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Basics

Neutrino-
Induced Muons
(40 per hour)

CR Air Showers
(1000 per second) Coincident Air Showers

(100 per second)

Approximate
Values for IC40
(Trigger Level)
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IC22 Trigger Level
Track Reco (SPE llh) below Horizon



 Atmospheric Muons
Patrick Berghaus

University of Delaware

4

misreconstructed
tracks

main peak

All-Sky Analysis: Final Cut Levels

Cut Level I
Cut Level II
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IC22, All Sky (2008)

arXiv:0902.0021
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CORSIKA:
Hadronic Interaction Models

SIBYLL

QGSJET-II 

EPOS 1.9

IceCube Default

Common Alternative

New in 2009

40 showers/sec

3 showers/sec

1 shower/sec
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Zenith Angle

3 
Models

Ratio
over

SIBYLL

Multiplicity
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Radius

3 
Models

Ratio
over

SIBYLL

Muon Energy

high-p
t
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CORSIKA 
Atmospheres

20%Thickness:
Integrated
Density (x,∞)

Region of
First Interaction
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4 
Models

Ratio
over

SP Oct 20%

Zenith Angle Muon Energy

Full Shower Simulation
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11S. Tilav et al., arXiv:1001.0776

Atmospheric
Temperature

IceTop
(barometric)

InIce
(temperature)

T
eff

: Temperature weighted by muon

production probability

20%
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1.5km
(300 GeV)

2.5km
(1 TeV)

10km (81°)

20km (85.5°)
(40TeV)

20km (82°)

10km (74°)
(5 TeV)

Slant Depth
(+muon threshold energy)
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Slant Depth Zenith Angle

Horizontal Muons
Slope due to absorption in ice

vertical depth/cos(zenith)
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Dust Layers

Vostok Ice Core 
(source: wikipedia)
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Slant Depth
(simulation)

50 TeV

Track 
Multiplicity
in Detector

Max. Muon
Surface
Energy

15 km (limiting factor: angular resolution)



 Atmospheric Muons
Patrick Berghaus

University of Delaware

16

Slant Depth Zenith Angle

diff

int

- Transition: Data and MC
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Rigidity Mass Constant
Composition-Dependent

Cutoff

Composition Models (poly-gonato)

astro-ph/0210453
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MC Event Rates in IC40 (High-Quality)

Discrepancy due
to MC limitations

Knee Extragalactic Flux
becomes dominant (?)
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IceTop

InIce reconstructed track

Size of circle: p.e. in DOM
Color of circle: Time

≈1EeV event, August 2008
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400 ns

500 pe

High-p
t

muons

Shower
Core

Scattered
Photons

DOM Waveforms
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hep-ph/0407075

minimum ionizing
(majority of air shower muons)

proportional losses

few TeV

continuous stochastic
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Simulated detector 
Response to

vertical showers 
(total pe)

MC Event Rates 

threshold
effect

Q N
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Data/MC: p.e. in Event

Problem with high-E

waveforms?

Lighter Primaries

⇒Lower Multiplicity

(N

A0.25)

R
at

io
 D

at
a/

M
C

E2.5-weighted

knee
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≃-3.7 ≃-4.0

Single Muon Energy

Cutoff of Energy per nucleon 
 in poly-gonato models
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(simulation)

200 TeV

Track 
Multiplicity
in Detector

Max. Muon
Surface
Energy
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Data/MC: ẽ
surf

 measures ẽ single

muon energy

⇒model order inverted

MC/Data close to 1

Composition in IC59R
at

io
 D

at
a/

M
C
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astro-ph:0803.2943

IC22 (1month), PRELIMINARY!

Muon Spectrum
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Source: T. Gaisser

 

For muons at 60°, charm 
Component becomes dominant 

only at ≈500TeV

Charm

Charm represents major
systematic uncertainty for
neutrinos above 100 TeV
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Prompt Muons: Out of Reach?

Conventional
Muons
(near horizon)

1 PeV

         Ratio 
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CR Composition Sensitivity of IceCube

IceTop Standalone:
Angular Dependence of Energy Spectrum

IceTop/InIce Coincidence:
Relation between total (EM) shower energy and high-E muon multiplicity

InIce High-E tracks:
Multiplicity (energy loss) spectrum of muon bundles

InIce near-horizontal tracks:
Muon energy spectrum cutoff for poly-gonato-like composition
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Backup Slides
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d z

dE0

=Z
0 [1 E0

E trans

c

]
−
c

poly-gonato 
(Hoerandel) 

Model

Slope 
ChangeSmoothness 

of Transition

Transition Energy

CR-Knee

astro-ph/0210453

Primary composition becomes heavier
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Slant Depth and Bundle Multiplicity
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SLOPE 1:
Random Alignment 

Parabola
(Gaussian)

Bad

Point Spread Function (MC)

Log PSF
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Source: D. Rocco

20%

2008 Data

Muon Rate

Effective Temperature T
eff

 

T
eff

: Temperature weighted by muon

production probability
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Example: 
parab  

(                )

MC

Data MC/Data
Data Excess

Data Deficit

1-dim

Area of Error Ellipse in
Likelihood Reconstruction

depth
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Number of
p.e. in Event
(simulation)

High-Multiplicity
Bundles

Track 
Multiplicity
in Detector

Max. Muon
Surface
Energy All Tracks below 70°

(IceCube Muon Filter)

100
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