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Neutrino Astronomy with IceCubeNeutrino Astronomy with IceCube
•• Why Neutrino AstronomyWhy Neutrino Astronomy

–– Source of UHE cosmic raysSource of UHE cosmic rays
–– Supernova RemnantsSupernova Remnants
–– AGN / AGN / µµQuasarsQuasars
–– GRBsGRBs
–– GZK CutoffGZK Cutoff
–– Dark MatterDark Matter

•• IceCubeIceCube
–– Neutrino Detection in IceNeutrino Detection in Ice
–– Amanda ResultsAmanda Results
–– IceCube Status and IceCube Status and 

PerformancePerformance
•• Life at the South PoleLife at the South Pole
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MultiMulti--Wavelength AstronomyWavelength Astronomy

γ-rays
x-rays

visible radio
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MultiMulti--Messenger AstronomyMessenger Astronomy

γ-rays
x-rays

visible radio

Neutrinos
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Physics Questions at the TeV ScalePhysics Questions at the TeV Scale
•• Search for cosmicSearch for cosmic--ray acceleratorsray accelerators

–– Active galactic nucleiActive galactic nuclei
–– Supernova remnantsSupernova remnants
–– GammaGamma--ray burstsray bursts

•• Dark MatterDark Matter
–– Supersymmetry / Supersymmetry / WIMPsWIMPs, exotic particles, exotic particles

•• Neutrino / particleNeutrino / particle--physicsphysics
–– UHE crossUHE cross--section measurementssection measurements
–– Charm physicsCharm physics
–– Neutrino oscillationsNeutrino oscillations
–– Tests Lorentz Invariance Tests Lorentz Invariance –– gamma of gamma of 

TeVTeV--scale neutrinos way beyond reach of scale neutrinos way beyond reach of 
other techniques.other techniques.

•• Supernova neutrinos (MeVSupernova neutrinos (MeV--scale)scale)

Victor Hess in 1912
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Origin of Cosmic RaysOrigin of Cosmic Rays

At the highest energies, At the highest energies, 
the extraordinary small the extraordinary small 
flux requires enormous flux requires enormous 
detectors!detectors!

1 particle/m1 particle/m22/s/s

Knee ~5 x10Knee ~5 x101515eVeV
1 particle/m1 particle/m22/year/year

Ankle ~10Ankle ~101919eVeV
1 particle/km1 particle/km22/year/year

Flux of Cosmic RaysFlux of Cosmic Rays

Auger Auger ––
3600 km3600 km22

IceCube  IceCube  
1 km1 km33



Phys 798 G - March 2007J. Goodman – Univ. of MarylandNeutrino Astronomy

Why not Protons or Photons?Why not Protons or Photons?

•• Protons are bent in the magnetic fields of our Protons are bent in the magnetic fields of our 
galaxy and local clustergalaxy and local cluster
–– Energy of >10Energy of >101919eV needed to point back to even eV needed to point back to even 

galactic sourcesgalactic sources
–– Above a few 10Above a few 101919eV GZK cutoff limits their range tooeV GZK cutoff limits their range too

•• Photons pair producePhotons pair produce
–– Above  ~100 GeV on IRAbove  ~100 GeV on IR
–– Above ~100 TeV on CMBAbove ~100 TeV on CMB

e+

e-

~eV γ

~TeV γ
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Figure by
P. Gorham

The Visible UniverseThe Visible Universe
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A Neutrino TelescopeA Neutrino Telescope
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Potential sources Potential sources 
of UHE Cosmic of UHE Cosmic 
RaysRays

Magnetic field Magnetic field 
must be strong must be strong 
enough over enough over 
large enough large enough 
volumevolume
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SNRsSNRs
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HESS: RXJ1713HESS: RXJ1713

First resolved 
TeV γ-ray image of a 

Shell type SNR 
(Resolution ~10 

arcmin)

