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neutrino sky



Requires 
Kilometer-Scale
Neutrino 
Detectors



favorite sources                     possible science
Oscillations
New neutrino interactions
Tests of relativity and equivalence principle

Sources of cosmic rays
Test of Lorenz invariance
Planck scale physics, quantum decoherence
Sources of cosmic rays

Sources of galactic cosmic rays

Identify sources of cosmic rays
Neutrino cross section at EeV energy

Annihilation in the sun, mostly spin-dependent

Background to WIMP search

Deleptonization, TeV emission, hierarchy, sinθ13

Atmospheric
(~100,000 per year, up to 1000 TeV, charm ?)

GRB 
(successful and failed)

AGN

Starburst Galaxies

Supernova remnants
also, microquasars, magnetars, PWNe, binaries, 
unidentified EGRET sources, plane of the galaxy

Cosmic rays interacting with microwave photons

Dark Matter

Cosmic rays interacting with the sun 

Supernova explosion
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particle physics
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…. anything not on the previous 4 slides
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galactic and extragalactic 
cosmic rays

knee

ankle
extragalactic
cosmic rays

1 event
km -2 yr -1
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7.10.2006 Astroteilchenphysik-Schule
Schwarze Löcher: Kap 2

energy, not particle flux is the key !



galactic cosmic rays



solar flare shock acceleration

coronal 
mass

ejection

10 GeV
particles



Cas A supernova remnant in X-rays

shock fronts

Fermi acceleration when
particles cross
high B-fields



large 
magnetic field



Cosmic Rays & SNRs

supernova remnants: 
1050 ergs every 30 years

~10-12 erg/cm3

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

observed energy 
density of galactic CR:

~ 10-12 erg/cm3
galactic



extragalactic cosmic rays



Cosmic Rays & GRBs 

Extragalactic

Gamma-Ray Bursts: 
1051 ergs x 300/yr/Gpc3

~ 1044 ergs/yr/Mpc3

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

observed energy 
density of 

extragalactic CR:
~ 1044 ergs/yr/Mpc3



Cosmic Rays & SNRs

supernova remnants: 
1050 ergs every 30 years

~10-12 erg/cm3

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

observed energy 
density of galactic CR:

~ 10-12 erg/cm3
galactic



energy in extra-galactic cosmic rays

~ 3x10-19 erg/cm3 or
~ 1044 erg/yr per (Mpc)3 for 1010 years

3x1044 erg/s per active galaxy !!!
2x1051 erg per gamma ray burst

energy in cosmic rays ~ equal to
the energy in light !



supermassive
black hole

active galaxy

accretion disk

jet



Auger: the sources revealed



Cen A



general energetics may be understood,
but  accelerating particles to

energies in excess of

> 1000 TeV in galactic and

> 108 TeV for extragalactic

sources remains a challenge



Radiation
Enveloping
Black Hole

Black Hole

-> p + π0

~ cosmic ray + gamma

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

p + γ -> n + π+

~ cosmic ray + neutrino



3x1044 erg/s per active galaxy
2x1052 erg per gamma ray burst

energy in

cosmic rays ~ photons ~ neutrinos

energy in extra-galactic cosmic ray

~ 3x10-19 erg/cm3 or
~ 1044 erg/yr per (Mpc)3 for 1010 years
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equal to the flux of extra-
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MPR
bound

HBL blazars

Full IceCube, 1 year

100 - 500 events
per km2 year

WB

diffuse muon neutrino flux



neutrinos
from
GZK

interactions

galactic

extragalactic



cosmic rays interact with the 
microwave background

p + γ → n + π +

TeV102E 6×≥υ

cosmic rays disappear, neutrinos appear
υμπ +→

π → μ + υμ → {e + υμ + υ e} + υμ

~ 1 event per kilometer squared per year



neutrinos
from
GZK

interactions

galactic

extragalactic
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galactic cosmic rays are revealed
by their interaction with the ISM



supernova
beam 
dump

RX J1713-3946



TeV photons trace the density of the molecular clouds

the accelerator



galactic plane

Southern 
Hemisphere
Sky

S
tandard D

eviations

30°

210°

90° 65°
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π+ π-

e+ ν
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γ
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γ

