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AstroparticlePhysics

ÇIntroduction: Some historical facts, general problematic

ÇCosmic Rays from space and balloons

Ç(Very) High Energy Gamma ray astronomy

ÇUltra High Energy Cosmic Rays

ÇHigh Energy Neutrinos

Ç(Gravitational Waves)

ÇDirect Dark Matter Searches

ÇCMB

ÇFuture prospects and conclusion
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SOME HISTORICAL FACTS
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1912 : Discoveryby Victor HESS (Nobel Prize1936 with Anderson)

The Cosmic Ray Mystery
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Kolhorster

Ç1913-1814: Werner 

Kolhörsterrepeats and 

confirms findings of 

Victor Hess 9 km

Ç1928-1929: uses Geiger 

counters: Charged 

cosmic rays are most 

probably charged 

(Science, 1930)
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Ç1934 : Supernovas  proposed as putative 

sources of CRs. (Baade & Zwicky)

Ç1938: Neutron star collapse can be used as 

cosmological standard candle cosmology

Some major dates ïconôt
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Some major dates ïconôt

Ç1933: Discovery of positron (e+) in the cosmic rays

Ç Strong relation with particle physics  (ɛ±(1936), ˊ± (1947), 

Strange particles (1947), ...)

First positron

Anderson,Phys.Rev. (1933)
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Discovery of giant showers

Ç1939 : Discovery of giant showers (Pierre Auger)

using coincidence between detectors 50 m apart

ÇUp to 1015 eV (at least) !!

Pierre Auger
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Cosmic Ray Conference  University of Chicago July 1939
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Cosmic Ray Spectrum

ÇOne wonder of 
physics

Ç12 orders of 
magnitude in energy, 
32 orders in flux

various detection 
techniques

ÇVery low spectra at 
high energy huge 
area needed(>1000 
km2)

ÇSources unknown

ÇIsotropic (above 10 
GeV)
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Open questions

ÇWhat the sources of cosmic rays?

ÇWhat are the acceleration mechanisms, what are 
the accelerated particles?

Ç Is there new physics in there? (Dark Matter, ...)

ÇHow do high energy particles propagate in 
Universe ? What can we learn from the 
propagation ?

ÇLink with cosmology: large structure formation, 
tomography of Universe
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THE MAIN PROBLEMATICS
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(Photon) Energy distribution in Universe

Galaxies

High Energy

ÇPhoton Energy 

Distribution
Ç CMB 3K

Ç Galaxies

(Star light and dust)

Ç Compacts objects (X)

ÇEmitting Power

Ç P = ů × T4 R2 (Stefan)

Same power emitted by an object 

10 hotter and  100 smaller

Ç X-Rays (10 keV) : 

~ 1km (Neutron Star) Sun

Ç VHE (1 GeV): 

0.2 nm Sun

VHE Universe is Non-Thermal

Astroparticlewill mainly concern non-thermal Universe
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Particle acceleration in a nutshell

ÇStrong electric : 

pulsars (Rotating Magnetized Neutron 

Star)

~ dynamo effect, V ~ 1012 V
ÇAstrophysical shocks : Diffusive shock 

acceleration (DSA)

(Fermi mechanism)
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Maximum Energy

ÇMax energy limited by 

confinement size

ÇLarmorRadius

ÇConfinement:

source size > R
L

ÇLine of slope  -1 in

log(R) - log(B)

(Hillas Criteria)

qBc
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Mathieu de Naurois ASP ïSouth Africa - 2010 16

Multi -messenger observations of the Cosmos

cosmic

accelerator

photons: Absorbed by dust & radiation field (CMB)

gammas  ( z < 1 )

Us

neutrinos

neutrinos: Difficult to detect

ᵼThree ñastronomiesò possible...

protons E>1019 eV ( 10 Mpc )

protons  E<1019 eV

protons/nuclei: Deviated by magnetic fields, 

Absorbed by radiation field (GZK)
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GZK effect

ÇCosmic Microwave 

Background discovered in 

1965 (Penzias & Wilson)

T0= 6 10-4 eV (2.7 K) , 

N = 400 cm-3

ÇInelastic collision of nuclei 

with CMB GZK effect 

(Greisen, Zatsepinet Kuzmin) 

(1965)
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-ray horizon

ÇAbsorption of  VHE ɔ

by pair creation on 

CMB/IR photons:

ÇObservable Universe:

z < 0.1 @ 500 GeV

z < 0.01 @ 2 TeV

ÇObservation of distant quasars indirect measurement of star 

and dust background ñtomographyò of Universe

Mrk421

Mrk501

1ES 1959 650

1ES 2344 514

PKS 2155 304

H1426 428

PKS 2005 489

EBL models

adapted from Blanch & Martinez 
2004

eeCMB
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Propagation 33

halo
disk

bulge
supernova?

source heliosphere

propagation effects:

energy losses, nuclear reactions (spallation, ...)

