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C Introduction:Some historical facts, general problematic
C Cosmic Rays from space and balloons

C (Very) High Energy Gammeay astronomy

C Ultra High Energy Cosmic Rays

C High Energy Neutrinps , = ’ . B
C (Gravitational Waves)
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C Future prospects and conclusion
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The Cosmic Ray Mystery
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1912 :Discoveryby Victor HESS (NobePrize1936with Anderson)
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Kolhorster

C 19131814: Werner
Kolhorsterrepeats and
confirms findings of
Victor Hess= 9 km

C 19281929: uses Geiger
counters= Charged
cosmic rays are most
probably charged
(Science, 1930)
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Some major datesc o n Ot
" a |
C 1934 : Supernovas proposed as putative k"
sources of CRs. (Baade Awicky)
C 1938: Neutron star collapse can be used as
cosmological standard candie cosmology

ON SUPER-NOVAE

By W. BaaDE AND F. ZWICKY

MOUNT WiLSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934
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Some major datésc o n Ot
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First positron
AndersonPhys.Rev (1933)

C 1933: Discovery of positron (e+) in the cosmic rays
C=>Strong relation wiith316G02947)t 1 c |
Strange particles (1947), ...)
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Discovery of giant showers

C 1939 : Discovery of giant showers (Pierre Auger

Ly

using coincidence between detectors 5
CUp to 16~ eV (at least) !

PHYSIQUE NUCLEAIRE. — Les grandes gerbes cosmugques de {'atmosphére.

Note (*)de MM. Pigsre Avees ¢l Rocaxp Maze, présentée par M. Jean

Pf?:‘!‘f:x.

{. Nous avons montré {*) l'existence de gerbes de rayons cosmiques

produites dans I'atmosphére et dont |

: Q16 2 IMé { 3 | '~-OCTOBE < LEV fS OF M C "HYSICS VOLUME 11
Plu:l-:uz‘: meétres. Nous avons pu élen JULY-OCTOBER, 1939 REVIEWS OF MODEERN PHYSICS v I

‘ -l. - - - - - " - .
de plusieurs dizaines de meétres et | Extensive Cosmic-Ray Showers

corpuscules de trés haute énergie da R e

In collaboration with
P. ERRENFEST, R. Mazg, J. Davoin, FoBLEy, A, Frfon
Parss, France

CoNCLUSION

One of the consequences of the extension of the
enerey spectrum of cosmic rays up to 10'* ev is
t.hatgi}t ispactually impossible to imaginm1e
process able to give to a particle such an energy.
It seems much more likely that the charged
particles which constitute the primary cosmic
radiation acquire their energy along electric
fields of a very great extension.
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Cosmic Ray Conference University of Chicago July 1939
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E2dN/dE (GeV cm'zsr'1s'1)
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Energies and rates of the cosmic-ray particles

Spectrum

positrons
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‘CAPRICE
AMS |

— protons onl
P y Ryan et al.
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Akeno
all-particle Tien Shan
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electrons Y%
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HEGRA
CasaMia |

Tibet
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Haverah

AGASA !
HiRes

A‘ ‘
£ \ 3
- antiprotons \

L ' i i A

BESS98 —=

MSU !

C One wonder of
physics

C 12 orders of
magnitude In energy,

a 32 orders In flux

— various detection
techniques

C Very low spectra at

high energy= huge
area neede@1000
kim?)

C Sources unknown

C Isotropic (above 10
GeV)

Evin (GeV / particle)




Open guestions

C What the sources of cosmic rays?

C What are the acceleration mechanisms, what ¢
the accelerated particles?

C Is there new physics in thé&¢Dark Matter, ...)

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

C Link with cosmology: large structure formation,
tomography of Universe
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(Photon) Energy distribution in Universe

~ 0,002«

C PhOton Energy '’ 4 ‘-'-f‘ ‘-‘ , “ 3 Z.84 \\ ,,.;:;i.,—D,DDDDs%

Distribution PtitOnig o \

e CMB 3K "‘\ '. 3 b 4 e AN ‘ ener; QU /

c Galaxies S FRESENNN T g v g Fou
(Star light and dust) R [ B e | R

C Compacts objects (X) " & :fdk:n)p’h ——

C Emitting Power

¢ P=0x T*x RZ%(Stefan)
= Same power emitted by an obje
10x hotter and100x smaller

C X-Rays (1keV) :
~ 1km (Neutron Star: Sun

¢ VHE (1 GeV): | |
0.2 nm& Sun T T

wavelength (mm

vl (nW m-2sr-!)

