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Astroparticles: particles from astrophysieal sources

Energles ReV ... MeV ... Gev ... TeV ...PeV ... BeV ... ZeV
103 ...10% ...10% ...10™2...10%° ... 10*® ... 10*" eV

Cosmle RAYs: P, He, .... Fe, ... fuLLa Lontsed nuclet,
P sxznnnnnns
eLeatrows P ssusnnunns
Photons: classical astronomy + high-energy gammas

Neutrinos: astroph 3s'waL v (solar, SN, AGN, ...)
>
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Coswmale RA 53:
relativistic, charged particles

Eer = Catarlignt = Eeme = Buag = Eqas = 1 EV/ M

total: =10Y ) in Galaxy

CRs are a MQJDY aompowewt of owuyr C,aLa)(g

Spectrum ? Composition ?
ldentity ? Origin ? Acceleration ?



Cosmic Rays, qamma Rays and Neutrinos are Linked

/ G V
7t0 | v
ong charged ParthLcs \ J‘C/D@Vdﬁeti:fﬁﬁut
cawn be accelerated log
el.mag. fields YY
can't travel far

at high energles

Y and V travel in straight Lines, L.e. point back at source.
CRrs are deflected tn gal. and intergal. magwnetic fields.



Hf Cosmic RAYS exist,
then also 'V and Y must exist
at stmilar energies.

BUL: can they be detected above backgrounds ?227?

Y : 100-1000 X wore CoSMLE YAYS
V : Low Linteractlon cross sectlon
atmospherla neutrinos from atwosphere
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Flux of Cosmic RaYs

11 orders of magwnitude in energy,
32w flux 1

Power Law with almost no structure.
(makes it difficult to interpret)

Highest energy events:
AGAS A
FLg 'S 656 ~3 X 10%° eV

~32 X 1072° eV

Owe detector set-up can hardly span
more than =2 decades in energy,

L.e. Lt is difficult to see the

“greater pleture”.



Neots — ﬂu)( x area x tLnie

Y B

> 100 , ~ 3 UrS
Low, gLven ~ 1 m= J

bg nature for space exp.

stze of detector Limits the fluxes that can be observed



Neots — ﬂu)( X AYeA x tLWLBx P

Y B

> 100 , ~ 3 UrS
Low, gLven ~ 1 m= J

bg nature for space exp.

stze of detector Limits the fluxes that can be observed

P probability to interact tn detector :

for CRs and gammas: p =1
for neutrinos: Pl
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Scientifie Ballooning

balloow: 10% m=> filled with Helivum
Pa 5Load: up to 3500 kg,
height: 30-40 km

flight time: few days, soon 100 days ?
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well known (for € < Gev) g) 102
5
29% p, 9% He, 2% other nuclel - 10
<1% electrons C
“CrRs are star matter” 1
1
secondary/primary nuclei: 10
~ 10 g/em”> 102
unstable/stable secondartes: 103
~ 107 years
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The cuwew’ch favoured wmodel:

Fermi Acceleration (15 order) itn shock fromts

AN/dE ~ B =ERT

N

measured at earth
"restdence" tlme

i galaxy

primee source candidates: SNR (up to = 10 ev)

frequent § powerful enough to account for SN1006
observed CR dewsitg Chandra (2003)

low-energy CRs are galactic, RXJ1713 HESS (2004)
diffusing tn gal. magnetie freld  gn1006 ASCA (1995)

direct evidence ?

sywnchrotron § (C radiation
from

Not much evidence for
CR acceleration Yet.

(hope for gamma-ray experiments)




vartouws balloon and
satellite e)q:erimewts
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Cosmic Ray Energy Spectra from Direct Measurements
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Larger detectors?
Longyer times?

CREAM Experiment:
World record: 42 days
Jan 2005

(near) futwre:
'Pressurizeol balloowns
> 100 da Yys.




