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Astroparticle PhysicsAstroparticle Physics

Big Bang

present time

15 billion years
ago

What is theWhat is the
present structure ?

What happened What happened 
at the beginning? present structure ?at the beginning?

How did How did 
structure form ? structure form ? 

evolution



Composition of the UniverseComposition of the Universe

“Dark Energy”

“Cold Dark 
Matter”

Normal matter :
atoms, nuclei



Dark Energy Dark Energy 

Expansion of the universe accelerating



Methods to find Dark MatterMethods to find Dark Matter

χ

DirectDirect IndirectIndirect
Halo: v ∼ 300 km/sec Captured: v ∼ at rest, or in Halo

χ
χ χ

M ∼ 100 GeV M ∼ 100 GeV

e+, p,  γ, νER ~ 10 keV
E ~ 50 GeV

5 100
E ( keV)

50 1000
E ( GeV)

N N

signal

background signal

background



WIMPWIMP DistributionsDistributions in Galaxyin Galaxy

Système solaire

Spike around  Black Hole at Galactic Centre ?

Concentrations at
Centre of Sun,
Centre of Earth

Halo of Galaxy

Clumpy Halo?

ρ ~ 0.3 GeV/ cm3,
v ~ 300 km/sec



MultiMulti--Messenger AstronomyMessenger Astronomy

Visible LightVisible Light

Gamma RaysGamma Rays

??NeutrinosNeutrinos



Energy of particles accelerated
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Cyclotron Berkeley 1937

Saturne, Saclay, 1964

Astroparticle PhysicsAstroparticle Physics

LHC CERN, Geneva, 2005

Terrestrial Accelerators Cosmic Accelerators 

Active Galactic Nuclei

Binary Systems

SuperNova
Remnant 



Origin of High Energy Cosmic Rays ?Origin of High Energy Cosmic Rays ?

Same energy densitySame energy density
arriving on Eartharriving on Earth
as starlight butas starlight but

origin is unknown.origin is unknown.

Solar
System

Sun

Galaxy

Supernova Remnants Extragalactic

Active 
Galactic
Nuclei

Gamma Ray
Bursters

Total power in spectrumTotal power in spectrum
5 5 ×× 10104040 ergs/secergs/sec

Energy (eV)

F
lu

x
 (

 m
2

 s
r

s 
G

e
V

)-
1



Extremely Energetic Extremely Energetic 
Cosmic Sources Cosmic Sources 

1038

ergs/sec
1046

ergs/sec
1053

ergs/sec

Sun :4 ×1033 ergs/sec



Gamma Ray BurstsGamma Ray Bursts



MultiMulti--Messenger AstronomyMessenger Astronomy

ν

γ

p

Light and gamma rays absorbed on matter and radiation 
Charged cosmic rays deviated by magnetic fields
Neutrino trace back to the source, even the most distant 



Ultra High Energy Cosmic RaysUltra High Energy Cosmic Rays
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Astronomy with charged comic rays Astronomy with charged comic rays 
not easy ….not easy ….

M. Masetti

PeV proton



Origin of Cosmic RaysOrigin of Cosmic Rays

308/242.5 in 20 °

E> 4 E> 4 ×× 101019 19 eVeV

8 8 ×× 101017 17 <E<<E< 8 8 ×× 101018 18 eVeV



Auger Observatory in ArgentinaAuger Observatory in Argentina



AUGERAUGER--NorthNorth

Proposal for Northern site :USA Utah or Colorado

Uniform Exposure

Equatorial Coordinates



EUSO concept:
Detecting air
showers from space.