ÇEnergy dependant diffusion observed spectrum differs from 

primary spectrum

ÇSteeper spectrum (high energy CRs escape more easily)
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4

1018 eV 1020 eV

Propagation

ÇAbove 1020 eV a proton astronomy becomes possible
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Composition

ÇCR abundances differs from local measurement
ÇExcess of Li - Be - B et sub Fe 

ÇSecondary nucleus created by spallation constraints on propagation

ÇPrimary nuclei (CNO, Fe,.) accelerated in sources

ÇOther particles are produced in propagation (ɔ, ɜ, antiparticles). Excess 

w/o prediction can be the sign of new physics
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Composition ïII ïIsotopic Measurement

ÇSecondary Nuclei:

ÇCNO spallationŸ Li, Be, B

ÇConstraints on CR propagation in the 

galaxy

ÇRadioactive Nuclei: Cosmic Ray 

clocks.

Ç
10Be (t

1/2
~1.5 106 year)

Ç
10Be/9Be give information about 

confinement time in the Galaxy

Ç
26Al line (1.809 MeV,half life  106

years): nucleosynthesistracer (stellar 

winds,...)

ÇCurrent isotopic measurement:

ÇLow statistics, low energy only
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Acceptance & fluxes

ÇThe higher the energy, the 

biggest the needed acceptance:

Ç10 GeV : 1 CR/m2/s

1 m2 (satellite or balloon)

ÇKnee: 1 CR/m2/an

1 km2 (ground array)

ÇAnkle: 1 CR/km2/century

1000 km2 (giant array)
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Challenges

ÇAtmosphere opaque to cosmic rays

Stratospheric balloons or indirect detection

ÇFlux decreases rapidly with energy

Need for very large effective area (1000 km2 at the 

knee)

ÇComposition (and isotopic composition) is very rich 

Need for precise mass measurement

ÇSpecificities related to primary particles:

ÇNeutrinos : very low interaction probability need 

for huge detection volumes

ÇGammas : very large hadronic and electronic 

background

large rejection factors needed
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From SpaceFrom Ground

Photons
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Balloons

Giant showers ïfrom ground

Space

Charged Particles

Direct detection
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See or deep ice Underground

Neutrinos



Mathieu de Naurois ASP ïSouth Africa - 2010 29

ELEMENTARY PROCESSES
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Charged particles

ÇIonisation

ÇTransition Radiation

ÇCherenkovRadiation
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Detectors and observables

Detector Observable
Link with primary 

particle

Tracker
Rigidity and sign of 

charge
pc / ze

Time of flight Speed ɓ

Proportional Counters

Scintillators

Ionisation Chambers

Ionisation dE/dx = z2 f(ɓ)

Cherenkov
Density of 

Cherenkov photons
dN/dx = z2 g(ɓ)

Transition Radiation Detector X-Ray photons N = z2 h(ɔ)

Calorimeter Deposited Energy mc2(ɔ-1)
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ÇPhotons cannot be directly detected:

Production of charged particles

ÇPhotoelectric effect

ÇCompton Scattering

ÇPair creation

Detection of photons

e-

ɔ
ɔõ

e-

e-

e+



Mathieu de Naurois ASP ïSouth Africa - 2010 33

CHARGED COSMIC RAYS
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Current experiments

ÇCREAM

ÇATIC

ÇTracer

ÇTIGER

ÇBESS-Polar

ÇPPB-BETS

Ç.....

Balloons Satellites Ground Arrays

ÇHESS

ÇTibet Array

ÇKaskade

ÇPamela

ÇAMS
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Stratospheric Balloons
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Why Balloons?

ÇShort time scale: ~6 months
ÇCost << satellite
ÇSupply recovery
ÇUltra Long Duration Ballooning Program:
ÇA few tons
ÇSeveral Months
ÇBetter controlled altitude
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Easy detector recovery...
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Less easy...
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BESS-Polar (Balloon Experiment with a 

Superconducting Spectrometer)
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BESS (the Balloon-borne Experiment with a 

Superconducting Solenoidalmagnet)

ÇSearch for antimatter (antiprotons, antihelium) and 

measurement of light isotopes
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CREAM , long duration flights

E: 1012 to 5×1014 eV, 2004, 2005, 2007
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CREAM 
Cosmic Ray Energeticsand Mass

ÇComposition and spectrum of high 

energy cosmic rays (TeV to ~500 TeV)

ÇAcceptance : 2,2 m2 sr

ÇEnergy measurement :
Ç Thick calorimeter 20 X0 (W + fibres)

Ç Transition radiation detectors

ÇIdentification :
Ç Transition radiation detectors

ÇRing Imaging Cherenkov

« CHERCAM » similar to MS-2

ÇFlight V: 12/01/2009 01/06/2010
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ANITA

ÇRadio detection of earth

skimming neutrinos...
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Balloon experiment results

ÇAll particle spectra

ÇComposition resolved spectra
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Satellites
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15th June 2006

PAMELA 
Payload for Antimatter-Matter Exploration and Light-nuclei Astrophysics

ÇSearch for:

Çantimatter in cosmic rays

ÇDark matter annihilation 

signatures (e+ & antiprotons 

spectra)

Ç Primary anti helium 

ÇComposition & spectrum of 

cosmic rays,propagation studies

ÇSun & Earth magnetospheres

Particle Energy Particle Energy

p < 1 TeV e- < 800 GeV

Antiprotons < 100 GeV e+ < 100 GeV

D,3He <1GeV/nuc Elements ZÒ6 <500 GeV/nuc
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Spectrometer

microstrip Si tracking system (TRK) + permanent magnet

6 planes

- Charge sign (particle/antiparticle discrimination)

- Momentum

- Charge value from dE/dL

- 6 planes of double-sided(X-Y) microstripSi sensors. 

