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The Cosmic Ray Mystery

|I'-'i-r 'L'?;r'l

|ll--!|_l_'lI

’ : '*:HEI‘L i "w I
[\ 'F"F S

1912 Discovery by Victor HESS (Nobel Prize 1936 with Anderson)
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11913-1814: Werner
Kolhorster repeats and
confirms findings of
Victor Hess LI 9 km

11928-1929: uses Geiger
counters: [1 Charged
COSMIC rays are most

probably charged
(Science, 1930)

Mathieu de Naurois
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ON SUPER-NOVAE

By W. BaabpE AND F. ZWICKY

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

Communicated March 19, 1934




Some major dates — con’t

First positron : )
Anderson, Phys. Rev. (1933)

11933 Discovery of positron (e+).in the cosmic rays
- [JiStrong relation with particle physics: (i (1936), nt (1947),
Strange particles (1947), ...) |
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Discovery of giant showers

11939 : Discovery of giant showers (Pierre A

using coincidence between detectors 50 m a
JUp to 1015 eV (at least) !!

PHYSIQUE NUCLEAIRE. — Les grandes werbes cosmugues de Uatmosphére.
Note (*) de MM. Pigure Avees ¢t Rovaxp Maze, présentée par M. Jean
Perrin.

1. Nous avons monlré (*) I'existence de gerbes de rayons cosmiques
1 1 - & I - ]

produites dans ["atmosphére et dont !

|.'I-1l15iEIJI‘: métres. Nous avons pu élenp JULY-OCTOBER, 1939 BEVIEWS OF MODERN PHYSICS YOLUME 11
de plusieurs dizaines de melres et I Extensive Cosmic-Ray Showers
corpuscules de trés haute énergie da Fizrse AUGER
In collaboration with
| P. Eamenrest, B. Maze, J. Davoiy, FoBLey, A. Frion
i Paris, France
Al T
A F >
—— g~} CoNCLUSION

One of the consequences of the extension of the
energy spectrum of cosmic rays up to 10'% ev is
that it is actually impossible to imagine a single
process able to give to a particle such an energy.
It seems much more likely that the charged
particles which constitute the primary cc-sm'{c
radiation acquire their energy along electric
fields of a very great extension.

-
LY

J COm
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L7 Cosmrie Ray Conference Univéi'S"ity__of Chicago July1939
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(/p)

E-2.7,
mostly protons

Knee
(1 particla per m?*—yaor)

mostly Fe?

NGC 4261
(1 particle par km—wyaar)

> 10 orders of magnitude

PP -y
Energy (av)

.
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'IL'..L.' ':;,‘7 , 2
LN baegriih U RN -
Galaxies B o A
(Star light and dust) R T

Compacts objects (X)

P=0c X T'x R!(Stefan)

[1 Same power emitted by an object
10 x hotter and 100 % smaller
X-Rays (10 keV)=

~. 1 km (Neutron Star) ‘= dun

VHE (1 GeV): : '
0.2 nm <+#Sun

[l VHE Universe i1s Non-Thermal

Astroparticle will mainly concern non-
thermal Universe

enerj
10-2
| Fond micro-ondes Fond X
(Rayonnement fossile)

- Fond IR lointain i Fond gomma

(poussiére)

j_ Fond IR prothe . Fond radio

(6toiles)

IR oplic

a7y
1
il&

= g

|
10-2 10-*
wavelength (mm)

H|g°h Energy




Particle Acceleration

dIntense electromagnetic fields:
pulsars (magnetized compact stars in

fast rotation)

~ dynamo effect, V ~ 10" V

J Astrophysical shocks: « ping-pong » particle
accelerated at each shock crossing, retro
diffused by B

(First order Fermi)

U Diffusive acceleration
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Fpax~ [ ZBL
= Protons [=1/300
g 1"

- \ Protons [=1
L] y
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D |
g RG lobes
o
m
2
m 3 Colliding
3 —~~galaxies

-

| I |

3 6 "9 12 4 15 1 181 21

1 au 1.8 3 kbc 1 Mpc

log(size, km)




Multi-wavelength aspects

radio infrared visible X Y

Electron
accelerato___rs

 E2dN/dE

Synchrotron Radiation Inverse Compton

In(E)

Mathieu de Naufbis -' ASP ~ Kumasi - Ghana 20]2 15



Multi-messenger observations of the Cosmos

A\ 4

-r'h'fnas (z<1)

*

protons E<10eV

- E Cosmic
accelerator

_Pphotons: Absarb',};f" bdust and radIatlon (palr cfreatlon on @M : :
"':"";-!ﬁ_'=;,-;*"Prﬁt0ns/nucler Sl i e S e i
e nei'ﬁfrlnos s

4 'r..- iy (L8
, Py e g
PR T S S R S
- i LRy ",: et Mt 1 %

= Three "‘astmnom‘lf P ssil

Math:i"éur deNaurozs # ASP ~ Kumasi - Ghdna'< 20]2’



GZK cutoft

mEE

11965: discovery of cosmolo-
gical background by Penzias &
Wilson (CMB)