Dark matter search with charged cosmic Dark matter search with charged cosmic 
rays and gammasrays and gammas

M(χ)
<300 GeV

PAMELA: satellite launch 2004 AMS International Space Station: 2007 

Pamela e+

(3 years)
Pamela p
(3 years)

AMS p
(3 years)



Gamma Ray Telescope ProjectsGamma Ray Telescope Projects

CANGAROO II+ICANGAROO II+IHESSHESS

VERITAS (2006?)VERITAS (2006?)
MAGIC (2004)MAGIC (2004)



HESS gamma ray telescope in NamibiaHESS gamma ray telescope in Namibia

Example of recent observation previously unknown source :

February
2004

March
2004

April 
2004

PSR B1259PSR B1259--63 63 

HESS J1303HESS J1303--6363

PSR B1259PSR B1259--63 63 

HESS J1303HESS J1303--6363

PSR B1259PSR B1259--63 63 

HESS J1303HESS J1303--6363



Observation of Galactic Centre : HESSObservation of Galactic Centre : HESS

33o o FoVFoV

H.E.S.S.

Chandra

F. Banagoff et al.

95%
68%



Energy Spectrum of GCEnergy Spectrum of GC

( If interpreted as Dark Matter ( If interpreted as Dark Matter MMχχ > 12 TeV > 12 TeV ))



HESS II HESS II 

Add large 35m dish at middle of existing 4 telescopesAdd large 35m dish at middle of existing 4 telescopes



Future of satellite gammas: GLASTFuture of satellite gammas: GLAST
Launched in 2007
Lifetime: 5 y (goal 10 y)
Payload to be built by a 
wide collaboration of 
Astrophysics and Particle 
Physics institutes in USA, 
France, Italy, Germany, 
Sweden and Japan

Energy range: 10 MeV to > 300 GeV
Field of view: > 3 sr

Source location accuracy: 30” - 1’
Energy resolution (1 σ): 2% (> 10 GeV)
Sensitivity (2-y survey): 2 10-9 cm-2 s-1 (> 100 MeV)



Gamma Ray Astronomy in 2008 Gamma Ray Astronomy in 2008 

preliminary



Neutrino Telescope ProjectsNeutrino Telescope Projects

NESTOR : Pylos, GreeceNESTOR : Pylos, Greece

ANTARES   LaANTARES   La--SeyneSeyne--sursur--Mer, FranceMer, France
( NEMO  Catania, Italy )( NEMO  Catania, Italy ) BAIKAL: Lake Baikal, SiberiaBAIKAL: Lake Baikal, Siberia

DUMAND,DUMAND,
HawaiiHawaii

(cancelled 1995)(cancelled 1995)

AMANDA, South Pole, AntarcticaAMANDA, South Pole, Antarctica



Neutrino weak interactions with matter Neutrino weak interactions with matter 
Unique properties of neutrinos :          Unique properties of neutrinos :          

Astronomic sources and universe transparent to neutriAstronomic sources and universe transparent to neutrinosnos
but but ……

Need massive detectors to observe themNeed massive detectors to observe them
Interaction length of neutrinos Interaction length of neutrinos vsvs energy energy 

101033

101066

101099

11 101033 101066

E E νν (TeV)(TeV)
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Earth transparent up to 100 TeVEarth transparent up to 100 TeV

Probability of interaction Probability of interaction 
~ 10~ 10--55 / km water at 100 TeV/ km water at 100 TeV



Evolution of  Neutrino TelescopesEvolution of  Neutrino Telescopes
MACRO MACRO 

4 K tonnes iron in 4 K tonnes iron in 
caverncavern

SuperKamiokandeSuperKamiokande
30 K tonnes water in 30 K tonnes water in 

caverncavern

Need  > 1000 m depthNeed  > 1000 m depth
to absorb light to absorb light 
and cosmic rays

ANTARES ANTARES 
10 000 K tonnes 10 000 K tonnes 

water water 
In deep seaIn deep sea

and cosmic rays



Principle of Neutrino AstronomyPrinciple of Neutrino Astronomy

neutrino

µ
muon

Matrix of light detectors

interaction

Cone of
Cherenkov 

light

Sky Map
neutrino directions detected

(simulation)



