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Tau Tau neutrinosneutrinos

~300m for 
     PeV ντ 

XN +→+ τντ

τ decay into
hadrons
or electrons 
BR ~83%

Never absorbed but loose energyNever absorbed but loose energy A topology for kmA topology for km33

Double bang eventsDouble bang events
EEττ > 2  > 2 PeV RPeV Rττ  ~100 m~100 m
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The Pile-up and regenerationThe Pile-up and regeneration

Mean rate of energy degradation for
ντ of 104, 105, 106, 107, 108, 109 GeV
(bottom to top) vs fraction of Earth

1,2 incoming νµ, ντ  3,4 outgoing νµ, ντ
5 secondary neutrinos from ντ

E-2

E-1
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Tau Tau neutrino propagation in the Earthneutrino propagation in the Earth

Secondary Secondary ννs from s from ννττ

ννττ

ννµ, µ, ee

CCCC

NCNC



Teresa Montaruli, Apr. 2006Teresa Montaruli, Apr. 2006

Detection ofDetection of  ννe  ,,ννµµ  ,,  ννττ
O(km) long muon tracks 

direction determination
by cherenkov light timing

   ≈ 15 m
~ 5 m

Electromagnetic and hadronic cascades

44ππ coverage coverage

22ππ coverage coverage
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Events in 9 IceCube strings+18Events in 9 IceCube strings+18 Icetop  Icetop StationsStations
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Neutrino in 9 strings ofNeutrino in 9 strings of icecube icecube
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SimulatedSimulated Muon  Muon in ANTARESin ANTARES
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TheThe Cherenkov  Cherenkov effecteffect
A charged particle radiates if its velocity is largerA charged particle radiates if its velocity is larger
than the phase velocity of light v>c/n or than the phase velocity of light v>c/n or ββ > 1/n > 1/n

Electrons start vibrating due to particle em field and

some of the particle energy is converted in light

If the media is transparent theIf the media is transparent the Cherenkov  Cherenkov lightlight

can be detectedcan be detected
If the particle is ultra-relativistic If the particle is ultra-relativistic ββ~1 ~1 ΘΘcc = const = const

In water In water ΘΘcc = 43 = 43˚̊,  ,  in ice 41in ice 41˚̊
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Wave frontWave front

Charged particle
AA

CC

BB

Number of photons/L and radiation length

Using light detectors (photomultipliers) sensitive in 300-600 nm 

for an ideally 100% efficient detector

About 10About 104 4 less than 2 less than 2 MeVMeV/cm in water /cm in water 
from ionization but directional effectfrom ionization but directional effect
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In radiators γs are absorbed and scattered
Absorption affects light signal amplitude ⇒  determines detector granularity
Scattering affects γ arrival time distribution ⇒ angular resolution

The Cherenkov radiatorsThe Cherenkov radiators

Ice is a more quiet environment than the sea (less optical backgrounds like 40K
β decay that produces light due to e+, no currents, no sediments, no fishes!!)
South Pole is far and expensive to carry the material
Ice has more scattering than water, affecting the pointing capability, and
more dependency on its properties with depth

Sea water: λatt ~ 40-50 m  λabs ~ 50-60 m λscatt > 200 m   (Blue 450 nm)
Lake Baikal    λatt ~20 m λabs = 15-30 m    λscatt > 100 m 
Polar ice: λabs ~ 100 m λscat ~ 25 m
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For an isotropic source of light:
I0 = intensity of source
I = intensity at distance R 
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CherenkovCherenkov
Neutrino Telescope ProjectsNeutrino Telescope Projects

NESTOR
 Pylos, Greece

            ANTARES
La-Seyne-sur-Mer, France

BAIKAL
    Russia

DUMAND
 Hawaii
 (1976

cancelled 1995)

NEMO
Catania, Italy

     AMANDA, South Pole, Antarctica
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AMANDA, IceCube
South Pole

 0.6 π sr  instantaneous view

Mediterranean
France 43o North

2/3 of time: Galactic Centre

Sky Visibility for                upgoing Sky Visibility for                upgoing µµss

TeV γ sources

Hw for extra creditsHw for extra credits
Calculate for which Calculate for which 
percentage of the day percentage of the day 
your source is visibleyour source is visible
by the detector you by the detector you 
chosechose
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Atmospheric Atmospheric µµ background background

Only upward going muons or showers
in the instrumented region can be 
distinguished from atm muons

2.4 km depth2.4 km depth

Data are corrected for the
detector finite size

PRD 56 (1997)PRD 56 (1997)
Detector dependentDetector dependent

MACRO results in 1000 m2 at 1100 m under surface

PRD60 (1999) 032001
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Large uncertainty due to CR flux knowledge  around the knee and K
physics/charmed meson decays

Atmospheric Atmospheric ννs: a background and as: a background and a
calibration sourcecalibration source
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Building detectors: towers/lines in the iceBuilding detectors: towers/lines in the ice
6t for 1 string6t for 1 string

Drilling with hot water jetDrilling with hot water jet
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Building detectors: towers/lines in the seaBuilding detectors: towers/lines in the sea
ANTARESANTARES

4
0
m

2
0
m

NESTORNESTOR

NEMONEMO
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Hydrophone RX

Local Control Module 
(in the Ti-cylinder)

Optical
Beacon

for timing
calibration
(blue LEDs)
1/4 floors

       17”  glass sphere
10” PMT  Ham. R7081-20
14 stages

Basic detector element in the seaBasic detector element in the sea
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Optical ModulesOptical Modules
Blow-up of an Optical Module