T°=6 10"eV (2.7 Kelvin) ,
N =400 cm’

dlnteraction of nuclei with CMB
photons LI effet GZK (Greisen,
Zatsepin ¢t Kuzmin) (1965)
particle degraded:to lower
‘energies: ‘
10*dewn'to 10” after 100 Mpc

5

Mean Energy {(eV)

. 10% 109

1
Propagation Distance (Mpe)

Lo pt o pyy

PtYous— A

— +

+ + -
ST DAV,WL DRV U V, Ve
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EBL models

Energy (GeV)

aF 3
4 Sele ES 1959+650
¥ ¥YeusB ES 23444514

PKS 2005-489
PKS 2155-304

H1426+428

Rddshift (z)




Propagation in Galaxy

sour%%/\ @eliospher
DVQD

JDiffusion of particlés; high energy, particle escape first [
Observed spectrum steeper than source spectrum . g dE et
searth'vs E#at galactic center. ' |

EIComposmon change: spallatlon'(n_uclear reaction) -
Mathiéu de Naurois ASP — Kumasi - Ghana v 2012 - L1



teries ef 10 eV protons in rendem nanogauss field with 1Mpe cell size
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—e— Solar System
—e— GCR

)
@
O
| ==
©
o
[
=
ie!
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©
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o

70 to 280 MeV/nucléon,

Satellite

10 15
Atomic Number (Z)

. i 1o ¥ -
Excessof L1 - Be.-'B et subsFé

Secondary nucleus.created by 'spallation [| “constraints on propagation
Primary nucle1 (CNO, Ee¢,.) acecelerated inzsources

Other particles are produced m propagation (¥, v, antiparticles). Excess
w/a-prediction can be the sign of'new physics




ISOMAX 10 0
CRIS/SIS

ISEE

VOYAGER1 2

ULYSSES
-=-- Moskalenko&Strong
— Doenato, Maurin &Taillet

1 10
kinetic energy (GeV/nuc)




Atmospheric Transparency

Ground

observation Atmospheric
window transmission

reduced by 50%

Qo
o

(@)
)

N
o

Indirect detection from
ground or high altitude

Altitude (km)
N
o

Mathieu de Naurois



Acceptance & fluxes

Energies and rates of the cosmic-ray particles

 The higher the energy, the
biggest the needed acceptance:

110 GeV : 1 CR/m/s

[ 1 m’ (satellite or balloon)
dKnee: 1 CR/mY/an

[J 1 km’ (ground array)
JAnkle: 1 CR/km’/Century

L] 1000 km’ (giant array)

(GeV cm'Esr'1s'1}

L
=
<
=]
X

LLJ

|

Balloons

10" 10° 10°
Ewin (GeV [/ particle)
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Telescope
AXis

Compton Telescope

Mathieu de Naurois



High Energy Photons

PR o R e e e e B e o o
T e LT

Anti-coincidence
dome

Conversion
oils

Tracker

Calorimeter

Pair creation telescope



Very High Energy Photons

Electromagnetic Cosmic ray

shower
= 10 km
S ‘
N
é\
\b
<
e (v2)
. >
13 C)

Atmospheric Cerenkov Telescopes
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Charged Particles
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Neutrinos

AW g
N e Ui et N O
GEer S Q& (20 i
~N ~N ™ N '\Q ~\

ANetitrino Scaftering off one
electron

dCherenkov emission.of the
electron 1n. water

Mathiéu de Naurois ASP. = Kumasi - Ghana v 2012 - 3



Neutrinos
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-dE [dx (MeV g%

100 1000 10000
By = p/Mc
s - Il.lll[ s -] IJlIll 1 11 IlIlII 1L - lllllI 4 1 ll.l]l.]l

0.1 1.0 10 100 1000
Muon momentum (GeV/ec)

Surface of Mach cone




Link
Magnetic Spectrometer R'g'd'ty:i'gg charge pc/ ze

Time Of Flight (TOF) Speed/c

Proportional counters

Scintillators lonisation dE/dx = ZZf(3)
lonization Chambers

Density of
Cherenkov Detector Cherenkov dN/dx = z2g(j3)
photons

.. - X-ray photons I
Transition Radiation N = z2h(y)
1)

Deposited Energy | mcy-




. ALl
3 0.08
—|
& 0.4 006 N
: :
a 0.04
"0
E 0.02
Photo-electric
0 ] ettt Lo
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
d CREAM 4 Pamela 4 HESS
S ATIC J AMS J Tibet Array
ek JKaskade
d TIGER B
d BESS-Polar ] il
J PPB-BETS
L

10 10° 10%

Eiin (GeV [ particle)

Mathieu de Naurois



Stratospheric Balloons

. '“*—___ e -
: L;__-_ %&
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Why Balloons?

TR

gShort time scale: ~6 months |
Cost << satellite | |
J Supply recovery | 1‘\\” W M:
dUltra Long Duration Ballooning Program:

JA few tons

JSeveral Months

dBetter controlled altitude

Super-Pressure: Ultra Long Duration Balloon (ULDE)
“Pumpkin™

Zero-Pressure Balloon

Mathieu de Naurois



Easy detector recovery...