- Spatial resolution: 3÷4 mm.

Time-Of-Flight (TOF)

plastic scintillators + PMT:

- Trigger

- Upward-going rejection

- Mass identification up to 1 

GeV

- Charge value from dE/dL

Electromagnetic calorimeter

W/Si sampling (16.3 X0, 0.6 ɚI)

- Discrimination e+ / p,  p-bar / e-

(shower topology)

- Direct E measurement for e-/e+

Neutron detector

polyethylene + 3He counters:

- High-energy e/h discrimination

PAMELA

Acceptance: 21.6 cm2 sr                

Masse: 470 kg

Size: 130 · 70 · 70 cm3

Consommation: 360 W 



Mathieu de Naurois ASP ïSouth Africa - 2010 49

Particle Identification

ÇRigidity (p/Ze) 

from tracker

ÇdE/dx or E from 

time-of-flight or 

calorimeter

ÇRedundancy

p
d

3He

4He

Li

Be

B,C

TRK average

e±

(saturation)

CALO 1st plane
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Antiprotons/protons (PRL 102, 2009)

ÇRation changes with energy

ÇPrecision of measure greatly improved

ÇConstraints on dark matter models
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Positrons fraction (very hot topic)

Ç~ 10 000 e+
ÇImprovement of 

uncertainties compared 

to previous exeriments. 

ÇUp to 100 GeV

ÇAbove expected background 

(secondary  e+ )

ÇNearby source (pulsar)?

ÇDark Matter?

ÇOr unknown propagation effect?

Secondary 
production
Moskalenko& 
Strong 98
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Dark Matter ?

ÇPositron excess compared to diffusion models, antiprotons shows no excess

ÇA wino (ɤ ɤŸ W+ W-)  at 150 GeV is consistent with positrons excess, but 

not with anti-protons

ÇA much higher mass (10 TeV) could fit the data, but conflicts with relic 

density (factor 1000)

ÇPossible exotic solution: annihilation into leptons (ɛ+ɛ-), ... many papers
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AMS - Alpha Magnetic Spectrometer 
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AMS

ÇA real (small scale) particle 

physics detector

ÇSpectrum & composition of 

charged particles from  500 

MeV & a few TeV

ÇDirect antimatter search  

(antihelium)

ÇIndirect search of dark 

matter (e+/e-)

ÇPlanned to be launch on the 

ISS in February 2011 (last 

shuttle flight)
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TRD
Discrimination e/p

Tracker
Z,R

Electromagnetic 
Calorimeter

Discrimination e/p , E

Permanent Magnet

RICH
ɓ, Z

Time of flight
ɓ, Z

Size: 3m x 3m x 3m

Weight: 7 tons

AMS detector



Mathieu de Naurois ASP ïSouth Africa - 2010 56

Tracker

ÇSilicium strips (similar to FERMI)
Ç8 layers

ÇResolution 10/30 m varying with 

orientation w/o B

ÇCharge (Z) from dE/dx

Ç Identification of elements Fe 
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Ring Imaging Cerenkov (RICH)

ÇCharge measurement (ů(Z) = 0.3) 

from photons density
TOF
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Electromagnetic Calorimeter

Ç3D hodoscopiccalorimeter
Ç9 super layers of 10 lead/fibres layers

ÇFibres alternated in X/Y

ÇPMT readout 

Ç 16.4 X0 total thickness  

ÇEnergy Resolution: a few %

ÇAngular resolution (0.5° ï1°)

ÇRejection p/e r=10-3 with 

95% efficiency (using shower profile)

Energy 

Resolution
Angular 

Resolution

100 10010 10

°

p e
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AMS-02: Expected SUSY signal

ÇMuch improved precision expected

GeVm 3.130

GeV3.130mGeV336m
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VERY HIGH ENERGY ũïRAY 

ASTRONOMY
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ÇConversion of  ɔ into pair e+ e-

ÇThreshold Eɔ> 2mec
2 (1.022 MeV) 

ÇPair opening angle

ÇAverage deviation:

(Multiple scattering)

ÇAlmost no deviation for Eɔ>> 2mec
2 , @ 100 MeV: ɗ ~ 1.5

Çe+ e- reconstructed in a tracker incident ɔray

ÇAnti-coincidence shield against charged cosmic rays

Anticoincidence shield

Conversion 

folds

Tracker

Calorimeter e+ e-

Pair Creation Telescopes

2

2
2 ln

cm

E

E

cm
Z,E,Eq=

e

e
e

MeV 100at 1
MeV

rad 1.6
°

E
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Gamma-ray Large 

Area Space 

Telescope

FERMI Large Area Telescope

Large Area Telescope 
(LAT)

FERMI Burst Monitor 
(GBM)

spacecraft partner:


