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The IceCube Observatory

> Depth: 1450 to 2450 m IceCube Lab
P _\::.;:f.—..—___.-__; o IceTop

> 86 strings 50m = e = 4

(60 optical modules each)
> 17 m vertical distance eSSy

btw. optical modules
> 125 m distance btw. strings
> Volume: 1 km?3 1450 m #

: : | DeepCore

> More dense instrumentation —

In center (DeepCore) | -
>1 km? surface array (IceTop) =~ Ll ]324"‘

> Completed: 18 Dec. 2010 2620 m
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The IceTop Detector Array (~ 1 km?)

600

400

200

-200

-400 -

-600
-600 -400 -200 0 200 400 600

X [m]
81 stations (162 tanks)
typical spacing: 125 m
fill ratio ~ 4x10-4
altitude: 2835 m (X = 680 g cm)

NIM A 700 (2013) 188
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Reconstruction Performance

Typical resolutions; might differ slightly between analyses / event selections
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Core position:
between 5 and 10 m

Direction:
better than 1°

Bias near zero

Resolution best
between 10
and 300 PeV



Muon Bundle Reconstruction

Energy Loss (GeV /m)
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Energy Loss Profile
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> Reconstruct energy loss as

function of slant depth

> Measure for the number of muons in
bundle
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Cosmic Ray Energy Spectrum

IceTop only: primary energy from shower size (hnumber of particles) at ground level

Phys. Rev. D 88 (2013) 042004
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> Conversion from shower size to primary energy depends on
zenith angle and composition assumption

> Zenith dependence can be used as cross check for composition

assumption
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IceTop-only Energy Spectrum

Three years of data (2010 — 2012)
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3 PeV 30 PeV > CR energy spectrum does not follow a
- VEM calibration +4.0% — 4.2% +5.3% — 5.3% i
SyStem.at'_C Snow +4.6% — 3.6% +6.3% — 4.9% Smgle power law
uncertainties: Conmosiion o e = Hardening at around 20 PeV,
Ground pressure +2.3% — 2.0% +0.4% — 1.0% softening past 100 PeV

*Composition uncertainty is not constant with energy but the
largest value was chosen as a fixed, conservative estimate.
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Cosmic Ray Composition

Coincident analysis with deep-ice detector: number of high energy muons as measure for mass number A

Spice Mie ice

> Unfolding the energy loss pattern

* Muon bundle energy loss depends on number of
muons

= Stochastic behavior: count number of peaks above
some threshold Photonics
(2 selection procedures)
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Composition sensitive variable: dE/dx at 1500 m slant depth
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Analysis Using a Neural Network
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Spectra for Individual Mass Groups (p, He, O, Fe)

Three years of data (2010 — 2012)
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> Proton and helium turning down steeply at lower energies

> Oxygen and iron maintain harder spectrum up to higher energies
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Mean Mass and Systematic Uncertainties

Three years of data (2010 — 2012)
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Mean Mass and Systematic Uncertainties

Three years of data (2010 — 2012)
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GeV Muons on the Surface

(E) =3 PeV, B) =13°
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GeV Muons on the Surface

> Muon density at 600 m and 800 m
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GeV Muons: EPOS-LHC & QGSJet-1l.04

Same data points. Different int. models for reference
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Summary and Conclusions

f.>he 'Ic‘:el:‘)'e Obatofy .Can‘ uItahéIyrﬁeareEM coohen"c, ST
-~ GeV surface muons, and TeV muon bundle

= Will help to test cosmic-ray composition and hadronic interaction models

=3 E g )
- > All particle spectrum and composition from the knee to 1 EeV
= Changes of spectral index at 20 PeV and ~100 PeV p=

% 33 SEL as aae as bl

. Héavy composition at high energies observed ;B

P——

-

——

“ Muon density at 600 m and 800 m measured

* Independent test of composition / hadronic interaction models
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IceTop Data Acquisition
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Air Shower Reconstruction
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IceTop and the Snow

| 2010 November | | 2011 November | | 2012 November |

%ot~ snow density p = 0.4 g cm3

Snow height (m)

-600 -400 -200 200 & 600

0
X (m)

Approach: Parameterize MC simulations

> Snow is largest detector-related systematic - o | om | . o
uncertainty in lceTop : \\
> Snow height on each tank ; utl som | rom
measured twice per year : 5 |
> Signal attenuation different for muons and e.m. o Q\Q o
particles ° - - P
200m | 250m | 300m | 350 m
= Signal becomes more muon dominated :{\\\\\\\
= Simple exponential snow correction not sufficient T - ' '
- 400 m > ..o 450 m 500 m
PoS(ICRC2015)628 j\\\\
o 1 2 30 1 2 30 1 2 3
Snow depth (m)



Zenith Dependence as Cross Check for Composition

Phys. Rev. D 88 (2013) 042004
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IceTop-only Energy Spectrum

One year of data (IT-73)

Phys. Rev. D 88 (2013) 042004
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uncertainties: Composition® +7.0% *+7.0%
Ground pressure +2.3% — 2.0% +0.4% — 1.0%

*Composition uncertainty is not constant with energy but the
largest value was chosen as a fixed, conservative estimate.

Timo Karg | CR Energy Spectrum and Composition with lceCube | 21 September 2016 | Page 24

[GeV' ' m?sr!sT

dN
dE dA dQ

E%7 x

10°

10°

bl

L ]

I

il

IceTop 73, SIBYLL 2.1, H4a composition assumption
KASCADE-Grande, SIBYLL 2.1
KASCADE, SIBYLL 2.1

!

'y
o
»

]IUIII]

1

I

GAMMA 2008
Tunka-133

Tibet Ill, SIBYLL 2.1
l A s L l A A

|

1 l L 1 s 2

N W

6.5

7

7.5

8

8.5

Iogw(E/GeV)

> CR energy spectrum does not follow a
single power law

= Hardening at around 20 PeV,
softening past 100 PeV

= Contribution of different source populations?
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Elemental Spectra: Snow Correction Uncertainty

dark gray: -0.2 m, light gray: +0.2 m
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Elemental Spectra: IceTop Energy Scale Uncertainty

dark gray: -3%, light gray: +3%
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Elemental Spectra: Hadronic Model Uncertainty

light gray: QGSJet-11.03
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Elemental Spectra: In-ice Light Yield Uncertainty

dark gray: —-12.5%, light gray: +9.6%
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Comparison to Other Experiments

< 4= . Tunka-133, elemental composition
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> Tension between different experiments

= Different experimental technigues — measurement of:
depth of shower maximum (air fluorescence), non-imagaing air-Chrenekov, TeV muon bundles
probe different components of the air shower

= Different hadronic interaction models used to describe the data

Models evolve rapidly thanks to LHC data
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GeV Muons on the Surface

IceCube Preliminary

p QGSJetll.04

Fe QGSJetll.04 |

Fe EPOS-LHC
p EPOS-LHC
p Sibyll 2.1
Fe Sibyll 2.1

10°°

" X=700gcm? (8 =13°) I | HiRes-MIA X=860gcm=2

10° 10’ 10°
E/PeV
> Muon density 600 m from shower core

> Air shower simulations for reference

10°

> Will improve composition measurements in the future
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High-energy muon Muon bundle

Bundle multiplicity proportional to number of nucleons A
Select events w/o large stochastic losses to suppress high-energy muons

Energy deposition in deep-ice detector proportional to muon number

Erut := Eprim ) (A/56)%a — gscale(COS 9) ) N/i/doét

Unfold Enut spectrum from measured muon bundles

Astropart. Phys. 78 (2016) 1
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Interpretation of Emuit Spectrum

> Comparison to cosmic-ray models
converted to Emuit via

l-a
Emult L= Eprim . (A/56) “
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e Muon Multiplicity (Fe Hypothesis)
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> IceTop 73
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Cosmic Ray Physics with IceCube-Gen2

113 I CeTO p_2” ...............

Surface ..-"
Veto Array

HEA (High-Energy.
Array)

> 10 km?3 in-ice array with 10 km? “IceTop-2” cosmic-ray array on top

* Increase accessible cosmic-ray energy range by factor 3

= Increase coincident events by factor 50 (due to increased zenith range)
> Surrounded by = 75 km? veto (less sophisticated air shower detectors)

= Enable lateral muon distribution measurements for every event
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