E/dX (GeV/m)

©

top ot the

in-i1ce detector

&

||||| | 1T 1T 1 | 1T 1T 1 | 1T 1T 1 | 1T 1T 1 L T 11 1T 1T 1 1T 1T 1 | I 1]
— —_ Reco dE/dX -
B <dE/dX (X=1500 m)> — <dE/dX> i
— _ - - - Standard selection -

e 4 o R S EE Strong selection
:{- - 1T """ B - =-|— FIT ---------- ?

10° — ] BE
- 9 -
N oL I bottom of the
i 3 ) in-ice detector
B 1 | 1 1 1 1 | 11 1 | L1 1 1 11 1 | [ I | | | | | (1 I | 1 1 1 1 | ] A /

1500 1600 1700 1800 1900 2000 2100 2200 2300 2400

slant depth (m)

primary
cosmic ray

hadrons
electromagnetic
component
2y GeV muons
L L/&]
surface = L N —— 2835 m.a.s.l
'\:{"}7.’ =]
TeV muons
1450 m
in-ice
' . 2450 m




Cosmic Ray Mass Composition

» Machine learning analysis based on neutral network and template fits (3 years ot data)
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Cosmic Ray Mass Composition

» (In A) with syst. errors (except hadr. model):
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» Hadr model dependence of (In A):
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» In-ice hight yield and hadronic interaction models are domimating systematics

[IceCube Collaboration, Phys. Rev. D 100, 082002 (2019)]
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Cosmic Ray Mass Composition

» Comparison with other measurements (GSF 2024
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Cosmic Ray Anisotropy
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Cosmic Ray Anisotropy

» Arrnval direction of cosmic rays measured with muons 1n the m-ice detector
» 12 years of data (792 billion events!), covers more than tull solar cycle
» Simple energy estimator based on number of in-ice signals (>10 TeV)

» Paper submitted to Ap]J (last week)!
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Cosmic Ray Anisotropy
» Median energy: 13 '1eV
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Cosmic Ray Anisotropy
» Median energy: 24 '1eV
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Cosmic Ray Anisotropy
» Median energy: 42 'leV
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Cosmic Ray Anisotropy
» Median energy: 67 '1eV
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Cosmic Ray Anisotropy
» Median energy: 130 leV
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Cosmic Ray Anisotropy
» Median energy: 240 eV

240 TeV
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Cosmic Ray Anisotropy
» Median energy: 470 leV

470 TeV
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
Relative Intensity [x 1073] Significance [0]

paper submitted to Ap], [arXiv:2412.05046]



https://arxiv.org/abs/2412.05046

Cosmic Ray Anisotropy
» Median energy: 1.5 PeV
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Cosmic Ray Anisotropy
» Median energy: 5.3 PeV
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paper submitted to Ap], [arXiv:2412.05046]
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Cosmic Ray Anisotropy

» Combined IceCube + HAWC analysis (full sky)
» IceCube data: May 2011 - May 2016
» HAWC data: May 2015 - May 2017

» Small-scale structures:

» Subtraction of the fitted multipole
components with / < 3

» Small-scale structures align with features

in the local interstellar magnetic field (LIMF)

[E. ]. Zirnstein et al., ApJ1. 818 (2016)]

-1 Relative Intensity [1073] 1

[IceCube & HAWC Collaborations, Astrophys. J. 871 (2019).]
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Upcoming IceCube Analyses

» Spectrum

» High-energy spectrum (>100 PeV), closing the gap to Auger/'TA
» Include Ice lop uncontained events (higher statistics / higher energy)
» Work in progress...

» Composition
» Low-energy (>250 '1eV) composition measurement (proton spectrum)
» Closing the gap to direct measurements

» Work in progress...

» Anisotropy

» Full-sky observation in combination with other experiments
» lce'lop data between 1 PeV and 10 PeV
» Work 1 progress...



Future Detector Improvements

» Surface enhancement 1n progress:

» New elevated scintillator panels

» Improved air shower energy reconstruction

» Lower cosmic ray energy threshold

» New radio antennas

» Improved air shower energy reconstruction

» Increased angular acceptance
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primary

Future Detector Improvements iy

y/ \! h d
» lceCube-(GGen?2: adrons

» 8 km’ in-ice instrumented volume:
» ~10,000 optical sensors at depths of ~1.3 km to ~2.6 km
» New strings with a spacing of 240 m

» 8km~” surface array:

» Elevated scintillator panels

» Radio antennas

» Increased solid angle, larger inclinations

» Increased statistics at the highest energies
» Better understanding of the energy scale
» Reduced in-ice systematics

» Much more ...

[IceCube-Gen2 Collaboration, J. Phys. G 48 (2021)]
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Muon Measurements IceTop and IceCube

» GeV muon density (Ice'lop) and 1eV muon multiplicity (IceCube)

» T'he z-scale:
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https://arxiv.org/abs/2307.14689

Muon Measurements IceTop and IceCube

» Comparison with other experiments

{EPOS-LHC
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https://arxiv.org/abs/2108.08341

Snow Accumulation

» Snow accumulation in IceTop 2010 - 2012
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[IceCube Collaboration, Phys. Rev. D 100, 082002 (2019)]



https://arxiv.org/abs/1906.04317

Energy Resolution

» LEnergy resolution and bias  Ice' lop
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