= VHE Universe is Nofilr hermal
Astroparticlewill mainly concern nofthermal Universe
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Particle acceleration in a nutshell

C Strong electric :
pulsars (Rotating Magnetized Neutron
Star)

~ dynamo effect, V ~ 10V
C Astrophysical shocks : Diffusive shock
acceleration (DSA)

(Fermi mechanism)

>
=
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Maximum Energy

C Max energy limited by
confinement size
C Larmor Radius

P E
gB qgBc

RL:

C Confinement:
source size > R

Eqax= dBck

C Line of slope-1 In

log(R)- 10g(B)
(Hillas Criteria)
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log (Magnetic field, gauss)
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Multi-messenger observations of the Cosmo:

i cosmic : }

accelerator Us

~ protons E420° eV ( 10 Mpc)
/

_———
=

.- gammas (z<1) .. -

protons E<18 eV

protons/nuclei: Deviatedby magnetic fields, ) )

Absorbedby radiation field (GZK) = =
photons: Absorbed by dust & radiation field (CMB)
neutrinos: Difficult to detect

t Three Nnastronomieso possible.



GZK effect

C Cosmic Microwave
Background discovered In
1965 (Penzias & Wilson)
To= 6x10%eV (2.7 K)

N = 400 cn?
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C Inelastic collision of nuclel
with CMB = GZK effect
(Greisen Zatsepinet Kuzmin)

(1965) D e e

0
> P77 =>Pyy

+ - — +
—>Nz" —>nv,u —>nvyyye

p+7CMB_>A+{
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v-ray horizon

C Absorption of VHED
by pair creation on
CMB/IR photons:
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C Observable Universe
z<0.1 @ 50@@eV
2<0.01l @ 2 TeV

Rddshift (z)

C Observation of distant quasatsindirect measurement of sta
and dust backgroungsnt omogr aphyo of |
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Propagation

source heliosphere
vAg
05

propagation effects:
energy losses, nuclear reactions (spallation, ...)

C Energy dependant diffusien observed spectrum differs fron
primary spectrum

C Steeper spectrum (high energy CRs escape more easily)
Mathieu de Naurois ASP 1 South Africa - 2010 19




Propagation

C Above 13°eV a proton astronomy becomes possible

Trajectories of 10" eV protons in random nanogauss field with 1Mpc cell Trajectories of 10° eV protons in random nanogauss field with 1Mpc cell size
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Composition

—o— Solar System
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5520050500000 0 0
70 to 280 MeV/nucléon,

Satellite

10 15 20
Atomic Number (Z2)
C CR abundances differs from local measurement
C Excess of L+ Be- B et sub Fe
C Secondary nucleus createddpallation= constraints on propagatior
¢ Primary nuclei (CNO, Fe,.) accelerated in sources
C Other particles are produced in propagatmn ( 3 , antip
w/o prediction can be the sign of new physics
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Compositioni Il T Isotopic Measurement

C Secondary Nucleil:
¢ CNOspallationY Li, Be, B

¢ Constraints on CR propagation in t cRis/Sis lOBe/()Be
galaxy g e
C Radioactive Nuclei: Cosmic Ray L Benoto; Moo Eala
clocks. '
C %Be (t,,~1.5 10 year) -
¢ °BePBe give information about _ _*—

confinement time in the Galaxy
C %°Al line (1.809MeV ,halflife 10°
years):.nucleosynthesigacer (stellar
WindS,...) - . 32 10
: : kinetic energy (GeV/nuc)
C Current Isotopic measurement:
C Low statistics, low energy only
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Atmospheric Transparency

Ground
observation Atmospheric
window transmission
reduced by 50%

N
o

Indirect detection from
ground or high altitude

Altitude (km)
N
o
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Acceptance & fluxes

