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IceCube Observatory 
the instrumentation

2

Digital Optical Module 
(DOM) 

with 10” PMT 
& 

local DAQ electronics



IceCube Observatory 
the instrumentation
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two tanks of one IceTop station

km3

observatory



event rate in IceCube 
growing experiment

2007-08 2008-09 2009-10 2010-11 2011-12 2012-13 >>

IC22

4

4

IceCube completed 
December 18, 2010



cosmic ray muons and neutrinos 

IC22

5
Fedynitch, Becker Tjus, PD, PRD 86, 114024

neutrinos
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muons



neutrino detection 
event topologies

C. Kopper≳

track cascade hybrid

6



cosmic rays 
a long journey
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cosmic rays 

remotely 

at or nearby th
e source

cosmic rays 

locally 

on Earth



cosmic rays 
a natural laboratory
accelerator

magnetic 
fields

propagation

proton on 
proton target

detection

accelerator (?)

propagation

intergalactic & 
interstellar medium 
magnetic fields (?)

Earth atmosphere 
dynamic target

σp-air

atmospheric properties

rock/water/ice properties

nuclear & hadronic 
processes

cosmic ray 
detection 8



primary cosmic rays 
spectrum

• ~E-2 (+cutoff) cosmic ray spectrum at 
the sources 

• cosmic ray spectrum at Earth 
steeper 

• knee traces the end of galactic 
contribution ? 

• ankle traces cross-over with extra-
galactic contribution ?

Gaisser, Stanev, Tilav, 2013 - arXiv:1303.3565

direct observations indirect observations
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searching for neutrinos 
background rejection

μ

νμ

up-going 
through-going 

(tracks)
• use Earth as natural 

background absorber 

• search for up-going 
trajectories 

• wrongly reconstructed 
trajectories 

‣ sensitive to νμ 

‣ sensitive to northern sky
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μ

ν

ν

starting 
(veto)
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neutrino identification 
active veto

μ

μ

νμ

✓

✗
• outer detector veto to reject 

muon tracks passing the 
experiment boundary 

• collect bright events with 
total charge > 6000 p.e. 

• identify only events starting 
inside the instrumented 
volume 

• active volume 420 Mton! 

‣ sensitive to all flavors 

‣ sensitive to whole sky
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neutrino identification 
southern self veto 

μ

μ

νμ

1 TeV

10 TeV

100 TeV

Total Flux

After Veto

1 TeV

10 TeV

100 TeV

100 TeV

10 TeV

1 TeV

sin δ

sin δ

sin δ

Conventional νµ

Conventional νe

Prompt νµ           and νe      Schönert et al. Phys.Rev.D 79 (2009) 043009 
Gaisser et al. Phys.Rev.D 90 (2014) 023009

south north
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neutrino identification 
diffuse flux

νν

νµ south

rejection of 
HE atmospheric µ and ν 
conventional & prompt 

retention of 
HE astrophysical ν

north

rejection of 
HE atmospheric µ 

retention of 
HE atmospheric ν 
HE astrophysical ν

veto efficiency increases with energy 

a window to high energy astrophysical neutrino discovery
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neutrino identification 
astrophysical neutrinos

νν

νµ south

rejection of 
HE atmospheric µ and ν 
conventional & prompt 

retention of 
HE astrophysical ν

north

rejection of 
HE atmospheric µ 

retention of 
HE atmospheric ν 
HE astrophysical ν

veto efficiency increases with energy 

a window to high energy astrophysical neutrino discovery

4 years of HE starting events 
Eν > 60 TeV

ICRC 2015
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neutrino identification 
astrophysical neutrinos

• 53(+1) events found 

• estimated background 

9.0+8.0-2.2 atm. neutrinos 

12.6±5.1 atm. muons 

1 atm. muon passing veto 

coincident CR showers 

6.5 σ significance

Aartsen et al. Science 342 (2013) 1242856
Aartsen et al. PRD 88 (2013) 112008

Aartsen et al. PRL 113 (2014) 101101

4 years of HE starting events 

ICRC 2015
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neutrino identification 
astrophysical neutrinos

south

north

14 tracks
40 cascades

Earth’s absorption

self-veto region

4 years of HE starting events 
Eν > 10 TeV

ICRC 2015



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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E2.6 · d�CR

dE
(E)

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

‣ atmosphere & interaction properties 

‣ energy & mass observations tangled 

‣ lower energy & mass resolution
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extensive air showers 

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
19



cosmic rays spectrum 
all-particle energy spectrum

20

IceTop



simulation CORSIKA - Sybill

�log10(S125) = 0.05

the relationship between S125 and primary 
energy depends on mass and zenith angle

21

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

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

cosmic rays spectrum 
all-particle energy spectrum
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cosmic rays composition 
coincident events

Xmax

24



cosmic rays composition 
coincident events

@ 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
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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
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cosmic rays anisotropy 
arrival direction distribution

prim
ary 

cosm
ic ray  

particle

pr
im

ary
 

co
sm

ic 
ray

  

pa
rtic

le

muon 
propagation 

in ice

shower 
development 

in the 
atmosphere

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 ?