Acceleration source 
of Cosmic Rays, but 

is it evidence of 
Protons?
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HESS: RXJ1713 HESS: RXJ1713 –– Molecular Clouds Molecular Clouds 
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Produces cosmic ray beamProduces cosmic ray beam

Radiation field:Radiation field:

Active Galactic NucleiActive Galactic Nuclei
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Active Galactic Nuclei (AGN)Active Galactic Nuclei (AGN)

Fermi acceleration

Jets

Black Hole

Accretion Disk

Shock fronts
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VLA image of Cygnus AVLA image of Cygnus A
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Galactic Galactic MicroquasarsMicroquasars
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GRBsGRBs
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GRBsGRBs

Shocks: Shocks: externalexternal collisions with interstellar material collisions with interstellar material 
or or internal internal collisions when slower material is collisions when slower material is 
overtaken by faster in the fireball.overtaken by faster in the fireball.
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( ) µµµ νννµνπγ +++→+→+→∆→+ +++++
eenp

e-

p+

R < 108

cm
R ≤ 1014 cm, T ≅ 3 x 103 seconds

R ≤ 1018 cm, T ≅ 3 x 1016 seconds

E ≅ 1051 – 1054 ergs
Shock variability is reflected in 
the complexity of the GRB time 

profile.

6 Hours 3 Days

Radio

Optical
γ-ray

X-ray (2-10 keV)

Fireball Phenomenology & The GammaFireball Phenomenology & The Gamma--Ray Burst (GRB) Neutrino ConnectionRay Burst (GRB) Neutrino Connection

Progenitor
(Massive 

star)
Magnetic Field

---

Electron

γ-
ray

Meszaros, P



A Distant GRB

HAWC

IceCube

AMANDA

γ, ν

ν

IPN Satellites
(HETE, Swift, etc.)

GRB timing/localization information
from correlations among satellites & 

ground-based dectectors 

Neutrinos in coincidence with
gamma-ray bursts?Neutrinos in Neutrinos in 

coincidence with coincidence with 
gammagamma--ray bursts?ray bursts?
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GZKGZK
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GZKGZK

Cosmogenic
neutrinos are  
guaranteed if 
primaries are  
nucleons.

May be much 
larger fluxes, for 
some models, 
such as 
topological defects
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Flavor RatiosFlavor Ratios

•• The ratio of flavors at the source is expected to beThe ratio of flavors at the source is expected to be
0:2:1= 0:2:1= ννττ : : ννµµ : : ννee

•• Since the distance to the source is >> than the Since the distance to the source is >> than the 
oscillation length oscillation length –– any admixture at the source any admixture at the source 
should wind up:should wind up:

1:1:1= 1:1:1= ννττ : : ννµµ : : ννee
when arriving at earthwhen arriving at earth

•• What if that isnWhat if that isn’’t true?t true?
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What About Dark Matter?What About Dark Matter?

•• ~85% of the matter in the Universe is Dark Matter~85% of the matter in the Universe is Dark Matter
–– At most a few % of the matter is baryons At most a few % of the matter is baryons 
–– Most people believe that the lightest SUSY particle is a Most people believe that the lightest SUSY particle is a 

stable stable neutralinoneutralino and is probably the dark matterand is probably the dark matter
–– These are weakly interacting and heavyThese are weakly interacting and heavy
–– Evidence of clusteringEvidence of clustering
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Sun

χρχ velocity
distribution

σscatt

Γcapture

Γannihilation

ν interactions

ν int. µ int.

HZW
ll
qq

,,

~~
±

→→→ µνχχ L

interactions hadronization
→ cc ,bb , tt ,τ +τ − ,W ± , Z 0, H ± H 0

Earth

Detector
µ

νµ

The Sun sinks maximally 23o below 
the horizon at the south pole

Cosmic Rays: µ, γ,π,κ,...

Also look for Wimps trapped in 
the gravity well of the earth.