Undersea Neutrino Telescope Undersea Neutrino Telescope 

p

p

µ

µ

ν ν

ν
from outer space

ν from 
atmosphere

Backgrounds from
Cosmic Ray Interactions
in atmosphere of Earthµ from atmosphere



AMANDA data AMANDA data 
Skyplot 2000-2003 

optimized for best sensitivity
to E-3 – E-2 sources

3369 events

α



AMANDA data AMANDA data 
Flux Flux ofof atmosphericatmospheric neutrinosneutrinos

100 GeV100 GeV

100 TeV100 TeV



Angular ResolutionAngular Resolution

ν

µ

µ

ν

0.2°
Deep inelastic scattering :

~ ~ 0.20.2°° at 100 TeV :dominated by detector resolutionat 100 TeV :dominated by detector resolution



Energy measurementEnergy measurement

σ(
l
o
g
 
E

µ)

log Eµ (GeV)

×2.5 in E

High energies 
dominated by 
pair 
production,
bremsstrahlung

µ

Showers of particles 
from pair production, etc.

Average energy
loss of muon
in water



Water versus IceWater versus Ice
DeploymentDeployment

Ice gives solid platform to install detectorIce gives solid platform to install detector
Sea experiments need boats/ platformsSea experiments need boats/ platforms
Ice detectors worked first (Baikal deploys from ice)Ice detectors worked first (Baikal deploys from ice)

Angular ResolutionAngular Resolution
Light scattering much less in water Light scattering much less in water 
AMANDA        : ~ 3°    (real detector)AMANDA        : ~ 3°    (real detector)
ANTARES       : ~ 0.2 ° (simulations)ANTARES       : ~ 0.2 ° (simulations)

Uniformity of Detector responseUniformity of Detector response
Water homogeneousWater homogeneous
Ice has dust layers, bubblesIce has dust layers, bubbles
Knowledge of efficiency simpler in waterKnowledge of efficiency simpler in water

Noise BackgroundsNoise Backgrounds
Water: Water: 4040K /bioluminescence ~ 60kHz / PMTK /bioluminescence ~ 60kHz / PMT
Ice: only dark tube noise ~ 500Hz / PMTIce: only dark tube noise ~ 500Hz / PMT



Effective Neutrino AreaEffective Neutrino Area
AMANDA / ANTARESAMANDA / ANTARES



Region of sky observable Region of sky observable 
by Neutrino Telescopesby Neutrino Telescopes

Mkn 501

Mkn 421

CRAB

SS433

Mkn 501

RX J1713.7-39

GX339-4SS433

CRAB

VELA

Galactic
Centre

AMANDA (South Pole)AMANDA (South Pole) ANTARES (43° North)ANTARES (43° North)



Crab

Tycho

Cas A Cygnus

VelaW50/SS433 

Kepler G299.9-2.9 

Sag A 

SuperNovaSuperNova RemnantsRemnants
Radio

X-Ray

Gamma



Energy Argument forEnergy Argument for
Supernova Origin of Cosmic RaysSupernova Origin of Cosmic Rays

One supernova One supernova ∼∼ 10105151 ergsergs
In galaxy 1 SN / 30 years ( 1/ 10In galaxy 1 SN / 30 years ( 1/ 1099 sec)sec)
Power in supernova Power in supernova ∼∼101042 42 ergs / secergs / sec
If efficiency to convert SN power to CR 5%If efficiency to convert SN power to CR 5%

⇒⇒ 5 5 ×× 10104040 ergs/secergs/sec

Total power in cosmic rays:   5 Total power in cosmic rays:   5 ×× 10104040 ergs/secergs/sec



Evidence for Acceleration of cosmicEvidence for Acceleration of cosmic--ray ray 
protons in supernova remnantprotons in supernova remnant

RX J1713.7RX J1713.7--39463946 ??