Mathieu de Naurois
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Or less easy...
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Cosmic Ray P

B BESS(95+97)
preliminary

¢ BESS(93)

A IMAX
O CAPRICE

-
=

—
-
-
L)
&
v:'
3
7]
o
7
o

p flux (m

Secondary P
SLB(R) = 0.95
with BESS "97 Proton flux

Solar modulation
’m = 500 MeV

1
Particle : Kinetic Energy (GeV)

]



CREAM , long duration flights
E: 10" to 5x10' eV, 2004, 2005, 2007







Long Duration Balloon
suspends the ANITA
antenna array.

produces a coherent radio

A neutrino induced cascade Q e
e

Cherenkov pulse.

Incident neutrinos
with energies above
~.5 EeV

-éﬁefracted Ftl_: ; Alr

lce

" Particle

P Tve ~BBOKM to horizon
P ~37km

v

archic ina & Fy
Ew_._n!:arluft_l_t:: ice sheet L 1-4km

- Cherenkov Conea
al 58" in ice

Cascade
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PAMELA

Payload for Antimatter-Matter Exploration and Light-nuclei Astrophysics
 Search for:

 antimatter in cosmic rays
J Dark matter annihilation
signatures (et+ & antiprotons

spectra)
 Primary anti helium

H j’:.)  Composition & spectrum of

.

L. cosmic rays, propagation studies

J}@ J Sun & Earth magnetospheres

Particle Energy Particle Energy

p <1TeV e- <800 GeV

Antiprotons < 100 GeV et <100 GeV

D,3He <1GeV/nuc Elements Z<6 <500 GeV/nuc




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

- Upward-going rejection

TOF (S1)

ANTICOINCIDENGE
(CARD)

- Mass identification up to 1 e\ . — ANTICOINGIDENGE
GeV TOF (S2) (CAT)
- Charge value from dE/dL
Electromagnetic calorimeter I T e
W/Si sampling (16.3 X, 0.6 1)) ARETIGOIKCIDENCE I
- Discrimination ¢/ p, p-bar/ e R !
|
(shpwer topology) \ _ :
- Direct E measurement for e/e* S=——o__ TOF&I 1 ,
— — — - - I
= CALORIMETER
Neutron detector |
84 |

- High-energy e/h discrimination p—

BETECTOR |
|

Spectrometer

GF: 21.6 cm? sr microstrip Si tracking system (TRK) + permanent magnet
Masse: 470 kg 6 plans . _ o S
Taille: 130 - 70 - 70 cm3 - Charge sign (particle/antiparticle discrimination)
Consommation: 360 W - Momentum

- Charge value from dE/dL

- 6 planes of double-sided (X-Y') microstrip Si sensors.
- Spatial resolution: 3+4 mm.
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TRK average

10°
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» 35
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geometric
acceptance

10?

spectrometer
Rigidity (GV)

tracking

-k
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calorimeter

scintill. S4

Energy [mip]

JEEA
detector

antiproton

Deflection [1/GV]
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~ 10 000 e+

Improvement of
uncertainties compared

&
N

to previous exeriments.
Up to 100 GeV
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Secondary

production
— Moskalenko &

- Strong 98
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Energy [GeV]
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SriiEYy.
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Positron fraction

100
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positrons & antiprotons

BESS 95497

PAMELA 0 ’ ; Car _' .
= ETa T ik Wizard—MASS 91

CAPRICE 94

PAMELA 08
Pamala Coll. 2008, |
submittad to PRL, |

5
:
£

anti—proton flux [1/(m? sec st GeV)]

¥
111 | | | N | [ I N 1 e e e | Y I | | [ I

1 10 100 1000 1 10 100 1000
Positron Energy [GeV] T3 [GeV]

WAntiprotons, flux compatible with propagationmodel

Positron fraction is not




Dark Matter ?

107

PAMELA 08 2 L

PAMELADS

Positron fraction

1% = background?

¢/ background?

10 107 10°

10 10 10°

Positron CHNCrey in GeV ]ﬁ kinetic energy m GeV

I Positron excess compared to diffus'lonff‘hodels, antiprotons shows né excess

J A wino (0.0 — W+ W-) wat.1 50 GeV is consistent with positrons excess,
but not with anti-protons

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

density (factor T000)
J Possible exotie solution: annihilation into leptons (it ). ... many papers
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Countar




HVTENRER R TR IR R

gmter i c Direct antimatter search
N\ . sl / (antihelium)

Indirect search of dark

AICH - matter Q(e+/ c-)

" (I




ISOMAX 10 0
CRIS/SIS

ISEE

VOYAGER1 -2

ULYSSES
--- Moskalenko& Strong
— Donato, Maurin&Taillet

I 10
kinetic energy (GeV/nuc)




AMS detector

TRD Time of flight

Matter Antimatter

Tracker

Electromagnetic
Calorimeter

Size: 3IM X'3m x m
Weight: 7 tons




Ring Imaging Cerenkov (

JCharge measurement (o(Z) = 0.3)
from photons density

ne

¢ 2500L SIg Helium /, =

Radiator

Y e

'- EEEN nnfEe (10880 channels)
—" 10,880 Photons detecteo:

Nuclear charge
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Energy Angular
Resolution Resolution

o/E [%]

8
7
6
5
4
3
2
1
0

10 100
Ebeam (GeV)




HEAT 94-95

Signal+bkg

- bkg Mnska!enka-Sfmnﬁﬂ._‘
- DM signal £
AMS-02 1 year

m, =130.3GeV
* HEAT 94-95

— Signal+bkg
- bkg Moskalenko-Sfrong

DM signal
AMS-02 1 year

LllLJLJl L J.l.'lLlLJ.J.

