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R iRequires 
Kilometer-ScaleKilometer Scale
Neutrino 
DetectorsDetectors



ANTARES

completed
1 3 neutrinos/day1.3 neutrinos/day

with 5 strings



• shielded and optically
transparent medium

μμ

ν
• lattice of photomultipliers



photomultiplier
starts its journey

to 2500 mto 2500 m

IceCube will transform a billion tons of ice into aIceCube will transform a billion tons of ice into a
particle physics detector with 4800 photomultipliers



second generation detectors : IceCube
Completion 2011 :

Counting house: commissioned in January 2007
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2004 2005 : 1 string

2005-2006: 8 stringsmodules •125m between 
strings •1 km³ ; ~1GTon

21

3029

2004-2005 : 1 string1 km  ; ~1GTon

1997optical modules in ice:
•AMANDA 677AMANDA 677
•IceCube 1320



2006 2007
2007-2008:
18

2007-2008: 
18 strings

IceTop

2006-2007:

13 Strings

18

Air shower detetor
threshold ~ 300 TeV

2005-2006: 8 Strings

2004 2005 1 St i
InIce

70-80 Strings ,

2004-2005 : 1 String

60 Optical Modules
17 m between Modules
125 m between Strings

AMANDA
19 Strings19 Strings
677 Modules



the challenge: reject background of downgoing muons



background:
downgoing cosmicg g

ray muons

~ 1500 per second

signal:
upgoing muons

initiated byinitiated by
neutrinos

~ 240 per day



1500 Hz: only one in 106 muon tracks is produced by a neutrino



IceCube 22





IceCube (1/2) turns the corner at the horizon



IceCube schedule

IC-40 DEPLOYED

09-10
08-09

AMANDA



neutrinos: IceCube 22 > AMANDA (3.8 years)



AMANDA: proof of concept



atmospheric neutrinos : 
science/calibrationscience/calibration

cosmic raycosmic ray

+π+

 μ+
e+e

νμνe
νμ

νμμ



atmospheric neutrino spectrumatmospheric neutrino spectrum

zenith angle number of PMTzenith angle               number of PMT



AMANDA: final sample for atmospheric ν’s (6163 events)

IceCube will reach > 100 TeVceCube eac 00 e
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galacticgalactic
and
extragalacticextragalactic
cosmic rays galactic    extragalactic
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total flux = velocity x density :y y

Ec)
dE
dNE(dE4 ρπ =∫ E)
dE

( ρ∫

it’s the energy density,
t th ti l fl !not the particle flux !



galactic galactic cosmic rays



shock acceleration (solar flare) 

coronalcoronal 
mass

ejectionejection

10 GeV10 GeV
particles



large magnetic field inlarge magnetic field in
young supernova remnants



ν and γ beams : heaven and earth

radiation
or

hydrogen in
interstellar mediuminterstellar medium



supernova
beambeam 
dump 

molecular
clouds

after ~ 1000 years



galactic plane at 10 TeV  (milagro)

Southern 
Hemisphere
Sky
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π+ π-π0
neutral pions    
are observed

ν μ+ ν μ-

π

γ

π

γ

are observed 
as 
gamma rays νμ μ ν    μ

e+    e-

γ γgamma rays

charged pions e e

e+ γ e-

charged pions
are observed 
as

μ+

γ

e+ γ

as 
neutrinos

e+ νe

γ
νμ

ννμμ ~  ~  2 2 γγ



IceCube 5 years ( E > 40 TeV )





Cosmic Rays & SNRs 

observed energy 
density of galactic CR:galactic density of galactic CR:

~ 10-12 erg/cm3
galactic

supernova remnants: 
1050 ergs every 30 years0 e gs e e y 30 yea s

~10-12 erg/cm3

for steady state of CRo s eady s a e o C
with lifetime 106 years

SNRs provide the environment and energySNRs provide the environment and energy
to explain the galactic cosmic rays!



extragalactic galactic cosmic rays



accelerators ?accelerators ?

• gamma ray bursts:
lik t b t th tlike supernova remnants but the star 
collapses to a black hole and the radiation is 
released in seconds, not a thousand years

• active galaxies:
particle flows associated with supermassive 
black holesblack holes
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Cosmic Rays & GRBs 

b dobserved energy 
density of 

extragalactic CR:
Extragalactic

extragalactic CR:
~ 10-19 erg / cm3

Gamma-Ray Bursts: 
1052 ergs x 300/Gpc310 ergs x 300/Gpc

x 1010 yr
~ 10-19 erg / cm3g

GRBs provide environment and energyGRBs provide environment and energy
to explain the extragalactic cosmic rays!



energy in extra galactic cosmicenergy in extra-galactic cosmic
rays is ~ 3x10-19 erg/cm3y g

3x1044 erg/s per active galaxyg p g y
2x1052 erg per gamma ray burst

ienergy in 
i h tcosmic rays ~ photons ~ neutrinos



NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earthν and γ beams : heaven and earth

Black Hole

NEUTRINO BEAMS: HEAVEN & EARTH

Black Hole

Radiation
EnvelopingEnveloping
Black Hole

p + γ n + π+

~ cosmic ray +

p + π0

 cosmic ray  
neutrino

p  π
~ cosmic ray + 

gamma



active galaxyg y

iisupermassive supermassive 
black holeblack hole

• accretion disk

j t• jet



neutrinos  associated with extragalactic cosmic rays

AMANDA

IceCube



cosmic rays : evidence ?



neutrinos: IceCube 22 > AMANDA (3.8 years)





