
IceCubeIceCube: A Kilometer-Scale: A Kilometer-Scale
Neutrino ObservatoryNeutrino Observatory

•• Uses neutrinos as cosmic messengers atUses neutrinos as cosmic messengers at
energies where the universe becomes opaque toenergies where the universe becomes opaque to
lightlight

•• Detects neutrinos of energies from 10Detects neutrinos of energies from 1077  eVeV
(bursts) to 10(bursts) to 102121 eV eV

•• Will extend the distances accessible to neutrinoWill extend the distances accessible to neutrino
astronomy by five orders of magnitudeastronomy by five orders of magnitude

•• Black hole diagnostics with neutrinosBlack hole diagnostics with neutrinos
•• Its kilometer scale is dictated by observedIts kilometer scale is dictated by observed

gamma ray and cosmic ray fluxesgamma ray and cosmic ray fluxes



IceCubeIceCube: Concept: Concept



CherenkovCherenkov light from light from muons muons and cascades and cascades

• Maximum likelihood method
• Use expected time profiles of  photon flight times

cascade

Reconstruction

muon



Building AMANDA: The OpticalBuilding AMANDA: The Optical
Module and the StringModule and the String



IceCubeIceCube

1400 m1400 m

2400 m2400 m

AMANDAAMANDA

South PoleSouth Pole

IceTopIceTop

RunwayRunway•• 80 Strings80 Strings

•• 4800 PMT4800 PMT

•• Instrumented volume:Instrumented volume:
1 km3 (1 1 km3 (1 GtonGton))

•• IceCube IceCube is designed tois designed to
detect neutrinos of alldetect neutrinos of all
flavors at energies fromflavors at energies from
101077 eV  eV (SN) to 10(SN) to 102020 eV eV



Neutrino ID (solid)Neutrino ID (solid)
Energy and angle (shaded)Energy and angle (shaded)
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••Filled area:  particle id, direction, energyFilled area:  particle id, direction, energy
••Shaded area: energy onlyShaded area: energy only



•• Cosmic beam: Cosmic beam: ��ee =  = ��µµ =  = ��
��

because of oscillationsbecause of oscillations
••   ��

��
 not absorbed by the Earth not absorbed by the Earth

(regeneration)(regeneration)
•• Pile-Up near 1 Pile-Up near 1 PeV PeV where idealwhere ideal

sensitivitysensitivity

Enhanced role of Enhanced role of tau tau neutrinos:neutrinos:



IceCube IceCube has been designed as ahas been designed as a
discovery instrument with improveddiscovery instrument with improved::

•• telescope area ( > 1km2 after all cuts)telescope area ( > 1km2 after all cuts)
•• detection volume ( > 1km3 after all cuts)detection volume ( > 1km3 after all cuts)
•• energy measurement:energy measurement:
    secondary     secondary muons muons ( < 0.3 in ( < 0.3 in lnln E) and E) and
    electromagnetic showers ( < 20% in E)    electromagnetic showers ( < 20% in E)
•• identification of neutrino flavoridentification of neutrino flavor
•• Sub-degree angular resolutionSub-degree angular resolution
       (< unavoidable neutrino-       (< unavoidable neutrino-muon muon misalignment)misalignment)
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Effective area vs. zenith angle
(downgoing  muons rejected)

Effective area vs. muon energy
 (trigger, atm �, pointing cuts)

Effective area of IceCubeEffective area of IceCube



Angular resolution as a function of zenith angleAngular resolution as a function of zenith angle

�  above 1 TeV, resolution ~ 0.6 - 0.8 degrees for most zenith angles

0.8°
0.6°

Waveforminformationnot used.Will improveresolution forhigh energies !



AMANDA: Proof of ConceptAMANDA: Proof of Concept

•• Uses transparent ice as a particleUses transparent ice as a particle
detector: detector: 4 daily4 daily nus  nus in real timein real time

•• IceCube IceCube simulations based onsimulations based on
simulations supported by AMANDAsimulations supported by AMANDA
datadata



    AMANDA IIAMANDA II
Neutrino events (Simulation)Neutrino events (Simulation)

737 (1126)737 (1126) 674 (933)674 (933)

610 (709)610 (709) 519 (527)519 (527)

Tighten Cuts on:Tighten Cuts on:

••LikelihoodLikelihood
••LengthLength
••SmoothnessSmoothness
••Direct HitsDirect Hits

With appropriateWith appropriate
cuts signal MCcuts signal MC
and data matchand data match



IceCubeIceCube: Science: Science
•• Why neutrino astronomy?Why neutrino astronomy?
•• Why 1 kilometer cubedWhy 1 kilometer cubed

detector or kilometer squareddetector or kilometer squared
telescope area?telescope area?
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TeV sources!

cosmic
   rays

/////////////////



++ CMBCMB  
++ ++ --

WithWith  101033  TeVTeV energy, photons do not energy, photons do not

reach us from the edge of our galaxy reach us from the edge of our galaxy 

because of their small mean free pathbecause of their small mean free path

in the microwave background.in the microwave background.