Satellites, Space Station ?

detector size = m?=, as for balloow experiments
measurement times = 1-5 Years ~ AMS 02

but = 1OOX wore e)q:cwsivc

e.9. AMS (Antimatter Magwnetic Spectrometer)
to be deployed on
International Space Station
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Stee'PLH faLLiwg spectrum: 10 X LA energy / 500 Ln -ﬂu)(

Higher energles require very large detectors:

Instrument Large natuwral absorbers
(e.9. atwmosphere, water, Lce)

Indirect Measurements: ALy Showers

Deduce properties of primary CRs
from the shape and particle content of
the shower of secondaries produced.

this is tricky:
Lt requires Rinowledge on how a shower forms
depending on  energy, angle, primary particle,
hadvronle tnteractiom, ....



Alr Shower E)(‘perimewts

{p
I | ,
A | p_|n ' P, N, 7T : near shower axts
| |
0 L
Y. ' W, e,y :wuely spread
, P
e+ | 1
: 1]l e, Y : from 7% WU decays ~ 10 MeV
= |
g . 71 W : from 7%, K, ... decays ~ 1 Gev
~ + \
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Detection Teehniques 1

Particles at ground Level
large detector arrays (scintillators, wire chambers, calorimeeters...)
small sample of secondary particles are recorded

(nuumbers of particles, densities, angles, arrival times, ...)

e.g. area coverage
Kascaoe 0.04 Rm= 1.5x 1072
Haverah Park 12 km=
YaRutsk 25 Rm?>
AGASA 100 Rm> 2.5 x10°
Auger S 3000 k=2 52 x10°

100% duta cycle, reLatLveLg easy to operate
aperture = arvea of array  (independent of energy)

energy resolution O(E)/E =~ 20%
but: primary energy / mass composition s model dependent
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KASCADE § KASCADE GRANDI

~ 10 - 10%% eV ~ 1015 - 10V eV

Muon tunnel Central detector

/ / \E lectronics station
Array cluster  Detector hut

\

Total area of array determines
- the maximum energy (statistics)

Detector spacing determines
- low-energy threshold
- quality of the sampling

Limtting factor:  the cost




Detection Techniques 2

Fluorescence of N molecules tn atmosphere
calorimetric energy measurement as fet. of atmospheric depth

0()/E=20%

works only for € > 107 ev,  only n dark nights (10%)
requires good knowledge of atmospheric conditions
aperture grows with energy, varies with atmosphere

e.9. Fly's Eye,
High Resolution Fly’s Bye (Utah)

Auger Fp
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The FLrst
Fluorescewnce Detector:

Cornell University
K. greisen, 1967

10 X 50 PMTs

&OX 6P pixeLs
0.1 m? Fresnel lenses

(not successful)



Fly's Eye (utah)

2 stations, 2.4 km apart
101 mirrors, 1.5 m @
12-14 pixels each (PMTs)
5° field of view per pixel
operational: 1980-1993
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The BLg Fly's Bye Bvent
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> 200 billion
secondartes



catalogue of UHECRS e € > 10%ev

(2004: pre-Auger)

Vvolecano Ranch/USAScintillator Arra Yy 19e2

1 event € > 100 EeVv

Haverah ParkR/UK  array of water-Cherenkov detectors 1970 - 1980
4 events € > 100 Eev

Yakutsk/sSibiria  Scintillators § atmospheric Cherenkov 1989 -
1 event E > 120 EBeVv

Fly's Bye/Utah atmospheric fluorescence 1991
1 event € > 320 EeVv

Akeno/)apan Scintillators § Muown Detectors 1990 - 2004
~10 events . = 330 EeV

energy resolution  : =30%

Flux at € > 100 Bev : =~ 1 Per k2 and oewturg

These events are wo artefacts 1111



There are “accelerators” out there
that make > 102° eV parthLes.

O [ mdytron stars
m 1012 —I p=1
O B B=1/300
2 0 )//
= L
lg i .
A e B H 7,
O _white (B
c 10 [Cdwarf “
g _dwarfs O@}\U @1/0
r GORE %,
= 5 firaball %
L %
L mag.
1 F A stars active galactic nuclei
D Crab™MA radio galaxy
- interplanetar \ lobes
L space SNR galactic
106 |- disc‘ ‘ cluster
= galactic [
C halo
L1 1 1 1.1 I|||||II|GM‘|
1 km 106 km 1 pc 106 pc
Size L

wlheyre 222

A.M. Hillas 1984

How 22?2

BMG X Lkpc >2Egev/Z
Buc X Lkpc > 2 (c/v) Egev / Z

to fit gyro radius within L and
to allow particle to wander around
during acceleration time

But also:

gain should be wmore rapid than
losses due to magwetic field
(sywehrotron radiation)

and photo-reactions.