Gel

PMT

µ-metal
cage

Base with

 HV supply

LED for 

TTS calib
Resistant to >>260 bars
transparent 400-500 nm

Pressure relation with depth in a media
of density ρ

pat depht h =patm + ρgh
Weight of liquid column at depth h

About 1 atm / 10 m 
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NAUTILE from IFREMER
connection to the Junction Box

the interconnecting cable

connection to the test line

Sea operations: submarine connectionsSea operations: submarine connections
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Absolute time: clock system + GPS ⇒  msec accuracy
Absolute orientation: <0.1° accuracy through set of transponders
whose position is determined with respect to a boat positioned by
GPS system
Relative positioning: acoustic triangulation (acoustic beacons at sea
floor + hydrophones at storeys)
Orientation:   compass and tiltmeters in storeys
Accuracy: ~0.5 ns  ⇒ ~10 cm

Heading vs time at 4
positions along line ⇒
it moves coherently.
Movements correlated
to sea current (inertial
oscillations due to
Coriolis). Line is
essentially vertical

Monitoring of storey position and orientationMonitoring of storey position and orientation
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Some results from the MILOMSome results from the MILOM
Time calibration with LED beacons:Time calibration with LED beacons:

large light pulses  (effect of electronic, TTS of large light pulses  (effect of electronic, TTS of PMTs PMTs small)small) LED beacons

Time difference between OMs and internal
PMT of LED beacons  Acoustic positioning: required precision

on 3D position of the OMs is ~10 cm.



Teresa Montaruli, Apr. 2006Teresa Montaruli, Apr. 2006

ANTARES schemeANTARES scheme

© F. Montanet

• 12 lines
• 25 storeys / line
• 3 PMTs / storey
• 900 PMTs

~70 m

100 m

350 m
14.5 m

Submarine links

Junction
Box

40 km to
shore

Anchor/line socket

a storey

2500m depth
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The first lineThe first line
Deployed on Feb 14
Connected to JB on Mar 2 
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 21240 / 1252721240 / 12527
 θθ  = 172= 172oo

 P(P(χχ22,ndf) = 0.94,ndf) = 0.94

t [ns]

z 
[m

]

Antares preliminary

Reconstructed muons
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AMANDAAMANDA

AMANDA-IIAMANDA-II
 19 strings19 strings
 677 OM677 OM
 200 m diameter200 m diameter
 400 m tall400 m tall
 Years >=2000Years >=2000
 Trigger rate 80 HzTrigger rate 80 Hz

AMANDA-B10AMANDA-B10
 10 strings10 strings
 302 OM302 OM
 102 diameter102 diameter
 Years = 1997-99Years = 1997-99
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USA Germany
Sweden Belgium
Venezuela

AMANDA_II configuration (since 2000):AMANDA_II configuration (since 2000):
677 OMs/19 strings  677 OMs/19 strings  Ang. res. 1.5°-2.5° vertical/horizontal µs
 Aeff > 0.03 km2 Eµ > 100 TeV Published: point-like sources
AMANDA-B10 302/10 strings (1997-99)AMANDA-B10 302/10 strings (1997-99)
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IceCube: the 1st kmIceCube: the 1st km33 detector detector

Last season: 76 DOMs working and

successfully deployed: 1st IceCube

string 8 IceTop tanks deployed.

1 Gton instrumented volume1 Gton instrumented volume

4800 OMs/80 strings (60 OM/string spaced
by 17 m) DOM: 10 inch Hamamatsu R-7081
(digitized data)

IceTop: Eth = 300 TeV
80 pair of 2m diameter tanks close to each
hole filled by 1m ice instrumented with 2
DOMs
veto and calibration for angular response,
CR composition
100 events/d with coincident µs
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• R&D Phase (1999-2002):  >20 sea campaigns ⇒ optimal site Capo
Passero 3500 m depth , 80km offshore; R&D on materials, large area PMTs
and mechanical structures for long-term measurements in sea water, low
power consumption electronics;  feasibility study and simulations

NEutrino Mediterranean ObservatoryNEutrino Mediterranean Observatory
http://nemoweb.lns.infn.it

•Phase 1 (2002-2006) Advanced R&D:
 1st multi-purpose underwater Lab

main electro optical cable

main JB

~180 m

~180 m

~1300 m

 

secondary JB
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Detector ParametersDetector Parameters

ANTARESANTARES
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Effective areas for Effective areas for ννµµ
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Effective areas forEffective areas for muons  muons and neutrinosand neutrinos
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Detector ParametersDetector Parameters
Sensitivity for point-like sources:   N/sqrt(B) ∝ √(AeffT)/Δθ
N = Aeff T         B = Aeff T Δθ2

ν

µ
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Point-like sourcesPoint-like sources
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Energy Estimators and spectra unfoldingEnergy Estimators and spectra unfolding

Various estimators:
• Number of Hits
• hit amplitude compared to MIP
  expected one
• dE/dx = amplitude/track length

4.5 104.5 10-8-8 E E-2-2 GeV GeV-1-1 cm cm-2-2 s s-1-1 sr sr-1-1

Cut
σ(log10 Ereco/Etrue)~0.3-0.4 for
Eµ>10 TeV
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Diffuse Diffuse ννµµ Fluxes Fluxes
90% cl E90% cl E-2-2  νν flux flux
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Neutrino astronomy is a new adventure towardsNeutrino astronomy is a new adventure towards
our understandingour understanding


