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astroparticle physics = “physics using astroparticles**

-> cosmic rays ...



Cosmic rays

magnetic fields
scramble paths

J

o particles with almost speed-of-light

(= very high energy) entering the
atmosphere

e what particles? (mostly) atomic nuclei

 How often? Depends on energy ...
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Cosmic rays: how often ?

107"
ﬁ T * "‘1*_ unit of energy “electron volt* (eV):
E ’—-,‘_% visible light ~1 eV
g™l " particles in sun ~1000 eV
_ \ LHC (CERN) ~10" eV
: here up to ~10* eV
a0l 1000000000000000000000 eV
[ LHC
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~ kinetic energy of ...

energy of particles (log)



... first service
of Boris !

note: energy carried
by ~10** particles
instead of 1 cosmic ray
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Cosmic rays: how often ?

1 particle per m” per second

1 particle per 100 km” per year
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energy of particles (log)
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‘“extreme objects‘

How does Nature do this?
How to measure this?



flux of particles (log)

.

1
o
—

]
—

>

-
(4]

log(FLUX m?2s™'srlev?)
hl, ]
o

-25

-30

107 s

How to measure ?

i

13 14 15 16 17 18 19 20 %
log(ENERGY e

10" eV 10* eV

>
energy of particles (log)

direct: satellites, balloons

here: flux too small !?

but: nature helps ...



Indirect measurement using air showers !

e Primary Cosmic Ray
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Indirect measurement using air showers !

il P'rimary Cosmic Ray

) « collisions in atmosphere
—_— . ‘L\‘i . :..I:tFlu?reEs:Tn:‘mmms
sotropic Emission . ¢ . ¢
<—— Primary Cosmic Ray A / > particle cascade: “air shower"
Nuclei = ) ° °
Euh‘ /] | L‘% - Eecromagene => direction (~1°), energy (25%),
';;éf*r;: ot ‘%i;‘;// type (tricky; using simulations)
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Cosmic rays: sources ?

Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

———————=
4 . z 380 Arc Seconds 17 Arc Seconds

- 88,000 LIGHTYEARS 400 LIGHTYEARS
b Nebula in Taurus (VLT KUEYEN + FORS2) LESH

e small energy: sun !
e medi : ?
medium energy: supernovae (?)

* highest energy: ???

s A Radio Galwy  (VIT KUEYEN + FORS2)

5 Buropran Souchomn Oecrney RS

extreme astrophysics
or ,,new physics“ ?
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Visit of Prussian King Friedrich Wilhelm IV. at the new observatory in Bonn (1845):

Friedrich Wilhelm IV.: ,,Na, Argelander, was gibt es Neues am Himmel?*¢

F.W.A. Argelander:

[cf. Mayer-Kuckuk, Kernphysik, 5. Auflage 1992]
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Visit of Prussian King Friedrich Wilhelm IV. at the new observatory in Bonn (1845):

Friedrich Wilhelm IV.: ,,Na, Argelander, was gibt es Neues am Himmel?*¢

F.W.A. Argelander: ,,Eine Menge, aber kennen Majestit schon das Alte?**

[cf. Mayer-Kuckuk, Kernphysik, 5. Auflage 1992]
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A short history of the

cosmic-ray century



Discovery of cosmic rays: electroscopes

1910: Theodor Wulf (SJ): soliermaterial Cﬁm

......
B B
.-‘00

» constructed the best electroscopes!

Starres Blatichen

e measures ionisation of air (by discharging)

Bewegliche Blittchen

» observation: electroscopes discharge with time

> origin: terrestrial radio activity. Or ... ?




Discovery of cosmic rays: electroscopes

1910: Theodor Wulf (SJ): soliermaterial Cﬁm

» constructed the best electroscopes!

Starres Blatichen

e measures ionisation of air (by discharging)

Bewegliche Blittchen

» observation: electroscopes discharge with time

> origin: terrestrial radio activity. Or ... ?

e  Waulf: ionisation on Eiffel tower (330 m)
decreases only to ~64% (expected: 10%)

> source not Earth, but radiation from sky ?

> need data at much larger altitudes !

