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lceCube Neutrino Observatory
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« ~1 km?2 air-shower array

« 162 ice-Cherenkov tanks GeV muons

» |ceCube

« ~1 km3 Cherenkov detector

»  ~5000 Digital Optical Modules

TeV muons
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» Combined: unique EAS detector!
*  Primary energy PeV - EeV In-ice
- Electromagnetic component 2450 m

¢ ~GeV muons

« ~TeV muons



» Muons In air showers

Mass composition

Tracers of hadronic cascade

» The Muon Puzzle

Disagreement in muon simulation/measurements

Muon deficit in MC at UHECR energies

Mainly ~GeV muon measurements

> Unigque input from lceCube:

Observe muons in different kinematic regimes
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Event selection & initial reconstruction

: = -
> Reconstruction 2 ik

+ |ceTop air shower reconstruction L

a) S,55= (65.1 + 2.8) VEM
B =266+ 0.07

Core position 10-

Direction (6, ¢) 15 . tigh GainDOMs

|
¥  Low Gain DOMs :

10% 10°

Shower size $,5 R/m

* In-lce energy-loss reconstruction

Muon bundle energy loss in 20 m segments

» Cuts

- Core contained in lceTop

« (Coincident muon bundle

 Succesful reconstructions

- cosd > 0.95 (@< 18%)
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» Neural network m 7.0
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In-Ice: energy loss vector
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Correction factor

> Derive (N,) in E bins

> Resulting biases in MC

 Reconstructed in bins of reconstructed

 Ratio versus true values

» Correction factors
»  Fit with parabola

* Depend on primary!
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Iterative correction

» Correction factor is function of InA

Iterative correction - H4a
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MC tests
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multiplicity regardless of mass
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Application to data

> Results obtained using:

» 1 year of data

May 2012 - May 2013
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> Systematic uncertainties

» lcelop snhow

» |celTop VEM definition

 In-ice light yield: ice model & DOM efficiency
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Correction factors: hadronic models

» Correction factors can be obtained from MC based on
other hadronic models
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- EPOS-LHC
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Results

> (N,) (>500 GeV) in near-vertical EAS

CR energy 2.5 PeV - 100 PeV
Depends on hadronic model

Shaded area: systematic uncertainty
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Results

> (N,) (> 500 GeV) in near-vertical EAS
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GeV vs TeV muons

> lceTop muon density analysis
[Phys. Rev. D 106 (2022)]

lceTop alone

Density of muons at 600 and 800 m from shower axis

Dominated by low-energy (~GeV) muons
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GeV vs TeV muons

» Comparison of two analyses

High-energy muons vs surface muons at large distance

Near-vertical air showers

GeV u indicate lighter composition in post-LHC models
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Muon measurements

> Differences in muon energy spectrum in EAS
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(data - p) / (Fe - p)

» Compare observables in data to p/Fe simulation

» |nconsistencies in all models tested
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Density of GeV muons in IceTop (1) s rev.o10s oz

> Statistical analysis based on "muon thumb” in charge-distance histograms
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IceTop

Energy loss vector

1450 m

> Inlce RNN input

«  Millipede output written as vector
of length 57 (20 m segments)

Slant depth (m)
2550 2450 2350 2250 2150 2050 1950 1850 1750 1650 1550 1450

MAARAMAGGE BN AMANEMM (N U BABE

B
22 24 2.6 28 3.0 32 34 36

logioEdP / GeV IceCube Preliminary

reco

[ceCube

1000 m

21



> Neural network

* Inputs:
IceTop: 855, 6

In-Ice: energy loss vector

*  Qutput

Primary energy E

# muons > 500 GeV in the shower NM

> Training
«  Sibyll 2.1
* p, He, O, Fe
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Neural network reconstruction
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Correction factor mass dependence

» Constructing correction factor from p & Fe for (N ) in He & O MC
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Comparison of individual results
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Check: separate neural networks (1)

» Nominal result:

« |ceTop input + lceCube input --> neural net --> E, N

> Separate NNSs:

* lcelop input --> neural net --> E

« |ceCube input --> neural net --> N
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Check: separate neural networks (2)

» Nominal result: _Stoyll 2.1

lceTop input + lceCube input --> neural net --> E, N

W

-
(V)
|

Separate NNs
¢ Nominal

> Separate NNSs:

lceTop input --> neural net --> E

[
-
\®
III

lceCube input --> neural net --> N

(N,) (E,> 500 GeV)

IceCube Preliminary

: IH107 | | IIIHIOS
» Consistent results E/GeV
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Check: energy reconstruction

> Performed different checks related to energy reconstruction

Separate neural network from Nﬂ reconstruction

Energy reconstruction based on S125, as used in GeV muon density analysis

Neural network based on EPOS-LHC

— all agree with the nominal result!

Plots will be included in paper.
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Combined muon data analysis
> by Working group on Hadronic Interacions and Shower Physics (WHISP)
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Combined muon data analysis

> After cross-calibration of energy scales
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