γ e-

e+ γ
ν

neutral pions

are observed as 

gamma rays

charged pions

are observed as 

neutrinos

ννμμ ~ ~ γ γ / / 22



cygnus region : Milagro and Tibet

Milagro

contours are pion model 
with no sources

crosses are EGRET 
unidentified sources

TeV/matter correlation

chance noncorrelation
1.5x10-6

3 ± 1 ν per year in IceCube per source



IceCube image of our galaxy



1000 models … same ν-rate

milagro
egret
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cosmic neutrinos: how ?



μ

• lattice of photomultipliers

• shielded and optically
transparent medium

ν



Photomultiplier Tube



neutrino travels
through the earth

detector



nuclear
reaction

• infrequently, a cosmic neutrino
crashes into an atom in the ice
and produces a nuclear reaction

muon

neutrino travels
through the earth

detector



nuclear
reaction

muon

• infrequently, a cosmic neutrino
crashes into an atom in the ice
and produces a nuclear reaction

• muon travels kilometers in the ice

neutrino travels
through the earth

detector



• blue light produced in nuclear reaction

• optical sensors capture (and map) the light
neutrino

nuclear
reaction

muon

• infrequently, a cosmic neutrino
crashes into an atom in the ice
and produces a nuclear reaction

• muon travels kilometers in the ice

detector



ANTARES

10 out of 12
strings deployed



antares
antares



antaresantares neutrino candidatesneutrino candidates
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Downward going cosmic ray muons

Upward going neutrinos



we discovered that blue light travels 100~300 meter ! 



Where are we ?

South Pole

runway

AMANDA-II

Amundsen-Scott South Pole Station





new South Pole stationnew South Pole station



the project will eventually transform
a billion tons of ice into a particle physics detector

photomultiplier
starts its journey

to 2500 m



μ

• lattice of photomultipliers

• shielded and optically
transparent medium

ν



ννμμ + N + N →→ μμ ++ XX

muonmuon neutrinoneutrino
interactioninteraction →→ tracktrack

AMANDA Event 
Signatures:

Muons



1555 Events1555 Events
AMANDA II 2000



AMANDA: proof of concept



atmospheric neutrinos

cosmic ray

≈15 Km

π+

 μ+
e+

νe
νμ

νμ



detector measures the atmospheric neutrino 
flux predicted: method validated

atmospheric neutrinos up to 100 TeV



Neutrino Point Source Searches with AMANDA-II μ-DAQ 69

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



background:
downgoing cosmic

ray muons

600 per second

signal:
upgoing muons

initiated by
neutrinos

1 per hour



science



MPR
bound

HBL blazars

Full IceCube, 1 year

100 - 500 events
per km2 year

WB

diffuse muon neutrino flux
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low energy data is 
compared to the 
simulation



bkgd = 7.0 (6.1-8.3) 
events

the simulation is scaled so 
that the number of low energy 
events predicted matches the 
low energy data

66.7 events



high energy data set is unblinded
the number of high energy (Nch>100) data 
events is counted and compared to the 
background simulation.

average background 
predicted = 7.0

6 data events 
observed



an upper limit on the level of 
the signal flux is established 
based on what was observed 
in the high Nch region

4.95 events

66.7 events



clean upgoing neutrino sample of atmospheric ν’s:
no evidence for cosmic diffuse flux 

– any point sources, extra high energy events, bursts  ?



number of channels = 349



point sources and bursts



1555 Events1555 Events
AMANDA II 2000



AMANDA skyplot 2000-2003

3369 events

below horizon



search for point sources 5 year data



seven year data soon: unbinned analysis



first IceCube sky



search for clusters of events in the Northern sky



MeV neutrinos at collapse

TeV neutrinos from inside the star

PeV neutrinos from internal shock

PeV-EeV neutrinos from flares
[Murase & Nagataki 2006]

EeV neutrinos from external 
shocks []