10

10

2
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20 GeV Electron

AMS Event Displa Run 1305815610/ 114493 Thu May 19 16:38:57 2011

IRELRIRNE FERRRR Rl
—




40 GeV Carbon nuclei

AMS Event Displa Run 1305815610/ 224169 Thu May 19 16:42:29 2011

A
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Pair Creation Telescopes

DConversion of e Into pair et €- Anticoincidence shield
QThreshold E > 2 m_c* (1.022 MeV) }
: . . Conversion
JPair opening angle folds

o~ 0184 10 100 MeV

E[MeV |

Tracker

JAverage deviation:
(Multiple scattering) Calorimeter

dAlmest no deviatiomsfor EY>> 2 m c*, @ 100 MeV: 0 ~ 1.5°
e+t e- reconstructed in a tracker. [ - incident y.ray

JAnti-coincidence shield against charged cosmic rays

Mathieu de Naurois



Large Area Telescope

S ’
S spacecraft partner:
\ SPECTRUMASTRO

FERMI Burst Monitor
(GBM)




FERMI - LAT

JHigh precision tracker
d 18 X/Y planes, Si strips (228 um)
J900 000 channels
d Triggers on 3 X/Y planes

JHodoscopic Calorimeter -~ 2
1536 CsI(TI) cristals(8 layers) i O;;;”‘“ -
J Shower imaging capabilities 4x4 arra

J Anti-coincidence shield TKR Towe

d Segmented to avoid self-veto,
~I'89folds




FERMI

JLaunch: June 11th, 2008 (Delta
rocket)

 Circular orbit @ 565 km
(96 mn period), inclination 26°
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EGRET
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Gamma-Ray candidate

1D: 23608423?—19185| Ii[

| I i
1 [ 1 1 [ M |

I

|

]

0 Green'crosses: Charged partioles

m : Reconstructed tracks. . o
3 Yellow: Regonstructed direction of piimary 'y
' Red: BEnergy deposit in calorimeter
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Fermi LAT > 100 MeV
13x10" photons, <E> = 800 MeV, AE/E = 100 %




Fermi LAT > 1 GeV
12x10° photons, <E> =3 GeV, AE/E =17 %




Fermi LAT > 10 GeV
d7x10* photons, <E>= 30 GeV, AE/E = 0,6 %




Fermi LAT > 100 GeV
13x%10° photons, <E> = 150 GeV, AE/E = 0,02 %




History of pair creation telescopes

Jd 0OSO-3

d 621y,
Galactic Plane

dJ SAS-2

1 ~8,000 Y,
3 sources

J COS-B

41~200,000 v, I RSN <
25 sources (3C 273) '- -

J EGRET

J>1.4% 10y, -
271 sources - i ot

COINCIDENCE

D AGILE 51 ’ ‘ SHTEH | B ] ..\"- PRESSURE VESSEL
4 e ::!1;
o FERMI SR | ol ey

o~ WIDELY SPACED
“ SPARK CHAMBERS




EGRET | AGILE FERMI

Launch 1991

April 2007

Februar
2008

2 MeV-30
GeV

Energy
domain

30 MeV-50
GeV

10 MeV-300
GeV

Tracker Sparck

chamber

silicium
strips + W
(14 pl.)

silicium
strips + Pb
(18 pl.)

Calorimeter

Nal (TI)
8.5 X,

Csl (TI)
1.5 X,

Csl (TI)
10 X,

1200 cm?
@ 1 GeV

Effective Area

/00 cm?
@ 1 GeV

10 000 cm?
@ 10 GeV




Instrument EGRET AGILE FERMI
Energy 2 MeV-30 | 30 MeV-50 | 10 MeV-300
Domain GeV GeV GeV

Field of view 0.20 sr. 2 Sr. 2.4 sr.
Angular 1.5° 0.6° 0.12° @ 10

resolution @1 GeV GeV
4° @ 100 MeV
Localization 5t 10" 30" 04’
accuracy @ 300
MeV
AE/E 10 % 100 % 10 %
Dead time 0.1s <100 us <100 ps
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u
http://arxiv.org/abs/1108.1435

AG Globular cluster
1 it it Ga o PYWI o HMB
al: + Mova

U OO0 LE D 0

Galactic latitude (deg)
I,

15 0 345 330
Galactic longitude (deg)




Pulsars

JCompact object et R
(neutron star) highly c;,iiﬂ r N
magnetized, rapidly "
rotating:

dR ~ 10 km
OM~1.4M,
d Period ms = s

LISeveral possible Rateagead ooy
acceleration regions

TR B | I". region
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5000

Counts

0 57 04 06 08

Preliminary . Abdo et:al submitted

.