AMANDA 3.8 years



IC22 (255 days) all-sky results (unblinded)
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g 1

0(
p)

-l

the hottest spot location is: Ra 153 5 Dec 11 5the hottest spot location is: Ra 153.5 , Dec 11.5   
estimated number of events = 7.7   estimated gamma = 1.65

pre trials: log (p value) : 6 14 (4 8 sigma)

2008-08-22  NYC/Madison C. Finley 48

pre-trials:  -log10(p-value) :  6.14 (4.8 sigma)

post-trials p-value of analysis is ~ 1.34% (2.2 sigma)
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the hottest spot location is: Ra 153.5 , Dec 11.5   
estimated number of events = 7 7 estimated gamma = 1 65estimated number of events = 7.7   estimated gamma = 1.65

pre-trials:  -log10(p-value) :  6.14 (4.8 sigma)

post-trials p-value of analysis is ~ 1.34% (2.2 sigma)
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IceCube
• in the next 10 years IceCube will observe

25 m

~ 106 neutrinos with energies 0.1—1,000 TeV

• guaranteed: made in the interactions of 
cosmic rays with the Earth’s atmosphere 

45

• with m~0.01 eV and E~100 TeV
the Lorenz factor of the neutrino is

45 m

1610E ≈= νγ 10
m

≈=
ν

γ



The Digital Optical Module (DOM)The Digital Optical Module (DOM)

• Onboard capture of PMT waveforms
– 300 MHz for ~400 ns with custom chip

Digitized Waveform
– 300 MHz for ~400 ns with custom chip
– 40 MHz for 6.4 µsec with comm. fast ADC

• Absolute timing resolution < 2 ns (RMS)Absolute timing resolution  2 ns (RMS)
• Dynamic range ~1000 p.e./10 ns
• Deadtime < 1%• Deadtime < 1%
• Noise rate ~700 Hz (260 Hz w/ artif. 

deadtime)deadtime)
• Failure rate < 1%



• separates flavor
• measures energy



IceCube : particle physics with
one million atmospheric neutrinos

• Astronomy::
•• new window on the Universenew window on the Universenew window on the Universenew window on the Universe

• Physics:
t f th hi ht f th hi h t i tit i ti•• measurement of the highmeasurement of the high--energy neutrino cross section energy neutrino cross section 

•• gravity, quantum decoherencegravity, quantum decoherence
•• physics beyond 3physics beyond 3--flavor oscillationsflavor oscillations
•• test special and general relativity with new precisiontest special and general relativity with new precision
•• search for magnetic monopolessearch for magnetic monopoles
•• search for neutralino (or other) dark mattersearch for neutralino (or other) dark matter
•• search for topological defects and cosmological remnantssearch for topological defects and cosmological remnants
•• search for nonsearch for non--standard model neutrino interactionsstandard model neutrino interactions
•• Planck scale physics with GRBsPlanck scale physics with GRBsp yp y
•• ……



WIMP capture in the sun

χ
and annihilation in neutrinos

χ

n
νμ

DETECT

W Wχ + χ W + W ν + ...



spin-independent
scatteringscattering

AMANDA

IceCube 22



spin dependent
scatteringscattering



t h i t i h iatmospheric neutrino physics

• TeV physics and above : new physics

• > 10 TeV : observation of core-mantle 
transition from neutrino absorption in thetransition from neutrino absorption in the 
Earth

• ~ 10 GeV : hierarchy from matter effects in 
the Earth near first absorption dip

• 2 megaton detector for MeV neutrinos from a 
l ti ( b d l t i ti )galactic supernova (observe deleptonization)



new physics with atmospheric neutrinos







low energy core for IceCube
concept: define fiducial volume. 
contained vertex with no hits in 

outer “veto” region is a g
candidate for a downward  

neutrino.

1500 AMANDA

Deep Core

2500 ( ) Mtontenheightn scattstrings ≈×× 2λπ



~ 10 GeV : hierarchy from matter 
effectseffects

in the Earth near first absorption dip
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quantized space: matter where the geometry is activated



quantized space: matter where the geometry is activated

1 cm3310
E
1~ −→λ
E ν←



Lorentz violation from Planck scaleLorentz violation from Planck scale
violation of Lorentz invariance may be a tool to studyviolation of Lorentz invariance may be a tool to study 

Planck scale physics

i t ti ith Pl k ti l di t tinteraction with Planck mass particles distort 
spacetime

Planck scale vacuum fluctuations probed by 
high energy neutrinos

...)(2222 ±±+= nEEmpE )(
PlanckM

p
ς

modification to dispersion relation leads to an energy 
dependent speed of light.



sensitivity to Planck scale !sensitivity to Planck scale !

violation of Lorentz invariance because of Planck scale 
physics can be detected through time delays of highphysics can be detected through time delays of high 
energy neutrinos relative to low energy photons
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from a source at a distance d; for instance a GRB.



Supernova Monitor

Amanda-II

Amanda-B10
B10: 
60% of Galaxy    

A-II:
95% of Galaxy

Count rates

IceCube
0       5      10  sec

IceCube:
up to LMC 106 events in millisecond bins from 8 kpc
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stay tuned: IceCube integrated volume
cumulative km3·yr of exposure × volume

55

4

3

2

also
1

also
NESTOR
NEMO

1 k 3 h d 2 b f d t t i l t d

2005  2006  2007  2008  2009  2010  2011  2012  2013  2014   year

1 km3·yr reached 2 years before detector is completed
close to 4 km3·yr at the beginning of 2nd year of full array operation
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