No obvious candidates ....



Pavticle Type ?

O wo neutrinos,
since start potnts of showers are near top of atmosphere

O wno photows,

since shower form is different from expectation for photons
(electromagnetic interaction is well knowwn; RQED)

Showers Look Like showers from p and nuclel
at lower energies, ... just much larger.



Bifferential Bnergy Spectrum
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Highest-energy) particles must be extragalactie
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qrelsen Zatsepin Kuzmin

GZ.K Cut-Off

P 4!\3K photon in lab
10% eV JW\({;Jmev system
<YWW In p rest

0eV 300 Mev  system

0 7Y Photo-pion
+ production

Photo
55 v
56Fa + Ya —> >“Fe +n dissociation

universe Ls opague for € > 5x 109 ev.
Test of Lorentz lnvariance for =10t |
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L.e.

Y.

proton + 3 K

3x1020 eV

Energy (eV)

1 10 102

10° 10%

Propagation distance (Mpc)

sources must be close

(d < 50-100 Mpe,

but: no suitable energetic objects known

Bunergy Loss of Protons ... and Nuelet
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GZ. K cut-off or not ?
S

AGASA Vs HLRES

different techniques,
small statistics,

results tnconclustve.

many sPecuLatiows
wh Y spectrum
CONELAUES



Theoretician’s feast:
PYD’POSCd SDLM.tLOV\zS (1/week)

d Hot Spots in AGN-Jets

Jd AGNs

d Pulsars

d Galaxy collisions, wind shocks

d Shocks at formation of gal. clusters
Jd GRBs

Biermann
Biermann
Bell
Cesarsky, Morfill, Jokipii
Biermann et al

Milgram, Usov, Waxman, Vietri

@ 'V annihilation with relic-V Weller et al.
W Superheavy relic particles Ellis, Sarkar et al.
W Topologic defects - Monopoles Schramm, Sigl
- Necklaces Berezinsky et al.
@ Dirac Monopoles Weilter & Kiphart et al
d New SUSY particles So (uds+gluino: 2 GeV) Farrar et al.
@ UHECRON (m ~ 10 GeV) Farrar & Kolb

& Deviation from Lorentz invariance




neeadea:
much more statisties,
good energy resolution,
control of systematics,
MASS COMPOSLELON.




Auger

>300 PhD physicists / 70 institutions from

Avgentinn, Australia, Brazil, Bolivia, Czech Republic, France,
Germany, ttaty, Mexico, Netherlands, Poland, Portugal,
Slovenia, Spain, WUnited Kingdom, USA,Vietnam.

ﬁrst Loleas: workshop in Paris 1992
design stuolg: 1994-1995

Collaboration forming, fund raising, site selection
1992 begin of funding

2001 engineering array operational

2002 begin of mass production and construction
2007 southern site complete



~30 evts/Yyr with

E> 102° eV
(based on AGASA flux)

Auger: unprecedented statistics <
and preciston

Hy brid Detector: /

Array of 1600 water Cherenkov detectors
covering 2000 km?
duty cycle: 100%

Fluorescence telescopes
24 Fbs (30°x=20° each)

dwcg] cY cle: 1070

; _am_:!le of
/ incidence

Better geometric reconstruction,
cross-calibration, control of systematics.

Full-sky coverage with 2 observatories
Lt northern and southern hemisphere.

fluorescence detector
with fired photo tubes

Shape of the spectrum? Cut-off?
Awnisotropy iw avvival divections? —
Cherenkov

Mass conposition ?

| /71 1 /L [/

N
>
g




2000 krm>

25x size of Paris

stze of Lancashire,
area tnsioe M5

sitze of Saarland



qr: 2 x stze of Lesbos
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Installation of Auger detectors: the movie

planned

/01/2002

o
.