GEM Nal, + Nal,
(8 keV-250 keV)

15

Countshin
Counta/zec

GBM BGO,
(260 keV-5 MeV)

Countshin
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Atmospheric Showers

dPrimary interaction in the high

atmosphere
dShower of secondary particles, detectable up
to a few 100 m
dLarge effective areas (>10° m’, increasing
with energy)
0 High energies (> 1000 TeV)
J Atmosphere used as an inhomogeneous
calprimeter.

dObservables: charged particles, (®renkov
lrght, fluorescence light, radiosemission
Reconstruction: Enétgy, direction, impact,

nature of primary particle (y=hadron'; light (p,
He) — heavy nuclel (Fe))

[
0 -400 200 0 200 400 =400 -200



Elementary processes

dbremsstrahlung of e+

JConversion of high energy y’s into In the Coulombian
e+e- pairs field of nuclei

dMultiple scattering

= Rapid extinction below

D . . .
Energy loss by 1onisation or critial eherey (84.2 MeV)

excitation

dHadronic showers: ' o
< Nuclear fragments; 7.& K, mésons, ...
J Muonic component
 Neutrinos from it K+ and (it
*disintegrations
A Electromagnetic component from w'—5yy

Mathieu de Naurois



Orders of magnitude

| EQ Tmax | Altitude
(gem?) (m)

30 GeV 216 12000

345 8000

- 000 TeV H;I;. 4400
S 936 | 1200

Slant Depth (g crﬁ“'é)






Shower variability

y, 100 GeV Protons, 500 GeV

250

~250-200-150-100-50 0 50 100 150 200 230 S0 100 150 200 250 T -250-200-150-100 -50 50 100 150 200 250
A {m) #(m} ®(m)

Jd/Hadronic shewer more fluctuating
- Contain, muons



Scintillator
or water *
\  Atmospheric Atmospheric

\ Shower Shower

|
\ Hadron
detector

Cherenkov
Emission
[




2 Complementary Techniques

4 Atmospheric Cherenkov  Sampling experiments (Water
Telescopes: Cerenkov, Particle Arrays,...)
u JLarge F.O.V.
m JHigh duty cycle
JHigh rejection =
JHigh resolution -
Detailed study of a few sources Long term survey instruments

8 meters

}‘— 50 meters —’{

80 meters

.-h-"":’_r_ ._.":— i — o

Mathieu de ' INaurots




Atmospheric Cherenkov Telescope
[ Cherenkov light-pool ~ 120 m )

dImage the shower on a fact
camera (AT ~ 2ns)

d Large effective area (10° m’) even
with modest reflector

Y

Electromagnetic Cosmic ray
shower

JKey parameter : speed (2 10°ns)

dImage shape used in

X

N

N discrimination
AN
Q

O

Mathieu de Naurois



Stereoscopic technique (Hillas)

U Direction reconstruction by geometrical intersection of
Image main axes (in reciprocal space)

JEnergy from comparison of image mtensity with simulations

 Diserimination from image shape (width)

Mathieu de Naurois



VHE y-Ray world

ighLe

T

MILAGRO

CANGAROO
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H.E.S.S. Phase 11

One additional 600 m?, 2012

A II ;
I,.ﬂ J.w

Mathibn S8 Noiteis .3 ' ASBL Kbt - Ghdas 20]_2.‘-"_ T ]b5



September 2009

. Wi .."I.I
M,

ffd e
Eﬁ[ & - ; ,f_ll"';l "f"f, ol -

i, - B - g 1 e L]

C o

e L - g -




HESS — 11

July.2012. .
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CANGAROO
1l

Number of
Telescopes

Reflector size

Australia

HESS |

Namibia

MAGIC

Canaries

VERITAS

Arizona

HESS I
(2012)

Namibia




. Number of . . Field of
Experiment . Pixel size .
pixels view (Q)

CAN%ROO 552 0.115°

HESS | 960 0.16°

MAGIC 396+180 | 0.08°-0.12°

VERITAS 499 0.15°

HESS I 2048 0.1°




H L
Integral flux (photons cm™s™" )

Complementarity with satellites

5 sigma, 30 hours, > 10 events Ground Space

EGRET

Angular A 40 . .
"‘ Crah Nebula ReSO|u‘t|On 01 1 |:| 01

CELESTE,
STACEE Energy ~15% ~10%

Resolution

Effective 105 m? ~1m?