Energies and rates of the cosmic-ray particles

C The higher the energy, the
biggest the needed acceptan

sr"s'1)

C 10GeV: 1 CR/n%/s
=1 ¢ (satellite or balloon
C Knee: 1 CR/Yan
= 1 kn¥ (ground array)
C Ankle: 1 CR/knmi/century
— 1000 knz (giant array)

o
'

E2dN/JE  (GeV cm

Balloons

10° 10° 10°
Ein (GeV /particle)
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Challenges

C Atmosphere opaque to cosmic rays
—> Stratospheric balloons or indirect detection
C Flux decreases rapidly with energy
— Need for very large effective ar€B000km? at the
knee)
C Composition (and isotopic composition) Is very rich
— Need for precise mass measurement
C Specificities related to primary particles:
C Neutrinos : very low interaction probabilityy need
for huge detection volumes
C Gammas : very large hadronic and electronic
background
— large rejection factors needed

Mathieu de Naurois ASP i South Africa - 2010 25
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From Space
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Charged particles

C lonisation
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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

b

Proportional Counters
Scintillators

lonisation Chambers

lonisation

dE/dx = Z2f(b )

Cherenkov

Density of
Cherenkov photons

dN/dx = z2g(b )

Transition Radiation Detector

X-Ray photons

N =2z2h(o )

Calorimeter

Mathieu de Naurois

Deposited Energy

mc2(o-1)




Detection of photons

C Photons cannot be directly detected:
— Production of charged particles

C Photoelectric effect

Y
- 0.08
—
S 0.4 0.06 N
= G
w ! 0.04
w02
- 'L...I'E 0.02
Photo-electric
0 ] ettt 1 EEEIT
1 10 100 1000

E (MeV)

Fig. 2: Photon cross-section ¢ in lead as a function of photon energy. The intensity of
photons can be expressed as I = Iy exp (-ox), where x is the path length in radiation
lengths. (Review of Particle Properties, April 1980 edition).
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Current experiments

Balloons Satellites Ground Arrays
¢C CREAM C Pamela C HESS
G ATIC C AMS C TibetArray
C Tracer
C TIGER C Kaskade
C BESSPolar
C PPBBETS
Crles

1'\[,(/)1:4[

7))
= =
N ®)
0] @)
5 [
n m

10% 10% 108

Mathieu de Naurois Exin (GeV / particle) 34



Stratospheric Balloons

1T | llllﬂa.h

s l_lll ‘. iy
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Why Balloons?

C Short time scale: ~6 months
C Cost << satellite
C Supply recovery
C Ultra Long Duration Ballooning Program:
C A few tons
C Several Months
C Better controlled altitude

Super-Pressure: Ultra Long Duration Balloon (ULDB)
“Pumpkin”

Zero-Pressure Balloon

Mathieu de Naurois ASP i South Africa - 2010 36
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Easy detector recovery...
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Less easy...
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BESS (the Ballootiborne Experiment with a
Superconductinéolenoidaimagne}

10

Cosmic Ray P

B BESS(95+97)
preliminary

¢ BESS(93)
A IMAX
O CAPRICE

'2sr'lsec'1GeV'l)

- ol oY
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’ . .
[ e
§ ‘. 2. L
gl (| (P ¥ y
L g 2 Y -
i w '
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TOF HODOSCOPE

g
»
=
=
(=5

Secondary P

SLB(R) x 0.95
with BESS '97 Proton flux

Solar modulation

SSLB(R,B) = 500 MeV

% 0.8 ™

1
Kinetic Energy (GeV)

Particle

C Search for antimatter (antiprotoras)tineliunm) and
measurement of light isotopes
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CREAM , long duration flights
E: 10'°to 5><1014e, 2004, 2005, 2007
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CREAM

Cosmic Rayenergeticand Mass

C Composition and spectrum of high
energy cosmic rays (TeV tb00TeV)

C Acceptance 2,2 m? sr T

C Energy measurement : A A A AA. ‘
¢ Thick calorimeteR0 X, (W + fibres) W
¢ Transition radiation detectors ' Crerenkou

C ldentification :
C Transition radiation detectors
C Ring Imaging Cherenkov
« CHERCAM » similar to MS2
C Flight V: 12/01/2009= 01/06/2010

Mathieu de Naurois



ANITA

C Radio detection of earth
skimming neutrinos...