Engineering
Array i
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PMT windows
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viewed by 3 PMTs,

solar panel & batteries
(power budget 10 W)
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Tank deployment




Corrirtilrliczitiorns A

aptenna G2 zipiiznirle

Electronics
enclosure Solar Panels
-

3 X 9" PN

PIastc ank
125 water

Batieny bex




water CherenlkRov detectors:
12 m= water, 2 PMTS, GPS,

radio, electronties,
solar panel § battery

1600 tanks on 2BOOO Rm>




-t
1]
TT IIIIIIIIIIIIIIIIIIIII T

i

Sen

L= Cansd= [ TE1)
Eigral: 1.2 VWLFa
Arapdteah: 102
Ihraakasild

I -aafwi® | Al =i > ik S enie

Tamnis C1HA]
Rigrmak- 1F & Wik
ArnadPnmks G 1%

Thrun Crenr T hore b ndard

a.B

=
.55

1

L1 ]

-ECIII 1] Sad

Raosa f990)
Eigral: 9.2 VEM
AromiMoahz .87

Twrse Over Thaeathald

T AT

I a0l | Sel D0 3 Sodedr B0eDd

b mr il (321-32)
Signaiz 5.4 WEM
SiramadF omk: 4458

I Cvar Thoeaeh old

&ll‘l L1} SN

A [ AONE)
Eigrmmli: 123 ViLFA
ArapT"'emah: L EE

I Urerer Iharesdhald

ol | famd F Ol = e Sk

retaml | 1.k
Sigrmmi- AT O Wi Pl
BrmniPnmis T T
T Cratner T e eh mdard

Eﬂﬂ 1] S0

Mornus=sl (2155
Eigrnal: 24.7 YWEPR
ArcpMoah: B.3E

renakbald

10O | 300 003 S0 B0

Siguom {ZiFp
Signai: 5.3 WEM
SroasFoak: 1.8

T Csrpr T heassh old

P oarmas a0 [Z20E]
Figrmml: 2.1 VLA
AransT'oah: F_7E

IhroaFasild

4 F 3 @ r B oW B

i

Son 1Ak 8 Fene F e ST

=ue 7R Wlgn (k)

HRigrai- FdSf 5 Wi R
ArmndPFrnmis 4 AT
Thresennlo

L Harl Laraky (114)
- Bigral: 10€.0 WEM
__ AronsMcah: 254

T Thraoakald

ar

sl

o

=

Eﬁl} 0 SuD 1D 0§ DO 0D 3 S0l B 0D 0

Chiribicm (127T)
Signai: 5.3 WIER
SroasFoak: 3.Te

o Crsemer T herah ol

B
T
£l
B
A
%

il

1=

S

A

Uemlmarts (100)
Eigrmol: B2 8 WERI
AronsT'eah: FoUE
IhraakFasld

SN Hrenel faferk S enne > e s enn

ImAmrgpariae [ 1A)
Hlgrak sk A PR
AErmndPnak- A dF
Thrrsemnlii

Dubpem (117
Eigrnal: 13.3 VIEM
ArondMoah: 4.8%

Terree rwer T haeesh-aid

SO0 1 ODer | Siled 300EE S0l 000

Fohoiche (213)

Signai: .1 VIER

SAroasPFoeak: 1.1%
Ihre=sbhald

High & smooth pulses close to shower core, low & spiky pulses far away.



Event 1225537

14 tanks, 34°, 79 x 1018 eV
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Event 1096757
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76 x 1078 eV
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Event 1099180

32

34 tanks, 82°, ~10x 1018 eV
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PMT camera

aperture with ring
of corrector lenses

& focusing, facetteo

- AlLumlniume WALrror
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FD:

longitudinal profile
calorimetric energy

Xmax for mass comp.
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SD &FD: hybrid,
very good geometry
cross-calibration



hybrid

SD only FD only

angular resolution

aperture

energy

Shower

Detector
plane // i
/// g

Impacf Point

0.2°

independent of
E, mass, models

independent of
mass, models

——Shower Axis

Zenith

Detector

|-2° 3-5°

dependent of
E, mass, models and
spectral slope
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E, mass, models

dependent of independent of
mass, models mass, models
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A big event that got away: E

