




IceCube:
Building a New Window on the Universe
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• IceCube
• cosmic neutrinos: two independent 

observations
à muon neutrinos through the Earth
à starting neutrinos: all flavors

• where do they come from?
• Fermi photons and IceCube neutrinos
• the first high-energy cosmic ray accelerator
• what next?

icecube.wisc.edu



Cosmic Horizons – Microwave Radiation
380.000 years after the Big Bang

wavelength = 10-3 m ⟺ energy = 10-4 eV



Cosmic Horizons – Optical Sky 

wavelength = 10-6 m ⟺ energy = 1 eV



Cosmic Horizons – Gamma Radiation
300.000 years after the Big Bang

wavelength = 10-15 m ⟺ energy = 1 GeV



Cosmic Horizons – Gamma Radiation

wavelength = 10-21 m ⟺ energy = 103 TeV



• 20% of the Universe is opaque to the EM spectrum
• non-thermal Universe powered by cosmic accelerators
• probed by gravity waves, neutrinos and cosmic rays
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The opaque Universe
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g + gCMB à e+ + e-

PeV photons interact with microwave photons 
(411/cm3) before reaching our telescopes

enter: neutrinos
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Neutrinos?  Perfect Messenger

e+

e-• electrically neutral
• essentially massless
• essentially unabsorbed
• tracks nuclear processes
• reveal the sources of cosmic rays

• … but difficult to detect: how large a detector?



extragalactic 
cosmic rays
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cosmic rays interact with the 
microwave background

0ppg ++®+ + pandnp

TeV102E 6´³u

cosmic rays disappear, neutrinos with
EeV (106 TeV) energy appear

π → µ +υµ → {e+υµ +υe}+υµ

1 event per cubic kilometer per year
...but it points at its source!



nonthermal universe: cosmic accelerators



challenges of cosmic ray astrophysics:

• dimensional analysis, difficult to satisfy
• accelerator luminosity is high as well

• accelerator must contain the particles



the sun constructs an accelerator

coronal mass
ejectionà

10 GeV protons



accomodating energy and luminosity are challenging



cosmic ray 
accelerators:

where, how?

gravitational energy 
from collapsing star 

converted into
particle acceleration

LHC filling the orbit of 
Mercury



supernova
remnants     

gamma
ray
bursts



active galaxy

particle flows near
supermassive
black hole







blazar geometry



radiation
and dust

black hole
neutron star

à p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + gà n + p+

~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy



above 100 TeV

• cosmic 
neutrinos

• atmospheric
background
disappears

atmospheric neutrino cosmic

100 TeV

dN /dE ~ E−2

10—100 events
per year for fully
efficient detector

Neutrino
2012



atmospheric neutrinos
(… and muons!)



atmospheric neutrino spectrum (energy measurement) well understood

< 1 atmospheric
neutrino event

per
cubic kilometer

per year
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M. Markov
1960

M.Markov :
we propose to install detectors
deep in a lake or in the sea and

to determine the direction of
charged particles with the help

of Cherenkov radiation.



muon

• lattice of photomultipliers

• speed of light in water < c
• muon travels from 50 m

to 50 km through the
water at the speed of light
emitting blue light along
its track

neutrino

interaction



ultra-transparent ice below 1.5 km



instrument 1 cubic kilometer of natural ice below 1.45 km



IceCube

5160 PMs
in 1 km3



photomultiplier
tube -10 inch



main 
board

LED 
flasher 
board

HV board

architecture of independent DOMs

10 inch pmt



… each Digital Optical Module independently collects 
light signals like this, digitizes them,

…time stamps them with 2 nanoseconds precision, and 
sends them to a computer that sorts them events…











muon track: color is time; number of photons is energy



neutrinos are detected by looking for Cherenkov radiation 
from secondary particles (muons, particle showers)





93 TeV muon: light ~ energy



energy measurement ( > 1 TeV )

convert the amount of light emitted
to a measurement of the muon
energy (number of optical modules,
number of photons, dE/dx, …)



1.1 km
limited angular and energy resolution: computing à ice properties



energy reconstruction of electromagnetic showers



radius ~ number of photons
time    ~ red à purple

89 TeV

time



…K, charm





… you looked at 10msec of data !

muons detected per year:

• atmospheric*    µ  ~ 1011

• atmospheric**   nà µ          ~ 105

• cosmic              nà µ         ~  10

* 3000 per second ** 1 every 6 minutes



• rejecting atmospheric muons

• rejecting atmospheric neutrinos
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selection cuts for on-line numu extraction
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total energy measurement
all flavors, all sky

isolated neutrinos interacting 
inside the detector (HESE)

up-going muon tracks
(UPMU) 

astronomy: angular resolution
superior (<0.5o)
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muon

• lattice of photomultipliers neutrino

interaction



2.6 � 0.3 PeV
inside detector



distribution of the parent neutrino energy corresponding to
the energy deposited by the secondary muon inside IceCube



~ 550 cosmic neutrinos in a background of ~340,000 atmospheric
atmospheric background: less than one event/deg2/year

E-2.19

spectral slope
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after 7 years à 6.4 sigma          120 cosmic neutrinos/year/flavor

2.16

0.97+.27-.25

0.11



above 100 TeV

• cosmic 
neutrinos

• atmospheric
background
disappears

atmospheric neutrino cosmic

100 TeV

dN /dE ~ E−2

10—100 events
per year for fully
efficient detector

Neutrino
2012



430 TeV inside
detector
PeV nµ

no air shower

all cosmic
neutrinos  are 

isolated by
self-veto