WimpsWimps
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How Do We Detect How Do We Detect 
Neutrinos?Neutrinos?
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How do we see neutrinos?How do we see neutrinos?

muon
νµ

µ−

electronνe
e-
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Cherenkov RadiationCherenkov Radiation

Boat moves through
water faster than wave
speed.

Bow wave
(wake)



Phys 798 G - March 2007J. Goodman – Univ. of MarylandNeutrino Astronomy

Cherenkov RadiationCherenkov Radiation

Aircraft moves through
air faster than speed of
sound.

Sonic boom
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Cherenkov RadiationCherenkov Radiation

When a charged particle moves throughWhen a charged particle moves through
transparent media fastertransparent media faster
than speed of light in thatthan speed of light in that
media.media.

Cherenkov radiation

Cone of
light
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Cherenkov RadiationCherenkov Radiation
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Detecting neutrinosDetecting neutrinos

Electron 
or muon 

track

Cherenkov 
ring on the 

wall

The pattern tells us the energy and type of particleThe pattern tells us the energy and type of particle

We can easily tell muons from electronsWe can easily tell muons from electrons



Phys 798 G - March 2007J. Goodman – Univ. of MarylandNeutrino Astronomy

A muon going through the detectorA muon going through the detector
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A muon going through the detectorA muon going through the detector
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A muon going through the detectorA muon going through the detector
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A muon going through the detectorA muon going through the detector
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A muon going through the detectorA muon going through the detector



Phys 798 G - March 2007J. Goodman – Univ. of MarylandNeutrino Astronomy

A muon going through the detectorA muon going through the detector
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Stopping MuonStopping Muon



Phys 798 G - March 2007J. Goodman – Univ. of MarylandNeutrino Astronomy

Stopping Muon Stopping Muon –– Decay ElectronDecay Electron
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SuperSuper--KamiokandeKamiokande
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Neutrino Picture of the SunNeutrino Picture of the Sun

Image of the sun Image of the sun 
taken from 1km taken from 1km 

underground underground 
using solar using solar 
neutrinosneutrinos
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Detection TechniqueDetection Technique

neutrino

muon or tau

Cerenkov

light cone

interaction

••The muon radiates blue light in its wakeThe muon radiates blue light in its wake

••Optical sensors capture (and map) the lightOptical sensors capture (and map) the light
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Ice CubeIce Cube
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IceCube 
Neutrino 

Observatory

IceTop
shower array

80 pairs of 
Cherenkov tanks

IceCube
4800 optical modules

on 80 strings
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Detection Detection ofof ννee ,,ννµµ ,, ννττ

~ 5 m

Electromagnetic and hadronic cascadesO(km) long muon tracks

direction determination 
by cherenkov light timing

≈ 17 m
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Determining EnergyDetermining Energy

10 TeV µ 6 PeV µ 375 TeV 
Cascade

Measure energy by counting the number of fired PMT.
(This is a very simple but robust method)
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ννττ    
Double BangDouble Bang

ντ + N --> τ- + X

ντ + X   (82%)

E << 1PeV: Single cascade
(2 cascades coincide)

E   ≈ 1PeV:     Double bang
E >> 1 PeV: partially contained

(reconstruct incoming tau track 
and cascade from decay)

Learned, Learned, PakvasaPakvasa, 1995, 1995
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TauTau Transparency/RegenerationTransparency/Regeneration

•• ννee and and ννµµ are absorbed in the are absorbed in the 
Earth via charged current Earth via charged current 
interactions (muons range out)interactions (muons range out)

•• Above ~500 TeV the Earth is Above ~500 TeV the Earth is 
opaque to opaque to ννee & & ννµµ..
–– 70 70 TeVTeV: interaction length = earth : interaction length = earth 

diameterdiameter
•• But, the Earth never becomes But, the Earth never becomes 

completely opaque to completely opaque to ννττ
•• Due to the short Due to the short τ τ lifetime, lifetime, ττ’’ss

produced in produced in ννττ chargedcharged--current current 
interactions decay back into interactions decay back into ννττ