CosmicCosmic
RayRay

spectrumspectrum
Atmospheric 

neutrinos

Extragalactic flux
sets scale for many
accelerator models



     Acceleration toAcceleration to 10 102121eV?eV?
           ~102 Joules
       ~ 0.01 MGUT

dense regions with exceptional
gravitational force creating relativistic
flows of charged particles, e.g.

•coalescing black holes/neutron stars
•dense cores of exploding stars
•supermassive black holes



Cosmic AcceleratorsCosmic Accelerators

E ~E ~  ��BMBM

energyenergy
magneticmagnetic
fieldfield

boostboost
factorfactor massmass

E ~E ~  ��cBRcBR

R ~ GM/cR ~ GM/c22



Active Galaxies: JetsActive Galaxies: Jets

VLA image of Cygnus A

20 20 TeV TeV gamma raysgamma rays
Higher energies obscured by IR lightHigher energies obscured by IR light



GammaGamma
RayRay
BurstBurst

•• Photons and protons Photons and protons
coexist in internalcoexist in internal
shocksshocks

•• External shocks External shocks  



Supernova shocks
expanding in 

interstellar medium

Crab nebula



The Oldest Problem inThe Oldest Problem in
Astronomy:Astronomy:

• No accelerator
• No particle candidate (worse than dark

matter!)
• Not photons (excludes extravagant

particle physics ideas)

Neutrino Astronomy to the Rescue?Neutrino Astronomy to the Rescue?





radiation
enveloping
black hole

black hole



Irrespective of the cosmic-ray sources, some fraction will produceIrrespective of the cosmic-ray sources, some fraction will produce
  pions pions (and neutrinos) as they escape from the acceleration site(and neutrinos) as they escape from the acceleration site
••      throughthrough hadronic  hadronic collisions with gascollisions with gas
••      throughthrough photoproduction  photoproduction with ambient photonswith ambient photons
Cosmic rays interact with interstellar light/matter even if theyCosmic rays interact with interstellar light/matter even if they
                                   escape the source                                   escape the source

•• Transparent:Transparent:
protons (protons (EeV EeV cosmic-rays) ~ photonscosmic-rays) ~ photons
((TeV TeV point sources) ~neutrinospoint sources) ~neutrinos

•• Obscured sourcesObscured sources
•• Hidden sourcesHidden sources

Unlike gammas, neutrinos provide unambiguous evidence 
for cosmic ray acceleration!

Sources:Sources:



even neutronseven neutrons
 do not escape do not escape

neutronsneutrons
  escape  escape

neutrinos associated with the source of the cosmic rays?neutrinos associated with the source of the cosmic rays?



Energetics Energetics of sources yielding 10 of sources yielding 10 
detected events in 1 kilometer squareddetected events in 1 kilometer squared

pulsars, micro-
quasar…

4 1035 erg/s     8 Kpc

 Markarians5 1043 erg/s   100 Mpc

      grb1052 erg/100s  4000 Mpc

      agn 1047 erg/s  4000 Mpc

    exampleexample      FluxFluxnunu  >>      distancedistance



Detection principleDetection principle
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Neutrino  passes
through the earth

Interacts near the
detector to produce a

muon

����  Cherenkov
light is

observed
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Neutrino flux Neutrino flux requiredrequired to observe N events: to observe N events:

5x10-12    

             Area (km2) Time (yr)

 erg
cm2/s

 nntarget target   ����    RangeRange
��

  ~ 10  ~ 10-4 -4 for for 100100 TeV  TeV neutrinosneutrinos
      

Detection Probability:Detection Probability:
��

��

��
��

 Nevents��
��
��=



Produces cosmic ray beamProduces cosmic ray beam

 Radiation field: Radiation field:
Ask astronomersAsk astronomers



GalacticGalactic
  Beam  Beam
    DumpDump



Modeling yields the same conclusion:Modeling yields the same conclusion:

• Line-emitting quasars such as 3C279Line-emitting quasars such as 3C279
Beam: blazar jet with equal power in 

                      electrons and protons
Target: external quasi-isotropic radiation

• Supernova remnants such as RX 1713.7-3946 (?)Supernova remnants such as RX 1713.7-3946 (?)
Beam: shock propagating in interstellar medium
Target: molecular cloud

NNeventsevents  ~ 10 ~ 10   kmkm-2 -2 yearyear-1-1



Greatest Marriage of Astronomy andGreatest Marriage of Astronomy and
PhysicsPhysics

•• AstronomyAstronomy: new window on the Universe!: new window on the Universe!
                                               “You can see a lot by looking” “You can see a lot by looking”
•• PhysicsPhysics::

search for dark mattersearch for dark matter
search for topological defects and cosmological remnantssearch for topological defects and cosmological remnants
search for monopolessearch for monopoles
measure the high-energy neutrino cross section measure the high-energy neutrino cross section 