140 EeV
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highest energy events so far:
near vertical inclined

E=167x10%eyVy O=14° E=037x102¥eVy 0O =74




20 May 2007 E ~ 10" eV
Shower seen by array and all 4 FDs




Atmospheric Monitoring and Calibration

Lidar for atmospheric profiling and T T

“shooting the shower”

at each Fluorescence building b
_-r-'."a-a-u -—-.h.-" ‘%
) SR
Central Laser Facility e e e e e e
: : e T - i . g T -
(laser linked to adjacent tank) === - =

End-to-end absolute calibration
(Drum for uniform illumination
of FD camera)

Balloon borne
atmospheric measurements




First Results

- .SPeotmm
- 00mpositiow
- Awi.sotmp Y




Energy: straight forward (2) from FD

(but FB> only active for 10% of time)

model dependent from SD

(SD active for 100% of time)

get energy calibration from Fp

for high statistics from SD

Aperture:directly from size of SB

(above 2x101€ eVv)



log (sS1000) from SP 387 hybrid events

=
L
|

1]

lg(S,,./VEM)

b

4.2 x 109 eV

log (E/EeV)
from FD

TR . 0 N N N T R R
| % 8.5 1O 19.5 20

lg(E/eV)
model Lnoependent; ervor on S(1000) decreases with energ Y




Source

Systematic uncertainty

Fluorescence yield
P. T and humidity

effect

s on yield

Calibration
Atmosphere

Reco:

hstruction

Invisible energy
TOTAL

14%

9.5%
10%
47
22

model olepewolewt

Several activities to decrease these wuncertainties




Energy spectrum from SB

E[eV]
N 3x10'® 107 2x10" 3x10" 10%° 2x10°°
:'; 31 4128 | | ‘
o E' 2450
wn =32 16311135 Exp Obs
g = 81 <o (AGASA)  (Auger)
”-E 33— 387 184 >109¢ev 132 * 9 51
= 24 Slope=-262%003 . >10°ev. 20X 25 2
Eﬁ ] H "1.154
- o2,
-35 :— ¢~14 ......
_ 5 "%,
361 A
: RaE
37— 1 [
— | | | | | L1 I | | | | | L1 I | | | | | L1 I | | | | L1 | I | | | | | |
184 18.6 18.8 19 192 194 196 198 20 20.2 204

Ig(E/eV)
5165 km? sr yr = 0.85 full-Auger years
zenith angle: 0-60°
FFR25 events > 1015 ev



Event 1099180

e 34 tanks, 2°,
E : ° ° ° ° ° ° ° s ° ° ° ° °
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Inclined events energy spectrum

10%'E
> 124
- ~ 700 = 734 events
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Restduals  (combined spectrum)

2 :TF |
"T : + -3.30 £ 0.06 :
& 1 + .
o - ankle: E=4.5x 108 eV 1
E | / 2,62 +0.03 ]
S of R iieos A
R S ATt
| steepening: X e ]
_-1 Ll 1 1 1 J L1 1 1 l L1 1 | l L1 1 | |*|T I

18 18.5 19 19.5 20

log(E [eV])

Auger sees a spectral steepening at € = 3.6 x 109 ev.
- model and mass tndependent | -
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- + ° Auger 2007: Ngzz Ahen.h.
I
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Is HiRes aperture kRnown well enough ?

changes by 10x from 1 to 10 €eV
depends on mass compositiow, models, spectral slope




Does Auger see the GZ K cut-off ?

GZK cut-off: if  CRs areprotons
power-law spectrum at source, > 10%° eV
SOUrCeS are uwiversaLLg distributed
depression by about a decade at ~s5x 109 ev

Also nucelear primarles would be absorbed,
but not quite n the same way (propagation)

Alternatives:
maximum energy of accelerator
effect of a Local sowrce

Is ankle the transition point between galactic anol
extragalactic CRs ?