•• Also, secondary Also, secondary ννee & & ννµµ. fluxes . fluxes 
are produced in the are produced in the tautau decays. decays. 
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IceCube SensitivityIceCube Sensitivity

Neutrino ID (solid)Neutrino ID (solid)
Energy and angle (shaded)Energy and angle (shaded)

N
eu

tri
no

 fl
av

or
�
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detection 

radius

AMANDA

IceCube
30 kpc

Expect a burst of low energy (MeV) neutrinos Expect a burst of low energy (MeV) neutrinos 
from core collapse of supernovae.from core collapse of supernovae.

νe+ p → n + e+

Detection via increase in dark noise rate.

Supernova DetectionSupernova Detection
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Si
gn

ifi
ca

nc
e

A Look at the Galactic Plane at 10 TeV

GP diffuse excess clearly 
visible from l=25° to l=90°
Cygnus Region shows 
extended excess
FCygnus ~ 2 x Fcrab 

120 square degrees
l (65,85), b (-3,3)

Milagro DataMilagro Data
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Cygnus Region with MilagroCygnus Region with Milagro

MGRO J2019+37MGRO J2019+37
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IceCube/Amanda Effective areaIceCube/Amanda Effective area
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Differential Spectrum MGRO J2019+37Differential Spectrum MGRO J2019+37

Depending on 
the spectrum 
(and if there 
are protons) 
IceCube 
should see this 
source at 5σ in 
2-10 years
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AMANDAAMANDA
•• 677 677 analoganalog OMs deployed along OMs deployed along 

19 strings19 strings
–– 10 strings 1997 (AMANDA B10)10 strings 1997 (AMANDA B10)
–– 3 strings 1998 (AMANDA B13)3 strings 1998 (AMANDA B13)
–– 6 strings 2000 (AMANDA II)6 strings 2000 (AMANDA II)

•• AnalogAnalog PMT signals using PMT signals using 
electrical and optical transmission electrical and optical transmission 
lines.lines.

•• 200 m diameter, 500 meters 200 m diameter, 500 meters 
height; AMANDA II encompasses height; AMANDA II encompasses 
20 20 MtonMton instrumented ice volume.instrumented ice volume.

•• AMANDA will remain operational AMANDA will remain operational 
and form IceCube and form IceCube Inner Core Inner Core 
DetectorDetector for low E physics (~ 100 for low E physics (~ 100 
GeV)GeV)
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Size Perspective for KMSize Perspective for KM33

50 m

1500 m

2500 m

30
0 

m

AMANDA II
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γ

ν

p

cosmic accelerator

Atmospheric 
neutrinos are 
isotropic

Atmospheric muons 
come from above

γ    γ    

γ    γ

γ    γ    

γ    γ

γ

CMB
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AMANDA Atmospheric Neutrinos / Diffuse Flux AMANDA Atmospheric Neutrinos / Diffuse Flux 
LimitLimit

E2Φνµ(E) <  2.6·10–7 GeV cm-2 s-1 sr-1 

Includes 33% systematic uncertainty

Limit on diffuse E-2 νµ flux (100-300 TeV):
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AMANDA Point Source SearchAMANDA Point Source Search

IceCube looks at the Northern sky
AMANDA 2000-2003
• 3329 νµ events 
• 95% purity
Significance plot
•Highest excess ~3.4σ
•Probability 92%

Search 33 ν source candidates
•Crab Nebula

•10 events (5.4 bkgnd ~1.7σ)
•Probability background fluctuation 64%

No evidence for extraterrestrial point sources
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Candidate Amanda SourcesCandidate Amanda Sources