                    (                    (TeVTeV-scale gravity?)-scale gravity?)
cosmic ray physics: 150 atmosphericcosmic ray physics: 150 atmospheric nus nus/day/day

              array witharray with EeV EeV sensitivity sensitivity
test special and general relativity with new precisiontest special and general relativity with new precision



WIMP capture and annihilation

Sun

�

Earth

Detector

Freese, ’86; Krauss, Srednicki & Wilczek, ’86
Gaisser, Steigman & Tilav, ’86

Silk, Olive and Srednicki, ’85
Gaisser, Steigman & Tilav, ’86

�
�

�

� cc ,bb , tt ,� �

�
� ,W� , Z 0, H �H 0



MSSM parameter space:MSSM parameter space:
Future probed regionsFuture probed regions

Direct detectionDirect detection
e.g. Geniuse.g. Genius

Earth, kmEarth, km33 Sun, kmSun, km33



The EndThe End



TeVTeV-Scale Gravity Modifies -Scale Gravity Modifies PeV PeV Neutrino Cross Sections!Neutrino Cross Sections!

103 TeV



Record increase in averageRecord increase in average
countig rate of all PMs withcountig rate of all PMs with
msec accuracy.msec accuracy.

��tt (Amanda-II) = 14 msec (Amanda-II) = 14 msec
��tt (IceCube) = 3 msec (IceCube) = 3 msec
                              (model dependent!)

�2 contours of reconstructed
SN direction. 
Left: Amanda-II. Right: IceCube

Supernova Triangulation ?Supernova Triangulation ?



Why is Searching forWhy is Searching for  ��’s from ’s from GRBs GRBs 
of Interest?of Interest?

••Search for vacuum oscillations (Search for vacuum oscillations (��
��
������������

��
):):

                          ��mm22  � �� �    10   10-17-17 eV eV22

••Test weak equivalence principle:Test weak equivalence principle:    1010-6-6

••Test  Test                                          :  10    :  10-16-16

>>~~

  CCphotonphoton  - - CC
��

                            CC
��



     

Telescope  User date Intended Use Actual use 

Optical Galileo 1608 Navigation Moons of Jupiter

Optical Hubble 1929 Nebulae Expanding  
Universe 

Radio  Jansky 1932 Noise Radio galaxies 

Micro-wave Penzias, 
Wilson 1965 Radio-galaxies, noise 3K cosmic 

background  

X-ray Giacconi … 1965 Sun, moon   neutron stars 
accreting binaries

Radio  Hewish, 
Bell 1967 Ionosphere Pulsars 

�-rays  military 1960? Thermonuclear 
explosions 

 Gamma ray 
bursts 

 

 

 New Window on Universe?
        Expect Surprises
 New Window on Universe? New Window on Universe?
        Expect SurprisesExpect Surprises



E ~ E ~ ����B MB M

••quasarsquasars                   ��  �� 1   B  1   B �� 10 1033G   M G   M ���� 101099  MMsunsun

••blasarsblasars                           1010
••neutron stars   neutron stars   ��  �� 1 1   B    B �� 10 101212G   M G   M ��  MMsunsun
    black holesblack holes       .       .       .       .
••grbgrb                 � �� �      10     1022

E > 10E > 101919  eV eV ??

emit highest energy emit highest energy ��’s!’s!

>>~~

>>~~



Eµ= 10 TeVEµ= 6 PeV

MuonMuon Events Events 

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



AMANDAAMANDA
EventEvent

Signatures:Signatures:
MuonsMuons

CC muon-neutrino
    interactions
       � Muon tracks

�� + N � � + X



�� CC electron and CC electron and tautau
neutrinoneutrino
interactions:interactions:

����ee������ + N  + N ��  (e,(e,���� + X + X
�� NC neutrinoNC neutrino

interactions:interactions:
��xx  + N + N ��  ��xx  ++  XX

AMANDA
Event

Signatures:
“Cascades”

AMANDAAMANDA
EventEvent

Signatures:Signatures:
“Cascades”“Cascades”

CascadesCascades



PeV
  �
(300m)

�
�
����

��decays



transparent dump: one cosmic raytransparent dump: one cosmic ray
                                                              for one gamma for one neutrinofor one gamma for one neutrino



AMANDA Is Working Well: 4 AMANDA Is Working Well: 4 nus nus per day!per day!
• Sensitivity to up-going muons

demonstrated with CC atm.
�
�
 interactions:

• Sensitivity to cascades
demonstrated with in-situ sources
(see figs.) & down-going muon
brems.

In-situ light source Simulated light source

•• AMANDA also works well with  AMANDA also works well with SPASE:SPASE:
•• Calibrate AMANDA angular response Calibrate AMANDA angular response
•• Do cosmic ray composition studies. Do cosmic ray composition studies.

Horizontal Up-going

MC
Data

290 atm. �
�
 

candidates
(2000 data)

Zenith