Long Duration Balloon
suspends the ANITA

: antenna array.
A neutrino induced cascade O b

produces a coherent radio

Cherenkov pulse. el ¥
i ~37km

F"—“I T Antarctic ice sheet

~B80Kkm to horzon

F' 3
: 1-4km
| =
Vv "-éRefracted RF Air
: ; lce
Incident neutrinos ,
with energies above . A
~.5 EeV I Particle
« i Cascade

Cherenkov Cone
at 58”° in ice
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Balloon experiment results

He

M. Fuji

&MS

&TIC

BESS
CAPRICE 98
HEA&T
lchimura
IhAK
JACEE
MASS

Pamini

# 0k @

RUMNJOB
RIGH-I
Ayan
Simithi
SOKOL
Zataapin

H
v
O
3
A

i Tibat-BOD
+ Tibat-AS
& HEGRA
& Nt Chac

% F

10° 10°

C All particle spectra

10

C Composition resolved spectra
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Satellites
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PAMELA

Payload for AntimatteMatter Exploration and Lightuclei Astrophysics

C Search for:
C antimatter in cosmic rays
C Dark matter annihilation
signatures (e+ & antiprotons
spectra)
o C Primary anti helium
i, C Composmon & spectrum of

»
1

Antiprotons | < 100 GeV <100 GeV
<1Gevinuc| Femens Do <S00oevnue

Mathieu de Naurois



PAMELA

Time-Of-Flight (TOF)
plastic scintillators + PMT:
- Trigger

- Upwardgoing rejection

- Mass identification up to 1
GeV

- Charge value from dE/dL

TOF ($1)

ANTICOINGIDENGE
(CARD)
ANTICOINCIDENGE

(CSAT)

TOF (S2)

Electromagnetic calorimeter SRE YRR

W/Si sampling (16.3 %,  0,).

BRTICOINGIDENGE

CAS) ,
- Discrimination &/ p, pbar/e PR |
(shower topology) '
- Direct E measurement for/e - - _ TOF (S3) :
o -— - I
CALORIMETERl
Neutron detector |
. ST s4 ,
- High-energy e/h discriminatio | ‘ S :
No0i6i000/0/68 X DETECTOR :
Spectrometer
Acceptance:21.6 crd sr microstrip Si tracking system (TRK) + permanent magnet
Masse: 470 kg 6planes _ o o
Size:130-70- 70 cn® - Charge sign (particle/antiparticle discrimination)
Consommation: 360 W - Momentum

- Charge valudrom dE/dL
- 6 planes of doublsided(X-Y) microstrip Si sensors
Mathieu de Naurois - Spatialresolution 3+4 mm.




calorimeter

scintill. S4

Mathieu de Naurois

Particle Identification

E
(=]

C Rigidity (p/Ze)
geometric from tracker
C dE/dx or E from
time-of-flight or
calorimeter
C Redundancy

1 TRK average

dE/dx (MIP)
8 a

[
o

------ 10?
Rigidity (GV)

foo
neutron
detector

antiproton

g
g

Deflection [1/GV]




Antiprotons/proton$PRL 102,2009)

X IMAX 1992
BESS 2000

HEAT-pbar 2000 ) Donato 2001 (D, $=500MV)

CAPRIGE 1964 _ Simon 1998 (LBM, $=500MV)

BESS-polar 2004 Ptuskin 2006 (PD, $=550MV)

MASS 1991
BESS 1995-97 ) ® PAMELA

BESS 1999

A
v
O
|
A
¢
o
)26
[ J

102

.10 10
kinetic energy (GeV) kinetic energy (GeV)

C Ration changes with.energy
C Precision of measure greatly improved
C Constraints on dark matter models

Mathieu de Naurois



Positrons fraction (very hot topic)

C ~ 10 000e+
C Improvement of
uncertainties compared
to previousexeriments
C Up to100GeV

PAMELA 0}
el
.?:0.0 ot ¢ \

M.Boezio (PAMELA coll.) 2008

Secondary

production
Moskalenko&

Strong 98

10?
Energy [GeV]

=
(=]
=
£
-
£
2
=%

C Above expectedbackground
(secondary e+)

C Nearby source (pulsar)?