1.041.045 / 5.115 / 5.119 / 6.729 / 6.72CI CamCI Cam

0.760.764 / 5.214 / 5.218 / 7.018 / 7.01Cygnus XCygnus X--11

0.780.785 / 3.715 / 3.715 / 4.775 / 4.771ES1959+6501ES1959+650

0.500.504 / 4.904 / 4.906 / 6.086 / 6.08M87M87

0.850.855 / 4.965 / 4.968 / 6.398 / 6.39Markarian Markarian 501501

0.990.998 / 4.728 / 4.723C2733C273

0.270.272 / 4.502 / 4.504 / 6.144 / 6.14SS433SS433

1.011.0110 / 5.3610 / 5.3610 / 6.74 10 / 6.74 Crab NebulaCrab Nebula
0.670.676 / 5.046 / 5.047 / 6.487 / 6.48Cygnus XCygnus X--33

0.430.436 / 5.586 / 5.586 / 7.376 / 7.37Markarian Markarian 421421

Flux upper limit Flux upper limit 
Sys. Sys. uncunc. 15% . 15% sigsig, 8% , 8% bgbg

ΦΦ90%90%((EEνν>10 GeV) [10>10 GeV) [10--88cmcm--22ss--11]]
(5 years)(5 years)

Events observed/ Events observed/ 
background background 

(4 years)(4 years)

Events observed/Events observed/
backgroundbackground

(5 years)(5 years)

SourceSource

•• No significant excessNo significant excess, no indication for a neutrino source, no indication for a neutrino source
•• No new events seen from the direction of Crab NebulaNo new events seen from the direction of Crab Nebula
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IceCubeIceCube
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South PoleSouth Pole

Dark sector

AMANDA

IceCube

Skiway

South Pole Station

Geographic
South Pole
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IceCube Digital Optical ModuleIceCube Digital Optical Module

Photomultiplier Tube
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10” PMT
Hamatsu-
70
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Ice CubeIce Cube
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First string 
January 27, 
2005!

installed in 05-06

installed in 06-07

2005, 2006, 2007 Deployments2005, 2006, 2007 Deployments
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2005, 2006, 2007 Deployments2005, 2006, 2007 Deployments

AMANDA

IceCube string and 
IceTop station deployed 
12/05 – 01/06

IceTop station only 2006

604 DOMs deployed to date

Next year looking for ≥ 12 
strings.  IceTop will be backed 
off to remain in line with hole 
deployment

Want to achieve steady state of 
14 strings / season.

21

3029

40

50

39
38

47 48
49

5958
57

66
67

74

65

73

8079

46

56

72

IceCube string and 
IceTop station deployed 
01/05

IceCube string and 
IceTop station to be 
deployed 12/06 – 01/07
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IceCube Integrated Volume (Projected)IceCube Integrated Volume (Projected)
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km3·yr Strings # of strings per year is # of strings per year is 
based on latest based on latest ““best best 
guessguess”” deployment deployment 
rate of 12 strings this rate of 12 strings this 
year and 14 strings per year and 14 strings per 
season thereafter.season thereafter.

1 km1 km33··yr reached 2 yr reached 2 
years years beforebefore detector detector 
is completedis completed

Close to 4 kmClose to 4 km33··yr at yr at 
the beginning of 2the beginning of 2ndnd

year of full array year of full array 
operation.operation.
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Track-like muons
νµ (or VHE µτ) in CC interaction with nucleus will produce 
outgoing µ or τ which radiates Cherenkov photons in 
conical wavefront expanding outward from linear track.  
Typically the interaction vertex lies outside the fiducial 
detector volume (through-going event) and only track is 
seen. However, hadronic cascade from recoiling target 
inside contained volume is also possible.

“Double-bang”
VHE ντ interacting inside the detector produces the primary 
recoil cascade and a τ which radiates as muon tracks until it 
decays and produces a secondary cascade – leaving a very 
distinct event signature.

Finding neutrinos in the iceFinding neutrinos in the ice
Point-like cascades
νe CC or νX NC nuclear interactions produce either EM or 
hadronic cascades.  These cascades can produce enormous 
amounts of Cherenkov photons (108 photons per TeV) 
which are radiated over 4π.  The extent of the particle 
cascade is small; the expanding, approximately spherical 
wavefront appears to come from a point.