30



�I

hIi ⌘
Ni � hNi

hNi
31

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 

1 month of data

1 month of data

6 years of data



�I

hIi ⌘
Ni � hNi

hNi
32

cosmic rays anisotropy 
arrival direction distribution

detector acceptance

direct exp measurement 
+ detector acceptance



measuring cosmic ray anisotropy 
relative intensity

33

Abbasi et al., ApJ, 746, 33, 2012 equatorial coordinates

δ
α

disclaimer

‣ sky maps show ONLY modulations across right ascension and NOT declination

ΔN/⟨N⟩ = 7×10-3
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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

PRELIMINARY

to be submitted to ApJ

PRELIMINARY
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cosmic rays anisotropy 
arrival direction distribution

IceCube13 TeV24 TeV38 TeV71 TeV130 TeV240 TeV580 TeV1.4 PeV1.6 PeV IceTop  5.4 PeV

PRELIMINARY

• high energy observations MISSING in 
the northern hemisphere 

• overlapping observations extending 
across the equator will help 

• capable of energy/mass measurement

PRELIMINARY



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

36

‣ produced by Earth’s revolution around the Sun 

‣ visible as solar diurnal modulation 

‣ predictable and used as benchmark
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cosmic ray anisotropy 
AMANDA-IceCube 2000-2011 20 TeV

2000 2001 2002 2003

2004 2005 2006 2007

2008 2009 2010 2011

37

ICRC 2013
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large vs small scale anisotropy

averaged modulation over 
a given angular range 
low angular gradient

fine structure 
high angular gradient
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cosmic rays anisotropy 
large and small angular scale



cosmic rays anisotropy 
large and small angular scale

39

angular power 
spectrum



equatorial coordinates

40

IceCube-59

Tibet-III 5 TeV

20 TeV
Abbasi et al., ApJ, 746, 33, 2012

Amenomori et al., ICRC 2011

relative intensity

IceCube-59

Milagro

20 TeV

1 TeV

Abbasi et al., ApJ, 740, 16, 2011

Abdo et al., PRL, 101, 221101, 2008

TeV sidereal anisotropy 



large scale anisotropy 
dipole energy dependence

41

Di Sciascio & Iuppa, 2014

 12hr       ←       0hr 0hr       →       -12hr

IceCube Preliminary



‣ stochastic effect of nearby & recent sources & temporal correlations

astrophysics of cosmic ray anisotropy 
probing sources & propagation of cosmic rays ?

42

Wolfendale & Erlykin (1997) Wolfendale & Erlykin (2006)

single source hypothesis explaining 
spectral structure & anisotropy 
connections ?

Erlykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Sveshnikova+, 2013

Ptuskin+, 2012
Pohl & Eichler, 2012

Kumar & Eichler, 2014
Mertsch & Funk, 2014



‣ stochastic effect of nearby & recent sources & temporal correlations

astrophysics of cosmic ray anisotropy 
probing sources & propagation of cosmic rays ?

Blasi & Amato, 2011dipole amplitude

dipole components of the 
anisotropy typically 

overestimated by models
43

Erlykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Sveshnikova+, 2013

Ptuskin+, 2012
Pohl & Eichler, 2012

Auger - ICRC 2013

Kumar & Eichler, 2014
Mertsch & Funk, 2014

not dipole observations



cosmic ray anisotropy 
probing diffusion properties

Erlykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Sveshnikova+, 2013

Ptuskin+, 2012
Pohl & Eichler, 2012

Effenberger+, 2012

44

anisotropic diffusion

diffusion coefficient hardly a 
single power law, homogeneous 
and isotropic

Kumar & Eichler, 2014

isotropic diffusion

anisotropic diffusion

‣ D⊥/D∥ << 1 - parallel projection of anisotropy 

‣ cosmic ray sources concealed by propagation 
effects

Mertsch & Funk, 2014



cosmic ray anisotropy 
experimental biases

45

Ahlers, BenZvi, PD, Díaz Vélez, Fiorino, 
Westerhoff 

arXiv:1601.07877

sky maps show ONLY modulations across right ascension and NOT declination
ΔN/⟨N⟩ = 7×10-3