MAGIC
Area

ARGO

Whipple . . o
Field of View a few ~2T Sr

VERITAS

Air shower experiments - —_ 2 |. onc
Cerenkov detectors in operation ‘ : Y 1 O ) |m|t|ng
SRR HEGRA pipos Rejection £2ctor Excellent

Future experiments

10° 10' 10° 10° 10*
Photon Energy (GeV)

U Two techniques are very complementary



H.E.S.S. Galactic Plane Survey

Inner part of the Galaxy: |b|<3°, -80 <1< 60°, 1400 h of data + dedicated pointing
56 sources, very narrow distribution (RMS(b) ~0.3°)

= Molecular gaz scale, young sources

Population: PWN (29) SNRS‘(9‘) Bmary system§ (3) Dark sources, Interacting
stellarwinds,:.. — ~=«. = R :

==

. = = I
HESS J1923+141 HESS J1212+101 HESS J1857+026 HESS J1§49-00CI HESS J1843-033 HESS J1837-069

[3 e

Significance

- &

HESS J1508+063 HESS J18564020  HESS J1846.016 HESS J1846.029 HESS J1841.055 | [deg]
50 40 30
HESS J1824-087  HESS J1825-137 HESS J1813-178  HESS J1804-216 HESS J1747-281 HESS J1745-200  HESS J1741-302 HESS J1714-385

HESS J1713-381
- g -

HESS J1*833-105 HESS J1826-148 HESS J1809-193 HESS J1301-233 HESS
20 10
HESE J1713-387 HESS J1702-420 HESS J1640-465 HESS J1632-478 HESS J1t

--------------
-------------
--------------

[=]

i e Cil
o . .
it L I ' .t
- - 5
. .
.

HESS J1708-410 g e T e
----- HESS J1708-443 HESS J1634-472 HESS J1626-490 HES

340 330
HESS J1356-645 HESS J1303-631

i
a
x
.

HESS J1302-838

rb_'.c_umwdorb.'.c.;mw:brb.‘.c..mw‘,;hrb.'.c_.mw
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dWealth of results: :

RGN IR

— -39

J Supernova remnants
JPlerions [
JGalactic Center :

dBinary Systems
dInteracting Stellar Winds — —ws (e

19m 17h15m 17h11m 17h@7Tm

dStarburst galaxies e P 07
JHuge flares from blasars,

Tests of Lorentz Invariance
JIndirect dark matier searches

i
(i)

apxiv:0706.0797 \ i - §
' t g HESS
)8th July 2006

I(>200 GeV) [ 10 em®s™]
= n
- U N 0

=2
(3]

100 120
Time - MJD53944.0 [min]

(=]

Kookaburra KSKRabbit!

PSR J1420-6043

wabbit

-48.5F

47.5F

;
14200 14"20M00®  14MaMoo®
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PSR B0833-45
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Milagro Northern Sky Survey

dy «
* "3 e
10
8
6
.
! 0
I

R -2
- ~] i -4
s P SR A e X Y | %

o et o X ~ P L
) SR, - SRR 8

-
=

30 20

- Survey instruments start Gatactc Longitude (degres)
producing results

7 year exposure

d~20 TeV median
CNergy

1052 angular
resolution »

~0.5 Crab sensitivity L.

=), Abdo et al ICRC 2007
U 3 significant new sources —

-
(=]

Galactic Lafitude (degrees)

Ll{:lnmbmm

[ |
(=T R -}

-

-

(all on galactic plane),
JOne with HESS
counterparts
4 interesting hotspots

Galactic Latitude (degrees)

0
8
6
4
2
(]

2

-4

-

-8
a

-1

Galactic Longitude (degrees

Mathieu de Naurois



The Cygnus region

JConvergence of several techniques

Dec[deg]

Galactic Latitude (degrees)

RO
J2019+37
10.4 /9.3 0

O

f 8
ry

Dec (J2000) L:leg]

IEG2033+4T

82 80 78 76 74 T2 70 . Size 6’
Galactic Longitude (degre Index 1.9

4 Cyg X-3

20.5
RA (J2000) [hrs]

Mathieu de Naurois
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HAWC: high altitude, larger, deeper, isolation of PMTs

ﬁTTTTTTTTvT?'

AHSRA:
Gated CMOS detectur,
4 MPixels, 42 deg FO

Real*Gherenkov image
with 20 self-triggered exposur




", mostly protons

Knee
(1 particla per m*—yveor)

30 orders of
magnitude
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-
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Arkle
(1 particle par km®—wyad

> 10 orders of
magnituge

10% 10" 10" 10" 10" 15" 10"® 10" T 10" 10

10
Energy (av)



E-2.7,
mostly protons

>

A

solar modulation

2nd knee? Dip/Ankle
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Surface Detector

JCharged particles in shower tail
(e+ & pt)
d Water Cherenkov tanks
(e & ut) : AUGER
O Scintillator arrays. Absorber (20 X

can be used to separately measure
exX/u+ components

Bl Rcconstruction relies on
_- 8 __- simulation

z ﬂ J Hadronic Models

“ ' @'Detector geometry

[J. Paotly controlled systematics



Fluorescence Detector

L. Col 1. Row 22

k. Col 3. Row 15

 Nitrogen excitation, Molecular lines
emission (2P from N?, 1N from N-*),
proportional to 10nization
 Isotropic emission (310-400 nm)
[1 can be detected up to several 10 km
 Direct calorimetric measure
[1 Longitudinal profile

 Stereoscopy [0 simple geometric
reconstruction; Time sequence also usable
' Problems: : i
J-Fluorescence light yield poorly known.
Depends on compesition, humidity, ...
Jd Atmospheric transparency:
d'Need to subtract forward Cherenkov