Eµ=10 TeV

~300m for 
>PeV ντ
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Ice PropertiesIce Properties
Scattering

bubbles

dust

Absorption

dust

ice
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Scattering
Absorption

Effects of Ice Effects of Ice 
PropertiesProperties

PMT OccupancyPMT Occupancy
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drill made of a 
hose with hot 
water

the spool to 
roll up miles 
of hose
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The drilling site in January, 2005

Hose reel Drill tower

IceTop tanks
Hot water 
generator
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Drilling and DeploymentDrilling and Deployment
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Drilling the HoleDrilling the Hole
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DeploymentDeployment
Last Season -

99% of 604 DOMs survived 
deployment and freeze-in
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Lowering the StringLowering the String
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Today at the Pole

Jan 7, 1500h:  Jan 7, 1500h:  Firn Firn drilling commenceddrilling commenced
Jan 7, 2200h: Jan 7, 2200h: firn firn drilling completeddrilling completed
Jan 8, ~0700h:  Ice drilling startsJan 8, ~0700h:  Ice drilling starts
Jan 9, 1800h ream was completed    Jan 9, 1800h ream was completed    
Jan 9, 21:45h   deployment startJan 9, 21:45h   deployment start
Jan 9, 23:25h first breakout attachedJan 9, 23:25h first breakout attached
Jan 9, 06:30h drop startsJan 9, 06:30h drop starts
Jan 9, 08:05h tieJan 9, 08:05h tie--offoff
Total drill time: ~37 hoursTotal drill time: ~37 hours
Total deployment time: ~10 hours.Total deployment time: ~10 hours.
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IceTopIceTop –– the Surface the Surface AirshowerAirshower DetectorDetector
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Each 2 m dia. 
IceTop tank 
contains two 
Digital Optical 
Modules.  The 
freezing of the 
water is done 
in a controlled 
manner to 
produce clear 
ice. 
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1.8 m

0.9 m clear ice

Diffusely reflecting liner
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New IceCube Counting HouseNew IceCube Counting House
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String 39 twoString 39 two--week freezeweek freeze--in moviein movie

triboluminescencetriboluminescence

Top of String Bottom of String
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UpUp--Going Neutrino EventGoing Neutrino Event
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Coincident Coincident airshowerairshower ((IceTopIceTop) and ) and muonmuon
(IceCube)(IceCube)
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NeutrinoNeutrino--induced induced muonmuon candidate in the 9candidate in the 9--string arraystring array
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An upgoing
muon involving 
7 of 9 strings
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IceCube IceCube muonmuon data reconstructiondata reconstruction
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Large Scale Neutrino DetectorsLarge Scale Neutrino Detectors

NESTOR 
Pylos, Greece

ANTARESANTARES
LaLa--SeyneSeyne--sursur--Mer, FranceMer, France

BAIKAL
Russia

IceCube, South Pole, Antarctica

NEMO
Catania, Italy
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Radio Cherenkov DetectorsRadio Cherenkov Detectors

AURA      Rice   Anita Salsa

Radio Radio –– good signal for good signal for 
GZK energiesGZK energies
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AURA (AURA (AskaryanAskaryan UndericeUnderice Radio Array)Radio Array)
~

4
0
m

Digital Radio Module (DRM):

Four clusters (4 antennas each) to be 
deployed next season
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Cold ice is very transparent to 
radio- a sparse large area 
array is possible

Power of the rf signal grows 
with the square of the 
energy- healthy signals for 
GZK energies
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Radio Radio –– a path to a giant arraya path to a giant array
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The Era of Neutrino Astronomy The Era of Neutrino Astronomy 
has Begun!has Begun!

α
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Working on a KMWorking on a KM33 ExperimentExperiment

The Choices:The Choices:

Nestor
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Working on a KMWorking on a KM33 ExperimentExperiment

The Choices:The Choices:

IceCube