wrong background 
estimation  to be 

recovered with 
iterative methods



‣ stochastic effect of nearby & recent sources & temporal correlations 

‣ propagation effect from a near by source to produce localized excess 

‣ diffusion coefficient hardly a single power law, homogeneous and isotropic 

‣ interstellar magnetic field affected by inhomogeneities 

‣ local ISMF relatively uniform over spacial scales of order 60-100 pc (inter-arm) 

‣ magnetic turbulence affects propagation and diffusion properties

cosmic ray anisotropy 
local interstellar medium

Erlykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Sveshnikova+, 2013

Ptuskin+, 2012
Pohl & Eichler, 2012

Salvati & Sacco, 2008
Drury & Aharonian, 2008

Salvati, 2010
Malkov+, 2010

Effenberger+, 2012

Frisch+, 2011
Redfield & Linsky, 2008

local ISMF shaped by LOOP I expansion 
sub-shell (with center ~60 pc away in 
Scorpius-Centaurus OB Association) 

local cloudlets fragments of the 
shell moving at similar velocities

100 pc - Wolleben, 2007 14 pc - Frisch+, 2011, 14

Frisch+, 2012, 14

46

500 pc - (Priscilla Frisch)

Giacalone & Jokipii, 1994, 99 
Yan, Lazarian, 2002,04,08
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large scale anisotropy 
topology

47

uni-directional (dipole) & bi-directional (quadrupole) 
anisotropy from CR density and Local Magnetic Field 

gradients

Tibet ASγ     Amenomori et al., ICRC 2007

Redfield & Linsky, ApJ, Vol 673, pag 283 (2008)

29 km/sec
Vela

Geminga

helio tail

26 km/sec

Local Interstellar Medium

4 TeV

anisotropy is complex



‣ stochastic effect of nearby & recent sources & temporal correlations 

‣ propagation effect from a near by source to produce localized excess 

‣ diffusion coefficient hardly a single power law, homogeneous and isotropic 

‣ heliosphere as O(100-1000) AU magnetic perturbation of local ISMF 

‣ influence on ≲ 10 TeV protons (RL ≲ 600 AU) 

‣ cosmic rays >100’s TeV influenced by interstellar magnetic field (change of anisotropy)

cosmic ray anisotropy 
heliosphere

Erlykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Sveshnikova+, 2013

Ptuskin+, 2012
Pohl & Eichler, 2012

Salvati & Sacco, 2008
Drury & Aharonian, 2008

Salvati, 2010
Malkov+, 2010

Effenberger+, 2012

PD & Lazarian, 2013

Pogorelov+ 2011heliosphere

heliotail

local ISMF 
draping around 

heliosphere

48

rL ⇡
200
Z

E(TeV )
B(µG)

AU
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‣ resonant scattering to re-direct CR distribution 

‣ back-scattering @ flanks back from downstream 

‣ global anisotropy with large edge gradients 

‣ magnetic reconnection 

scattering at heliospheric boundary 
heuristic model

PD & Lazarian 2013

49

Lazarian & PD 2010 
PD & Lazarian 2012

PD & Lazarian 2013



‣ IBEX observations of keV Energetic Neutral Atoms 

‣ determination of interstellar flow direction 

‣ determination of interstellar magnetic field direction 

‣ investigating the role of heliospheric turbulence 

anisotropy and local galactic environment 
low to high energy connection

50other study - Zhang, Zuo & Pogorelov ApJ 790, 5 (2014)

Schwadron, Adams, Christian, PD, Frisch, Funsten, 
Jokipii, McComas, Möbius, Zank 

Science, 1245026 (2014)

perturbation from
heliospheric magnetic field



‣ propagation effect from turbulent realization 
of interstellar magnetic field within scattering 
mean free path

cosmic ray anisotropy 
probing magnetic field turbulence ?

Giacinti & Sigl, 2012
Biermann+, 2012

Yan & Lazarian, 2008

mean free path in ISM

51

10 PeV 50 PeV

Ahlers, 2014 
Ahlers & Metrisch, 2015

‣ angular structure of anisotropy 
spontaneously generated from a global 
dipole anisotropy as a consequence of 
Liouville Theorem in the presence of a 
local turbulent magnetic field (sum of 
multipoles is conserved)



cosmic ray anisotropy 
probing magnetic field turbulence ?

