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» Very well understood ~  Extensive Air
Shower (EAS)

» Forward direction

over the last 20 years
1s not accessible!

» ~ 30% more muons than expected!

» EAS: LHC energies but

forward direction |D. Soldin et al., PoS(ICRC2021)349 (2021)]

» Discrepancies not understood!

» EAS observations of particles at ground

[Pierre Auger Collaboration, Phys. Rev. Lett. 117 (2016)]



The Muon Puzzle in EAS

» Muon content in EAS: z-scale
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» (Most) muon measurements indicate mass composition heavier than iron at high £
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» Muon content in EAS: z-scale
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» Muon content in EAS: z-scale
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» (Most) muon measurements indicate mass composition heavier than iron at high £
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» Muon content in EAS: z-scale
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Muon Puzzle
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(>400 scientists, 54 mstitutions)
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lceCube Observatory .

» (Cubic-kilometer particle detector at the South Pole component

» Measures light produced by EAS particles in the 1ce

Cable Penetrator Assembly

GeV muons
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» Only IceCube can do this measurement!
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Low-Energy Muons In Icelop

» Low-energy (GeV) muons measured in Ice'lop
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[IceCube Collaboration, Phys. Rev. D 106 (2022)]
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"Old" (pre-LHG) Sibyll 2.1 model agrees with expectation (gray band)

"New" (post-LHC) models show discrepancies with expectation

» Indicates too many muons 1n post-LHC models
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High-Energy Muons in IceCube

» High-energy (1eV) muons measured 1n the deep 1ce detector

| Sibvyll 2.1 | EPOS-LHC
1.4 T T - T T 1.4 T T T T
ol Ny > 500 GeV lceCube Preliminars | | Ny > 500 GeV [ceCube Preliminary |
1.0 = r&— 1.0 =
™~ ™~ .
mam T - 'R
= 08F L mmompozzoEEeaeeas + 1 08f e
=2 =T ¢ ¢ ¢ - I -~ T o O L L~ -
= 06k-___ e g0 0@ T T T o i W -7 N N -
0 ()'()F,L"_ oo . @ - L - e J-e 03] U'(’k e o 0@ : o T T
B 04-—0-0--0'1"—.— - | 04:—5——'-"—-"-‘-' """" _
:/“ N S R - ’
= 0.2r 1 0.2F -
0.0 0.0
_09F 4 _0oF -
] H3a  ----- GST-3  ----- GSF O2r s H3a  ----- GST-3  ----- GSF
04755 7.0 75 3.0 0475 7.0 75 3.0

» All model agree with expectation within uncertainties

» Inconsistencies between low- and high-energy muon measurements!

» Detailed analysis of coincident events in progress...

» Wil strongly constrain / exclude muon production models
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[S. Verpoest (IceCube Collaboration), ECRS2022]
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Ongoing Detector Improvements

» Surface enhancement in progress:

» New scintillator array
» Better GeV muon separation in EAS

» New radio antenna array
» Improved EAS energy reconstruction

» Increased angular acceptance
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[A. Haungs et al., EP] Web Conf. 210 (2019)]
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Future: IceCube-Gen2

» IceCube-Gen2:

ICECUBE
GENZ2

» Significant larger m-ice and surtace detectors
» Increased solid angle, larger inclinations

» Increased statistics at the highest energies

»  Close the gap to Pierre Auger Observatory

1N muon measurements!

» Improved uncertainties:
» Better muon separation

» Better understanding of the
absolute energy scale

» Reduced in-ice systematics

» Improved analysis methods under development

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

» Coincdent measurements provide spectral muon mformation

hadrons

» Unique tests of multi-particle production (forward region)! electromagnetic
component

»  Will strongly constrain / exclude muon production models

» (Cruaal contribution to solve the Muon Puzzle eV mMuons
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The Muon Puzzle in EAS

» Subtracting expected values z,,.., obtamed from GSF flux model (consistent with X, ., measurements)
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» Slope of the excess 1s significant with more than 8¢!
[D. Soldin et al., PoS ICRC2021 (2021) 349]
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EAS Energy iIn IceTop

» EAS energy determined from surface signals

» Lateral Distribution Function (LLDF)
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GeV Muons in IceTop

» Individual tank signals (vertical-equivalent-muon, VEM)
» Characteristic signal distributions for em part and muons

» Separation of GeV muons from other particles in EAS
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GeV Muons in IceTop

» Individual tank signals (vertical-equivalent-muon, VEM)
» Characteristic signal distributions for em part and muons

» Separation of GeV muons from other particles in EAS
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GeV Muons in IceTop

» Individual tank signals (vertical-equivalent-muon, VEM)
» Characteristic signal distributions for em part and muons

» Separation of GeV muons from other particles in EAS
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GeV Muons in IceTop

4

Complex signal model, includes:
» electromagnetic response model
» muon response model

» uncorrelated background

Larger muon fraction at large distances
from the shower central region

[IceCube Collaboration, Phys. Rev. D 106 (2022)]
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GeV Muons in IceTop

» Muon densities compared to model predictions E
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TeV Muon Multiplicity

» Coincident machine learning analysis using Ice'lop and

1n-1ce

» Neural network mputs:

» Icelop: zenith angle, energy proxy S125 (laputop)

» In-ice: energy loss profile vector (millipede)

» Neural network outputs:

» Primary CR energy
» Multiphcity of m-ice muons above 500 GeV
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TeV Muons iIn IceCube
U U
» Muon bundle multiplicity compared to model predictions :
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