C Dark Matter?

- C Or unknown propagation effect?

Positron Energy [GeV]
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Dark Matter ?

107

PAMELA 08 ‘\

PAMELADS

‘ ®a.a: | \
96‘!1_,_,;\

Positron fraction
Lad
o
r\‘\

% ~ background? “.

10 10° 10° 10%

10 10° 10°

Positron energy in GeV

P kinetic energy in GeV

C Positron excess compared to diffusion models, antiprotons shows no ex
C Awino(x¥Y WW) at150GeV is consistent with positrons excess, b

not with antiprotons
C A much higher mass (10 TeV) could fit the data, but conflicts with relic

density (factor 1000)
C Possible exotic solution: annihilation into leptoasg-), ... many papers
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AMS - Alpha Magnetic Spectrometer




AMS

C A real (small scale) particle
physics detector
I T— C Spectrum & composition of
E—— charged particles frond00
MeV & a few TeV
C Direct antimatter search
(antihelium
C Indirect search of dark
matter (e¢/e)

N:: ' C Planned to be launch on the

¥s» ISS In Februar0li(last
shuttle flight)

Mathieu de Naurois



AMS detector

TRD Time of flight

Matter Antimatter

-
s

%

.\\ : A
o
N

Electromagnetic
Calorimeter

Size: 3m x 3m X 3m

Weight: 7 tons
ASP i South Africa - 2010




Tracker

C Silicium strips (similar to FERMI="""
C 8 layers i ——
¢ Resolution 10/3@um varying with MY

orientation w/o B Sy
¢ Charge (Z) frondE/dx
C ldentification of elements> Fe

',; L " §0% B0 R Huuu
.y__;.._l ‘—’~—‘Ul-_,_r_,

‘q‘

-'- ﬂ HH f
m_l_lu ﬂ

f"” L mmmi'{

.
-_— . S
et —— ee— e -

'

8
=
Q
>
Q
Y
0
£
-
-

10 15 20
Measured charge by K-side




Ring Imaging Cerenko(RICH
C Charge measurement(¥) = 0.3) —

(5248 channels)

from photons density S —— Y

agnet_ B
¢ 2500L S Helium:
A

Particle (Z,v)

=

Radiator

Reflector (10880 channels)
- = T — .

Nuclear charge
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Electromagnetic Calorimeter

C 3D hodoscopiacalorimeter
C 9 super layers of 10 lead/fibres layers
C Fibres alternated in X/Y
C PMT readout
C 16.4 X, total thickness
C Energy Resolution: a few %
C Angular resolution (0.51 1°)

7

4 A

7

C Rejection p/e r=103 with o
95% efficiency (using shower profile) )"r PR

I\

Energy Angular
Resolution Resolution

o/E [%]

O = MW s N v~ O

10 00
Epeam (GeV)'



AMS-02: ExpectedSUSY signal

C Much improved precision expected

m, =1303GeV
o HEAT 94-95 S o HEAT 94-95

o Signal+bkg — Signal+bkg
bkg Moskalenko-Stron@‘-.,\ ‘ ---- bkg Moskalenko-Strong
~-- DM signal - DM signal
 AMS-02 1 year AMS-02 1 year

I

T T T 1

| pii gy bl 1[ L " EY TS | 1| "1 L { | i L_l_Ll_‘.ll l_l_,l_..'_l“.LLLl_-;

10 10

~d
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Pair Creation Telescopes

CC onversion oef Anticoincidence shield
¢ ThresholdE, > 2mc? (1.022MeV) |
- : Conversion
C Pair opening angle folds

Tracker

C Average deviation:
(Multiple scattering) ol e

¢ Almost no deviation foE, >> 2mc?; @ 100MeV. -~ d  ~ 1.
C e e reconstructed In a trackes incidenta ray

C Anti-coincidence shield against charged cosmic rays
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FERMI Large Area Telescope

Ny

Garnrna

Large Area Telescope

(LAT) .

,\\ spacecraft partner:

FERMI Burst Monitor
(GBM)
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