52
López-Barquero, Xu, Farber, PD, Lazarian 

arXiv:1509.00892

 MHD turbulence with 
⟨B⟩ = 3 µG and MA ~ 0.7

750 TeV 30 PeV

effect of scattering in 
magnetic turbulence modes 

mean free path as evolution 
horizon

IceCube data 
~20 TeV

IceCube data 
~20 TeV



Thank You 
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PRELIMINARY



possible origin of 
cosmic ray particles

54

‣ bulk of cosmic rays of similar composition of local 
interstellar medium - OB associations within 
superbubbles 

‣ energy needed to maintain galactic cosmic ray 
population - diffusive shock acceleration in SNR 

‣ back reaction of accelerated particles lead to non-
linear magnetic field amplification & efficient 
acceleration 

‣ spectral concavity @ acceleration sites 

‣ propagation in interstellar medium & escape

SN1006X-ray (Chandra)

optical

radio

SN1006

Chandra



cosmic ray acceleration 
in supernova remnants

SN1006

Baade & Zwicky 1934
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X-ray (Chandra)

optical

radio

Fermi 1949

‣ diffusive shock acceleration in 
galactic supernova remnants



possible origin of 
cosmic ray energy

SN1006

56

X-ray (Chandra)

optical

radio‣ energy needed to maintain galactic 

cosmic ray population 

‣ energy released by supernovae that 
goes into particle acceleration

EGCR ⇡ 1041 erg s�1 = 1034 W

ESN ⇡ 1044 J

30 yr
⇥ 10% ⇡ 1034 W

released mechanical energy
galactic supernova rate

energy into acceleration

‣ Emax associated to the knee of 
cosmic rays at ~ 3 PeV



cosmic ray acceleration 
in supernova remnants

57

• efficient acceleration: dynamical 
reaction of CR particle on SNR magnetic 
field 

‣ streaming instability induced by 
acce lerated par t ic les leads to 
magnet ic field ampl ificat ion 
upstream 

‣ i n add i t i on t o magne t i c fie l d 
amp l i fi ca t i on by compress i on 
downstream

➡ non-linear diffusive shock acceleration 

➡ predicts ∝ E-2 (or concave spectra)

SN1006

SN1006

Chandra
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time delay 
vs. direct light

“on time” delayed

Claudio Kopper - WIPAC

Cherenkov light from 
a cascade

detection principle - cascade         νe ντ CC-int  &  νi NC-int

≈ ±15% deposited energy resolution 
≈ 10° angular resolution 
(at energies ⪆ 100 TeV)
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detection principle - track                      νμ CC-int
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time delay 
vs. direct light

“on time” delayed

Cherenkov light from 
a muon track

Claudio Kopper - WIPACfactor of ≈ 2 energy resolution 
< 1° angular resolution



�astro

90%CL

(E) = 7.46⇥ 10�8 ⇥ E�2 GeV �1cm�2s�1sr�1

60

μ

νe,µ,τ

νe,µ,τ

contained 
(cascades)

Aartsen et al. Phys.Rev. D89 (2014) 10, 102001

IceCube-40

2.4 σ excess over 
atmospheric expectation

neutrino identification 
diffuse flux

all-flavor



61

Aartsen et al. Phys.Rev. D89 (2014) 10, 102001

IceCube-40

neutrino identification 
diffuse flux

IceCube-59

Aartsen et al. Phys. Rev. D 89 (2014), 062007

track-like events 
muon neutrinos CC interactions

cascade-like events 
all neutrinos NC interactions & 
electron/tau neutrinos CC interactions

neutrino 
effective area



�⌫⌧

90%CL(E) = 5.1⇥ 10�8 ⇥ E�2 GeV �1cm�2s�1sr�1

62

Aartsen et al. arXiv:1509.06212

IceCube-86 × 3

neutrino identification 
diffuse flux

close double bang events

2.4 PeV
2.4*0.75 ~1.8 PeV

40 m

pulse from 
nearby DOMs

214 TeV - 72 PeV

no contained 
events with double pulses found 

in 3 years of IceCube-86 data

μ

νe,τ

νe,τ

contained 
(cascades)

tau neutrino 
searches
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neutrino identification 
flavor sensitivity

• track-like & cascade-like is an experimental definition 

• in all-flavor searches track-like events are not common 

• all flavors look alike in NC interactions 

• µ in CC interactions may be concealed in showers 

• τ have short tracks except above PeV energies 

• flavor identification requires simulation data

too few track-like events ?
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high energy neutrinos 
transition from atmospheric to astrophysical

64
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high energy “starting” events 
angular distribution

65

‣ compatible with isotropic flux 

‣ Earth absorption from Northern 
Hemisphere 

‣ excess from south (self-veto) 

‣ charm production @north 

‣ forward physics with IceCube

south north

Aartsen et al. Science 342 (2013) 1242856

IceCube PRELIMINARYIceCube PRELIMINARY
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neutrino identification 
astrophysical neutrinos
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origin of high energy neutrinos ?

