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neutrino telescopes & the IceCube Observatory 

observing the Universe 

neutrino observations 

cosmic ray observations 

astrophysics & interdisciplinary sciences 
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outline 
cosmic ray observations with IceCube

3

cosmic rays at Earth 

atmospheric muons and neutrinos 

mass composition and energy of cosmic rays 

the anisotropy of cosmic rays 

cosmic ray muons 



cosmic rays 
the long journey
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cosmic rays 

remotely 

at the source

cosmic rays 

locally 

on Earth



electromagnetic shower

hadronic shower

soft hard

extensive air showers 
penetrating cosmic radiation
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• atmospheric air showers of particles are extended

proton-induced 
shower of 1019 eV



extensive air showers 
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lateral profilelongitudinal profile

detected via: 
Cherenkov light 
fluorescence light of N2

detected via: 
particle detector array on 
the ground

Engel, Pierog, Heck, ARNPS 2011

proton @ 1019 eV



primary cosmic rays 
spectrum and composition

Gaisser, Stanev, Tilav 
arXiv:1303.3565

disentangle astrophysics and 
particle physics
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primary cosmic rays 
spectrum and composition

Gaisser, Stanev, Tilav 
arXiv:1303.3565

disentangle astrophysics and 
particle physics

direct 
measurements

indirect 
measurements
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extensive air showers 
a natural laboratory
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accelerator

magnetic 
fields

propagation

proton on 
proton target

detection

accelerator (?)

propagation

interstellar medium 
magnetic fields (?)

Earth atmosphere 
dynamic target

σp-air

atmospheric properties

rock/water/ice properties

nuclear & hadronic 
processes

detection



cosmic rays spectrum 
direct observations
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CREAM, ATIC, Bess-Polar 
TRACER, TIGER

PAMELA, Fermi, 
Gamma-400,... 

AMS2, Calet, 
ISS-CREAM, ...

(from PDG)



cosmic rays spectrum 
direct observations

‣ energy spectrum has fine structures 

‣ broken power law or spectral concavity
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CREAM, ATIC, Bess-Polar 
TRACER, TIGER

PAMELA, Fermi, 
Gamma-400,... 

AMS2, Calet, 
ISS-CREAM, ...

slope change 
rigidity dependent (∝ Z)

Aloisio, Blasi, Serpico, A&A 2015

solar 
influence



cosmic rays spectrum 
direct observations

‣ energy spectrum has fine structures 
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CREAM, ATIC, Bess-Polar 
TRACER, TIGER

PAMELA, Fermi, 
Gamma-400,... 

AMS2, Calet, 
ISS-CREAM, ...

slope change 
rigidity dependent (∝ Z)

solar 
influence

Aloisio, Blasi, Serpico, A&A 2015



cosmic rays mass 
direct observations
‣ cosmic rays mass composition 

not very different from our solar 
neighborhood 

‣ d i f f e r e n c e s f r o m n u c l e a r 
fragmentation in collisions with 
interstellar medium 

‣ isotopic composition provides 
hints on origin and propagation of 
cosmic rays (OB associations)
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‣ information on age of cosmic rays & on 
diffusion properties at low energy 
(~GeV) 

‣ at high energy changes in mass 
composit ion f rom r ig id i ty-escape 
escape from the Galaxy
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cosmic rays spectrum 
indirect observations
‣ at high energy flux too small for 

direct observations 

‣ ground-based, under-ground / 
water / ice detection

Stanev, Gaisser

≈E-2.7 ≈E-3.1

≈E-2.7
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‣ atmosphere & interaction properties 

‣ energy & mass observations tangled 

‣ lower energy & mass resolution



cosmic rays spectrum 
all-particle energy spectrum
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cosmic rays spectrum 
all-particle energy spectrum
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Cherenkov 
light



cosmic rays spectrum 
all-particle energy spectrum
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simulation CORSIKA - Sybill