.. need more tnfo on ODWL‘PDSL’CI:OV\,



FD: measwure XIM,Q)(

photons MAAXLIMLSE deeper than nuelel
protons MAAXLIMLSE deeper than LYo

& 1200 F a_-
= - = Fly's Eye
B0 -+ HiRes 2004
~ L % Yakutsk 2001 _
A, 1000 F 2 Yakutsk 2005 4 gamma oo
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HY brid events SD events
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B - i = Event 1034377:
0.007  Event 1687849: 3 E. 0.01 - o
0.006 |- E E data photon simulation
: 1 = 0008 | .
0.005 [ L . . 1 =
n data photon simulation  : g
0.004 | —e— 3 0.006 - _
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0.002 £ ] 3
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xXmax (g9/cm?) stgnal rise time (ns)

16 L% o= Fe P#Ea a lTass ¥4 | 88 f8] g2 s8] 8% & 1 2
, [ Event 1034377: i
Compare each event with photon MCs, al 3
combine probabilities for all events 2 & ‘:ﬂta phiotensinuiation
10 | 2
s [ E
6 -
4 &
Sb: much larger statistices, 4 ;
| I I T R T 1 PR T T T T I L1 11

but VCODWStYl/LGtLDV\, not mass 0o 0.05 0.1 015 0.2 025 0.3
independent curvature of shower front (1/km)



= 100

photon fraction (% ) for ESE

]
limits at 95 %

< 13% (55 evts)
<2% (2761 evts)

< 9% (1329 evts)

< 31% (329 evts)

E, (EeV)

Auger Collaboration
Astrop. Phys. 27 (2007) 135
to be submitted to Astrop. Phys.



Hadrowie composition frome X . ax (€)

:I'q_l
=
L g5
)
A
s 800
=
>
Vv
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700 =
: i —— QGSJETI-03
e e ---- QGSJETO1
650 e SIBYLL2. 1
e - ---- EPOS1.6
;;'.1'—| Lo | | | | Lo | | 1
10" 10"
E [eV]

Mixeo composition up to highest energies ?  not expected
(Results strov\,gl,g moolel dependent)
neeos more work: ﬂuctuatiows LA Xowax , SP events, ...



AUgEr events
with € > 109 ev

tgp accumog: < 1°

Clusters, PoLNt SOUICES ?  (acasa)
Large-scale anisotroples ?  (acasa, sugar)

Correlations with potential sowrce populations ?
e.9. Blazars, AGNs, ... (HiRes)
Alignment § ordering tn energy ?
- expected for real cosmic ray sources
- “spectroscopy” tn cosmic magwnetic fields

0.7

0.6




No large over-densities or dipoles




Auger: Galactic Centre  see Astrop. Phys. 27 (2007) 244




1.0-2.5 EeV AGASA:

506/414

+4 .50 or +22%
0.8-3.2 EeV Sugar:

22/12

+2.90 or +85%

no point source

-0.002

-0.004

-0.006

_34 /14 '"\\‘
271 270 269 268 267 266 265 264 263 262 261
RA [ded]

Auger:

1155/1160

(22% excess would give +1415 evts. or +7.50)

Auger:
144/151

(85% excess would give +279 evts. or +10.50)

no correlation with galactic or
ane

super galactic p
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No dipoles or Large-scale excesses

No significant emission from Galactic Centre
as clavmed by AGASA and Sugar

No small-scale clustering as claimed by AGASA

No signal from BL Lacs as clatmed by HiRes

buct:
Sowe first hints for anisotropy at are seen:

2 pr&sariptiows are set up
to be tested with Lwolepcwolewt data sample
(answer very SOOW)

...and
Auger will tnerease event number 5-10x tn next few years



evew Larger: Space-based UHECR Expertments
e.9. BUSO

Principle: ~'— Focal iane:
R - 2.5x109 pixals, 0.19x 0.1°

AL =10% km? sr

> 10> Bevents/ year
with E > 1020 eV

(50-100 x Auger)




EUSO as neutrine detector

Target mass:

~ 10%° kg Alr 111

~ 10% krm= water/lce \\

~ 10% X ’GCC%bC Fluorescencs Cherankov
>10" &V ! /‘ L >0V

FOEY,

" /
1
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