Synchrotron

Bremsstrahlung

Inverse Compton

π0 decay

CANGAROOCANGAROO
Gamma RayGamma Ray
TelescopeTelescope



Recent results fromRecent results from
HESS gamma ray telescope HESS gamma ray telescope 

RX J1713.7RX J1713.7--39463946 Vela JuniorVela Junior

Signal for  Northern Hemisphere Neutrino TelescopesSignal for  Northern Hemisphere Neutrino Telescopes
( ( few few events / year in ANTARES)events / year in ANTARES)

Observation of neutrinos would give clear proof Observation of neutrinos would give clear proof 
for hadronic acceleration and so source of cosmic raysfor hadronic acceleration and so source of cosmic rays



Model of  Model of  LevissonLevisson and Waxman:and Waxman:
Proton interactions on synchrotron gamma from electronsProton interactions on synchrotron gamma from electrons

-- assuming 10% of jet energy in protons

Event rates from Microquasars in Event rates from Microquasars in 
ANTARESANTARES

assuming 10% of jet energy in protons

C. Distefano et al, ApJ 575, 378(2002)



Search for concentrations ofSearch for concentrations of
Dark MatterDark Matter

Earth

ν

χ

χ
χ

χ
χ
χ

Sun

Detector

Indirect detection of WIMPSIndirect detection of WIMPS
Searches for annihilation in Searches for annihilation in 
Earth, Sun , Galactic CentreEarth, Sun , Galactic Centre

→W,  f νX
χ χ → WW,  ffWIMP looses energy

by elastic collisions
when v < vescapecaptured



Using example of 

mSUGRA model

A0=0, µ>0,

tanβ=10,  

M1/2=0-800 GeV, 

M0=0-1000 GeV

+  Ωwimph2 < 1   

+ LEP constraints 

Neutrino Neutrino 
telescopetelescope

νν flux flux 
from sunfrom sun

Direct Direct 
DetectionDetection

spinspin--independent independent 
crosscross--section section 

⇒⇒ Neutrino Telescopes  Neutrino Telescopes  

very competitive for some very competitive for some 

regions of MSSM phase spaceregions of MSSM phase space

DM : ANTARES versus Direct  DetectionDM : ANTARES versus Direct  Detection



ANTARES  DetectorANTARES  Detector

60 m

• 12 lines
• 25 storeys / line
• 3 PMT / storey

350 m

100 m

12 m

Junction
box

Readout cables

40 km to
shore

2400m



Site locationSite location

Submarine cable
-2400m 

La Seyne sur Mer 

Institut Michel Pacha

ShoreShore
Station Station 



DeploymentDeployment ofof Sea CableSea Cable, , NovNov 20012001



DeploymentDeployment ofof JJunctionunction Box, Box, DDeecc 20022002



Sea bed situation Sea bed situation 
March 2003March 2003

5 storey 5 storey 
opticaloptical
detectordetector

lineline
(PSL)(PSL)

instrumentatioinstrumentatio
LineLine

(MIL)(MIL)



Undersea images of detector elementsUndersea images of detector elements

Storey of detector Storey of detector 
optical  modulesoptical  modules

Anchor ofAnchor of
detector linedetector line

JunctionJunction
boxbox

SubmarineSubmarine
cablecable



“Line 0” : In“Line 0” : In--situ final test of line cablessitu final test of line cables



Deployment Line0 Deployment Line0 
March 16 2005March 16 2005



MILOM : Real instrumentation line for calibration MILOM : Real instrumentation line for calibration 

Deployment March 18 2005Deployment March 18 2005



MIL

L11 L1

L2L12
L4L8

L3L7

L5L9

MILOMMILOM

L6L10

PSLInterlinkInterlink cablescables

Line0 / MILOM Connection with ROV VictorLine0 / MILOM Connection with ROV Victor

April 2005April 2005

JunctionJunction
BoxBox Line 0Line 0



Timing resolution in the SeaTiming resolution in the Sea
Time difference between 
pairs of optical modules

σt = 0.7 ns

∆t (ns)

Optical Modules

~15m

Optical Beacon
60 LED 

~10ns pulse width



Reference time clock systemReference time clock system

ON shoreON ON shoreshore



ANTARES
12 line detector planned

for completion 2007

Complete Neutrino Astronomy
sky coverage with 

AMANDA/ICECUBE

Conclusions

KM3NET future 
km scale in Mediterranean
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