Mathieu de Naurois



Experiments
Kaskade

. B-IJTBJ-T\#TQQJ'T 942

ATBAE
B4 aTpashTEY VB4

Tm.:ﬂma J"“'
gnpzn B TBIA,

NE14

Tibet
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J Hybrid detector

11600 tanks over 1000 km?
4 fluorescence detectors

with 6 telescopes each

1600 Water C-
Detectors
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Quadruple Fluorescence Event

26/05/2007 Loma Amarila___

#1413
# 1360
# 1280

Coihueco

£Y Morados

Malargue g s

Los Leones
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First 4-fold event

20 May 2007 E~10" eV

N
h

Egp= 10AX S8 [eV]

B =1.10£0.02

lg(S,s/VEM)

195 20
Ig(E/eV)

Hybrid SD-only FD-only
mono
(stereo — low N)

Angular
Resolution ~0.2° ~1-2° ~3-5°

Flat with energy AND E, A, spectral
Aperture mass and model (M) free slope and M
dependent

Aand Mfree AandM A and M free
dependent

Energy
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® HiRes-2 Monocular
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HiHes
Anger
power laws
— power laws + smooth function
|
10* 10 10°
Energy [2V]

Auger combined spectrum: FD (hybrid) + SC




> 10° events above 0.2 EeV.
81 events > 40 EeV, 0 < 60°
P =10~ incl. trials

d

u
Science (Nov. 2007)

AGNs

9 November 2007 | 510

SClerce

AVAAAS
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Fe QGSJETIIO3
Proton SIBYLL2.1
Fe SIBYLL2.1
Auger - ICRC2007
XAsymMax

1020
Energy [eV]




JEM-EUSO (tilt)
JEM-EUSO(naglir)
SPACE PROBES
TUS/KLYPVE

Integrated aperture [km? sr yr]

Events E>1020 eV

100
1986 1990 1995 2000 2005 2010 2015

Year



J Acceptance : 10° km? sr
P UTarget air mass : 103 T

4 JFull sky coverage in one year
1 11000 events per year with

E>10% eV

T aunch foreseen in 2013 =>
20157

Cherenkov
light



Source identification e L TR A
ur '* Hicatl i P -.60° Takami 2008

- 1,000 events : E>7Tx10"%eV

Distance - Several dozen clusters are expected
- All sky coverage
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Supernova Explosion

Earth

Reactors

Supernova Remnants

Atmospheric

" Astrophysical

-t&
‘-\-l

Neutrino Energy (e




Low Energy Neutrmos

dSolar Neutrinos physics (oscillation,...)
in the MeV domain

dSupernovae Neutrinos (SN 1987A) L

JUnderground Water Cherenkov detectors
(KamLAND, SuperKamiokande, ...) e

dUsing heavy water (SNO) for detection

of all flavours (v appearance) S
e SR NS

DquUId Scmtillator (LSND) o g TR R FLELRP
JChemical reactien detector (Gallex ;; . : >
Homestake,...) I

dMany experiments.... - MR e

Mathiéu de Naurois ASP = Kumasi - Ghana -



High Energy Neutrinos

J Atmospheric neutrinos
J Neutrinos produced in hadronic
showers

T DU v, —e

 Ratio vu/ve ~2

J Astrophysical neutrinos
(AGN, GRB. SNRs, ...)

Mathieu de Naurois

proton /
T
e T (pion)
L

(muon)

e VH

(electron) {muon-heuttino)

Ve | (Yu

(electron-
neutrino)

greenstone
expptimen




Detection principle

Atmospheric
Neutrinos
3000 per yr | 1

- L ' "a
Atmospheric
muons

Yiah 2y b

Ana s 20127 B

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

SS433 | GX339

Galéctic
Centre

+ Baikal, Nemo, Nestor






IceCube

lceCube
50 m,

dDeployment:
J2005 : 1 line installed
J2009 : 59 lines installed
2010 : 79 lines (4790 DOM)
dfinal : 86 lines (5160 DOM)

JEstimated lifetime: 15 years

JPerformances:
JO(10%) v per-day
HO(108%) u per day
10.4-1° angulartesolution
410 GeV threshold

LR adio detection.activities

(ARTANNA)

D Surface array: ICGTOp Svenska Dagbladet

Mathieu de Naurois

&Top
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e
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l 324 m
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Neutrino disintegration with
secondary hadrons

Further away, tau disintegration
into electron




IceCube Lab

Per Olof Hulth



[ceCube-22 Data vs. Monte Carlo Simulation Data

[a—
=
Ld

Cosmic Ray Induced Muons

[—
-
[§8]

—=—— C(Coincident Cosmic Ray Induced Muons

—  Neutrinos

—e—— All Simulated Muons & Neutrinos

—— |ceCube-22 Data

events per bin per second
[a—
o

........... upcomingneutrinﬂs ........................ .................. downgoingmuons ........................