�log10(S125) = 0.05

the relationship between S125 and primary 
energy depends on mass and zenith angle
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Aartsen et al. PRD 88 (2013) 042004

cosmic rays spectrum 
all-particle energy spectrum



all-particle spectrum depends on the assumed mass composition of primary particles
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cosmic rays spectrum 
all-particle energy spectrum



all-particle spectrum depends on the assumed mass composition of primary particles
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cosmic rays spectrum 
all-particle energy spectrum



all-particle spectrum depends on the assumed mass composition of primary particles
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cosmic rays spectrum 
all-particle energy spectrum



cosmic rays composition 
coincident events
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Xmax



cosmic rays composition 
coincident events
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@ sea level @ high altitude

simulations - Ralph Engel

@Antarctica

@sea level
Sciutto, Braz. J. Phys. 37 (2007) 2b, São Paulo

Ne

Nµ

Xmax
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@ high altitude

Ne

Nµ

∝Ne

∝N
µ

cosmic rays composition 
coincident events

@Antarctica

@sea level
Sciutto, Braz. J. Phys. 37 (2007) 2b, São Paulo
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∝Ne

∝N
µ

effect of hadronic 
interaction models

cosmic rays composition 
coincident events

IceCube 
preliminary



25

cosmic rays composition 
other experiments

Fe

p

cosmic ray composition in 
indirect measurements is 
DIFFICULT 

understanding hadronic 
interaction models at high 
energy is NOT EASY
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cosmic rays composition 
other experiments

log10(E/eV)

cosmic ray composition in 
indirect measurements is 
DIFFICULT 

understanding hadronic 
interaction models at high 
energy is NOT EASY



cosmic rays anisotropy 
arrival direction distribution
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shower 
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α - right ascension

δ -
 de

clin
ati

on

φ - azimuth

θ - zenith

• cosmic rays expected to be almost isotropic 

• scrambled by galactic magnetic field 

• what does isotropy look like in IceCube ?
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hNi
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cosmic rays anisotropy 
arrival direction distribution

raw map of events in equatorial coordinates (α,δ)i 

reference map from events scrambled over 24hr in   
                        α (or time) 

subtract reference map from raw map to determine  
              the residual relative intensity map 



�I

hIi ⌘
Ni � hNi

hNi
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cosmic rays anisotropy 
arrival direction distribution

detector acceptance

direct exp measurement 
+ detector acceptance
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cosmic rays anisotropy 
arrival direction distribution

• 6 years of IceCube 

• 300 billion events 

• anisotropy on the level of 10-3  

• median cosmic ray energy 

• trace sources ? Magnetic fields ?

20 TeV
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cosmic rays anisotropy 
arrival direction distribution

IceCube13 TeV
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cosmic rays anisotropy 
arrival direction distribution

IceCube13 TeV24 TeV
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cosmic rays anisotropy 
arrival direction distribution

IceCube13 TeV24 TeV38 TeV
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cosmic rays anisotropy 
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cosmic rays anisotropy 
arrival direction distribution

IceCube13 TeV24 TeV38 TeV71 TeV130 TeV240 TeV580 TeV1.4 PeV
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cosmic rays anisotropy 
arrival direction distribution

IceCube13 TeV24 TeV38 TeV71 TeV130 TeV240 TeV580 TeV1.4 PeV1.6 PeV IceTop  
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cosmic rays anisotropy 
arrival direction distribution

IceCube13 TeV24 TeV38 TeV71 TeV130 TeV240 TeV580 TeV1.4 PeV1.6 PeV5.4 PeV



0°  0° 

270° 

270° 

v = 29.8 ± 0.5 km/s

Compton & Getting, Phys. Rev. 47, 817 (1935)
Gleeson, & Axford, Ap&SS, 2, 43 (1968)

a known anisotropy 
Earth’s motion around the Sun
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‣ produced by Earth’s revolution around the Sun 

‣ visible as solar diurnal modulation 

‣ predictable and used as benchmark
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cosmic rays anisotropy 
large and small angular scale
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cosmic rays anisotropy 
large and small angular scale
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angular power 
spectrum



cosmic ray muons 
bundle multiplicity
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cosmic ray muons 
bundle multiplicity
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minimum ionizing minimum ionizing stochastic energy losses



cosmic ray muons 
multiple muon spectrum

37 angular distribution not well described by models ~ statistical limitations



cosmic ray muons 
high energy muon spectrum

38 high energy excess of “single” muons - prompt component ?



cosmic ray muons 
low energy muons in CR showers
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muons at the edge 
of atmospheric 

showers



cosmic ray muons 
low energy muons in CR showers
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near-vertical showers

sh
ow

er 
en

erg
y

muons lateral distribution 
function 

at 1-30 PeV CR energy



Thank You 
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next: 

- astrophysics 

- interdisciplinarY sciences 

- life at the south pole