67

‣ Glashow resonance ? 

‣ galactic or extragalactic ? 

‣ isotropic or point sources ? 

‣ cosmic ray composition ? 

‣ pp or pγ origin ? 

‣ 1 PeV neutrinos ~ 20 TeV CR nucleon ~ 2 PeV γ-rays
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origin of high energy neutrinos ? 

68

M Ahlers

1 PeV neutrinos ~ 20 TeV CR nucleon ~ 2 PeV γ-rays
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origin of high energy neutrinos ? 

69

IceCube Coll. PRD 87, 062002, 2013

Ahlers & Murase arXiv:1309.4077

diffuse TeV-PeV γ-ray limits

diffuse γ-ray limits in GP

‣ strong constraints of galactic isotropic emission of γ-rays 

‣ disfavor contribution from SNR & HyperNovae



‣ cosmic ray spectrum affected by propagation 

‣ escape faster with energy: diffusion coefficient 

‣ stochastic effects from individual sources 

‣ spectral features & anisotropy 

➡ simple diffusion model not sufficient 

➡ non-diffusive processes within mean free path

dNCR

dE
⇡ E��inj�⇥ D(E) / E�

� ⇠ 0.3� 0.6

Blasi & Amato 2011

70

cosmic rays 
propagation effects



astrophysical neutrinos 
galactic origin

71

galactic cosmic rays with cut-off of 10 PeV ?

Neronov & Semikoz 2015

ECR-2.45



cosmic ray muons 
low energy muons in CR showers

72

muons at the edge 
of atmospheric 

showers



cosmic ray muons 
low energy muons in CR showers

73

near-vertical showers

sh
ow

er 
en

erg
y

muons lateral distribution 
function 

at 1-30 PeV CR energy
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cosmic ray anisotropy 
AMANDA-IceCube 2000-2011

relative intensity equatorial coordinates

‣ AMANDA and IceCube yearly data show long time-scale stability of global anisotropy 
within statistical uncertainties 

‣ no apparent effect correlated to solar cycles

20 TeV

2000 2001 2002 2003

2004 2005 2006 2007

2008 2009 2010

AMANDA

IceCube

2011

74

ICRC 2013



Tibet-III Amenomori et al. ICRC (2007)

high energy cosmic rays 
small scale anisotropy

Milagro Abdo et al. (2008)

relative intensity

statistical significance
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HAWC
BenZvi et al. ICRC (2013) 
Abeysekara et al.   (2014)

ARGO-YBJ
Vernetto et al. (2009) 
Iuppa et al.     (2011) 
Bartoli et al.    (2013)

~10-41-5 TeV

statistical significance

statistical significance
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harder spectrum in region A

76

Bartoli et al. (2013)ARGO-YBJ

statistical significance

region 1

region 2

Abdo et al. (2008)Milagro

high energy cosmic rays 
anisotropy & energy spectrum

HAWC results by S. BenZvi
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Bartoli et al. (2013)ARGO-YBJ

statistical significance

region 1

region 2

HAWC Abeysekara et al. 2014

high energy cosmic rays 
anisotropy & energy spectrum

region A
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• plasma-fluid instabilities at the flank of HP 
by charge exchange processes

• Rayleigh-Taylor instabilities driven and 
mediated by interstellar neutral atoms

78

heliospheric perturbations 
heliopause instabilities

Liewer+ 1996 
Zank+ 1996

Zank 1999 
Florinski++ 2005 

Borovikov+ 2008 
Zank 2009 

Shaikh & Zank 2010
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downstream 
instabilities on the 
flanks of heliotail 

cosmic ray anisotropy 
probing heliospheric magnetic structure

Borovikov, Heerikhuisen, Pogorelov

effects of magnetic 
polarity reversals 
from solar cycles

Pogorelov et al., 2009

PD & Lazarian 2013

López-Barquero, Xu, PD, Lazarian

magnetic reconnection 
Lazarian & PD 2010 
PD & Lazarian 2012