=

I I*III| I IIIIIII| [ IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| [ TTTT

-1 -0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
cos(0, . (MC))

LET



Search for point like sources

40-lines (6 mont’fﬁﬁ‘ﬂz
J175.5 days livetime,
117777 events: 6796 up-going; 1098 downsgoing
=INo point like source sofar |
dSensitivity getting closer to potential sources




Antares

e e i S S S

900 PMTs
12 lines

2006

25 modules / line

3 PMTs / module

* Prototype line 1999
First Line Feb.

12 lines end 24' 4

450 m

§B8EIR 88888 88888 88888

K
from/shore

unction

ﬁ’ﬁs——h box



Base Module

titanium frame:_

AN =Y
Optical g
Beacon
with blue
TEDS N\ ks

Optical module:
10" Hamamatsu PMT
in 177 glass sphere
(oTTs ~ 1.3 ns)

'Local Control
\Y (oo [U][<}
(Ti cylinder):

Hydrophone:

Mathieu de Naurois
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Other Neutrino Telescopes

JBaikal NT-200+:
4 First operational neutrino telescope
NT-36 in 1993, NT-200 in 1998
d Expanded with 3 outlying strings for
PeV events (2005)
 In Mediterranean sea:
d Nemo (Italy)
J Nestor (Greece)

Mathieu de Naurois



Next generation: toward km3

dIn FP7...

Mathieu de Naurois



Challenges _

1 Maximi hysi tential >
aximise physics potentia 12 lines), 900 PMTs

O Substantial improvement over ICECUBE ey By
4 Instrumented volume >1 km’ e

d Angular resolution ~0.1 degrees (E>10 TeV) :J

O Expandable h

U Build in a reasonable time ~ 4 years
O New deployment techniques
O Speed-up integration time
L Sub contract part of the production

O 'At-a reduced cost W . o
O Factor 2 reduction-cf ANTARES o aEsrE RS E St
L Simplified architecture g '=:_"'. ik _-:* A e iz
J Reduced maintenance | | -'."_f-_' '%-_77_;. :' ;': - = :: - el
¢ @' Multi-line deployments: b iR s
Mathieu de Naurois ASP = Kumasi - Ghana s 20127 P ALy R T
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~2m

L Comer N ] toem

shower

Wave front
0 ~50°




Other sources of radio emission

JGeomagnetic effect:
JEarth magnetic fields separates
electrons and positrons apart
dDipole in relativistic motion...
dSynchrotron emission of electrons
JEmission from the current

4.

|

I Frequency band [1-200] MHz
dMonopolar signal
I Dependancy v x B




Coulomb field

JField radiated by a particle in relativistic motion

\W//«, ,'\\\T///',

k‘% -

In particle frame .~ In‘observer frame:?

Mathieu de Naurois



Coulomb field

A Transverse field

dTransverse field is proportional to number of particles in the
shower, thus to energy

dShort, monopolar pulse (longer at large impact parameters)
JLongitudinal field is bipolar and fainter (by v) .
HdTFicld strength~ 107 V/m at 1(39 mforB- 10/ ¢V

Mathieu de Naurois



| —— d=900,
[ d=1000.

electric field (mV/m
power spectrum (L V/m/MHz)

-50 . 100 | 150
time (ns) frequency (MHz)




Why 1s radio interesting ?

JPretty inexpensive equipment §
JActive Dipolar antenna
~]l m X 10 cm
Frequency band [1-200] MHz
JLow noise amplifier (ASIC)
dFast ADC (300 MHz)
dCost ~ 4000 Euros

dDuty cycle ~160 %

W Efficiency ~100 %

JCalorimetricMeastifement

L Timing and lateralidistribution
allow reconstruction of shower

25 — 85 MHz region pretty empty .

Power Spectral Density {dBmitiHz

40 60 80 100 120
Mathieu de Naurois Frequency (MHz)
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Signal Processing

Signauy seuls {choixad] Run : 900 - Event - 483 T Fenatie en terrpBag eventuel A sewls § choiad) Run - 900 - Event - 483 “Fenstie e tampgiag s

Pas de fifine en fréquence [choix filsd] 44 Mar-2008 20:10:32 M dsignal Fredicson q.rf fﬂmﬁnc‘cafdg “Imm decantl 1-1-Mar{_*ﬂﬂa 20:10:32 ) Maz du signal _Prediction

__ Sagriaary sans décalags (Cholx decasd)

Raw signal, SD trigger; 1Gs/s 23-82 MHz filtering

A Timing measurement is possible
HSimple trigonometric reconstruction




Radio Detection (@ Auger

J Autonomous prototype

event density map (km™.day") installed @ AUGER

o~ .1 JFirst detection: July 2007

139 events in coincidence
with Auger SD (SD
trigger)

JFirst self-trigger
annolinced recently

DRadionetection seems o
work up to-ldkm away,
from antennas

WRadio detection seems to
work for horizontal
showers

Mathieu de Naurois



Qeshm
HELF
Hormuz
strait, lran,
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Direct reconstruction — A dolphin
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LIGO

dLaser Interferometer
Gravitational wave Observatory

2 sites 3030 km away

dTaking data

Close cooperation with VIRGO
(data exchange)

Hdnford ( Waéhihgton) i) interferometers
szmgston (Louzszane) i mterfemmeter (4
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