GRB as sources of high-energy neutrinos

Fireball model for long GRBs



time and directional correlationtime and directional correlation
reduces background andreduces background and

increases sensitivityincreases sensitivity

GRB/transient search strategiesGRB/transient search strategies



420 GRB
searched

• AMANDA starts to
exclude models

• IceCube will reach 70
times the instrumented
volume in 2009



multiwavelength campaign



Year2000 2001 2002 2003

May June July

Flux of
TeV photons 
(arb. units)

0

1

2

3

νν

gamma-rays detected by 
TeV gamma telescopes

Arrival time of the neutrinos 
from the direction of
ES1959+650 detected by 
AMANDA

need a larger
detector
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IceCube deployments

2004-2005 : 1 string

2005-2006: 8 strings

2006-2007: 13 strings

Completion 2011 :

•80 strings
60 modules 

each•17m between
modules •125m between 
strings •1 km³ ; ~1GTon

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

Counting house: commissioned in January 2007



IceTop

InIce
2004-2005 : 1 string

2005-2006: 8 strings

AMANDA-II

2006-2007:
13 strings deployed

update

2007-2008 
18 strings deployed
completion by 2011

2008/09: add 18 strings
and tank stations (20?)

1450m

2450m



IceCube 
event 

22 strings



AMANDA     and     IceCube

IceCube is both larger and technologically superior

Instrumented Volume ~ 1 km3Instrumented Volume .015 km3

String Spacing
Vertical: 17 m
Horizontal: 125 m

String spacing
Vertical: 10-20 m
Horizontal: 55-75 m

Depth 1450-2450 mDepth ~ 1500-2000m
Software TriggerHardware Trigger
No deadtime1 ms deadtime

Larger dynamic rangeSaturation for multiple p.e. 
signals

Full Waveform recordingADC/TDC 
In-ice signal digitizationAnalog signals to surface
4.8 megawatt drilling2 megawatt drilling



•• 1 million pounds of cargo1 million pounds of cargo
•• CC--130 planes: > 50 flights130 planes: > 50 flights

IceCube construction 



IceCube Site

5 megawatt power plant



one of 21 drill modules arrive in antarctica



String cable 2500 m   Weight ~6 tons



Digital  Optical Module

Photomultiplier Tube



Digital Optical ModuleDigital Optical Module

main main 
boardboard

LED LED 
flasher flasher 
boardboard

HV boardHV board



DOM MB Block diagram
FPGA      

CPU

CPLD
Flash Flash

PMT Power

SDRAM

SDRAM

ATWD

ATWD

fADC

DAC

Monitor
& Control

LPF

LC

x16

x2

x0.25

Flasher
Board

Pulser

DACs & ADCs

Corning Frequency Ctl
(was Toyocom)

4Mb    4Mb

16Mb

16Mb

+/-5V, 3.3V,
2.5V, 1.8V

64 Bytes

Trigger (2)
ADC

Oscillator

20 MHz

40 MHz
MUX

(n+1)
(n–1)

DOR

OB-LED

x 2.6 x 9

10b

10b

10b

10b

8b

32b

16b

8b

8b, 10b, 12b

DP
Ram

1 megabaud

DC-DC

Configuration
Device

8Mbit

Delay

R7081-02
25 cm



The Digital Optical Module (DOM)

• Onboard capture of PMT waveforms
– 300 MHz for ~400 ns with custom chip
– 40 MHz for 6.4 µsec with comm. fast ADC

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

deadtime)
• Failure rate < 1%

• Onboard capture of PMT waveforms
– 300 MHz for ~400 ns with custom chip
– 40 MHz for 6.4 µsec with comm. fast ADC

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

deadtime)
• Failure rate < 1%

Digitized Waveform
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IceCube

45 m

25 m

• in the next 10 years IceCube will observe

~ 106 neutrinos with energies 0.1—1,000 TeV

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

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

1610
m
E

≈=
ν
νγ



GZK event: cosmic ray + cmb photon 
10 EeV neutrino



XeNe +→+ν

XN +→+ μν μ

Direction:

Reconstruction of
Cerenkov cone

Energy:

Counting of modules
that see photons

XN +→+ μν μ

muonbackground



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.

neutrino flavor
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



IceCube : particle physics with
one million atmospheric neutrinos

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

• Physics:
•• measurement of the highmeasurement of the high--energy neutrino cross section energy neutrino cross section 
•• gravity, quantum gravity, quantum decoherencedecoherence
•• 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 search for neutralinoneutralino (or other) dark matter(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 Planck scale physics with GRBsGRBs
•• ……



quantized space: matter where the geometry is activated



cm3310
E
1~ −→λ

ν←

quantized space: matter where the geometry is activated



neutrino “astronomy”

violation of Lorentz invariance may be a tool to study 
Planck scale physics

interaction with Planck mass particles distort 
spacetime

Planck scale vacuum fluctuations probed by 
high energy neutrinos

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

...)(2222 ±±+= n

PlanckM
EEmpE

ς



violation of Lorentz invariance because of Planck scale 
physics can be detected through time delays of high 
energy neutrinos relative to low energy photons

from a source at a distance d; for instance a GRB.

n

PlanckM
E

c
dnt ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛+

≈Δ
ς

ν

2
1

sensitivity to Planck scale !



stay tuned: IceCube integrated volume
cumulative km3·yr of exposure × volume

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

2005  2006  2007  2008  2009  2010  2011  2012  2013  2014   year

5

4

3

2

1
also
NESTOR
NEMO



looking ahead …
AMANDA

IceCube string and 
IceTop station 
deployed 12/05 –

01/06

IceTop station only 
2006

•604 DOMs deployed 
to date

•Want to achieve 
steady state of 14 
strings / season.

IceCube string and 
IceTop station 
deployed 01/05

IceCube string and 
IceTop station to 
be deployed 12/06 –

01/07

• a km squared year
data by 08~09

• data from completed
Antares detector

KM3NET
• radio and acoustic

detectors

• technology
delivered !
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overflow



novel detection methods:
radio, acoustic and horizontal showers



neutrinos from the interactions
that create the GZK feature in the

cosmic ray spectrum



Muons



Gurgen Askaryan (1962)

radio emission from neutrino
induced showers

Cherenkov power is not
proportional to frequency 
because
of coherence at MHz to GHz 
wavelengths

showers (photons and pairs) 
are not electrically neutral

confirmed by calculation and
experiment in 1990s



• Opportunity to test the effect in a 
medium relevant to several current 
and future experiments: 
ANITA, RICE, etc.

SLAC T486 (Jul’06): Askaryan on ice

10 ns

•12-tons of ice + ANITA + 
End Station A + SLAC beam =  Ideal ANITA
calibration + comprehensive 
validation of Askaryan



ANITA

ANITA
Gondola &
Payload

Antenna array

Overall height ~8m

Solar
panels

Antarctic Impulsive Transient Antenna Experiment

searching for GZK 
neutrinos with radio 

detection in Antarctic ice neutrino
Cascade: ~10m length

air

solid

RF
Cherenkov



in-ice view of radio detection



ARIANNA concept
100 x 100 station array

~3
00

m

Ross Ice Shelf, Antarctica



staged IceCube enhancements

Optical:

80 IceCube + 13 IceCube-
Plus (astro-ph/0310152) 
holes at 1 km radius (2.5 
km deep)

Radio/Acoustic:

determine GZK event rates 
with 6 + 12 radio detectors 
at the surface or at depth

calibration with IceCube!



shielded and optically transparent mediumshielded and optically transparent medium
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ν

μ

detection

• photon counts reflect energy of the muon
that loses energy catastrophically (bremsstrahlung,…)

• nanosecond timing allows
likelihood reconstruction of the
track with degree accuracy



unfortunately, detecting a neutrino is difficult !
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1500

2500

deep core

• Replace AMANDA with
IceCube digital optical modules

• European funding for new DOMs

Goal: identify contained, sub-TeV events 
for WIMP searches, atmospheric ν, …