(constructed 1887-1889)



Discovery of cosmic rays: balloons

Strahlungsverlauf in der Atmosphare
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V. Hess, 7. August 1912:
~200 km, up to 5350 m altitude

> jonisation increases !
- radiation from above !
- ,,Hohenstrahlung* (cosmic rays)
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Discovering new particles with the cosmic radiation

492 CARL D. ANDERSON

Phys. Rev. 43 (1933) 49{ I Ty
.'_ e | 'E’ 0 “ad |.aq_r_.““

L] & " - .
- :'_, i op o ‘:_-'QF:%.. =
RO
Fic. I. A 6 |'-'m T H' =21 % P gausi-cm) passh grr:hr agh a 6 mm bead plate
nnd emerging as a .u .-..::: olt pesitron (Moo= 7.5 10 gauss-cna). [he leageh of this latter path
is at least tem times greater || I.Jl.|.=---1|r ength of a proton path of this curvature.

Positron (~1932, C.D. Anderson): cloud chamber, magnet, 6mm lead
- like electron, but opposite charge !
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1938: Pierre Auger, coincidence measurements

Discovery of air showers

> coincident even for ~300 m distance
> seconderies from one high-energy particle!

up to 300 m

-«

>

2 Geiger counters

> ~10° particles (of ~1 GeV) over 300 m => ~10" eV

Scanned at the American
Institute of Physics

P. Auger, N. Bohr

e Primary Cosmic Ray

Nuclei
ﬂb‘ ucle

e Primary Cosmic Ray
1

\
\ UV Fluorescent phetons
\"I. £ Isotroplc Emission
— 'j'i
ann)
L%

]
. Il'l Charged particles of
: ‘3 - Electromagnetic

oF, Shower

r'l_"'jt-' e
;;f"“‘ :

Cerenkov Radiation " & =
Forward Emission \
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Insert:

Extensive Air Showers (EAS)



Extensive Air Shower, EAS: schematic

primary (E,A):
p... Fe, .. inelasticity k:
energy fraction
° into secondaries
-> =1/3 Kk into
elmagn channel
: per hadr. interact.
muon, neutrino  hadron elmagn
-> large A -> feeding -> cascading <k>=0.6=>20%
E>25MeV dE/dX
collimated isotropic

detection: muons - hadrons - elmagn  C fluorescence

particles on ground opt --- UV
15



Energy flow in EAS: how much energy in which component?

linear

logar.

Example:
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1 . .
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0 200 400 600 800 1000 1200

atmospheric depth X (g/cmz)

proton, 107 eV; CORSIKA simulations

(MR 2004)
16



number of particles (logar.)

4500 m 1500 m
3000 m Sea Level

R

10"%eV
10'%v
10%%eVv
10'%ev
10%%ev
10*%eV
I
30
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Example: longitudinal shower profile

event measured by Auger

- Event 1687849

E ~ 16 EeV
X ~780¢g cm”

max

—
N

—
e

n

number of particles / 10’

S B N R R S R
gOO 600 700 800 900 1000 1100 1200
atmospheric depth X (g cm'z)

e integral => energy (here: 1.6¥10" eV)

e X,.. :type of primary !

18



Profiles from different primaries

altitude h (km)
5 10 7 5 3 1
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=

atmospheric depth X (g/em®)

e protons deeper! (X, <->type of primary)

» shower fluctuations! (event-by-event identif. difficult; -> MC sims)
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<X ., >

FLLL

500

Primary mass separation: X,

» Fly's Eye

= HiRes-MIA

= Yakutsk 1993

w Yakutsk 2001

0 CASA-BLANCA

& HEGRA-AIROBICC
¢ SPASE-¥ULCAN

o DICE

—— DPMJET 2.55

-4 neXus?2

----- QGSJET 01

ETMYVIY I |
I Y 1.8, 2.1

* % neXus3

1 IIIII“I 1 IIIIII|l 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIII|I_

10 = 10 - 10 " 10 H 10 K 10 2 10 G
By, (€V)

e sensitivity on primary mass

o note: comparison to model predictions ...

<X.,.x >~ In(E)
Xmax (Fe) <Xiux (P)
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Shower muons

E - 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 =
~ E e
2 E [ 10%ev
Qo K g 2
S o 10° L electrons + positrons o “e e
- =5 B /I/ }726
.g e Q/? 0[
3 ' “a
) o 4
=2 107
~ E e e i,
107 .
: 1 'I' 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ]
0 200 400 600 800 1000 1200 1400

atmospheric depth X (g/cm®)

Fe: more muons (total number) -> primary mass sensitivity

smaller E,/A -> Tt less energetic
decay

higher altitude -> smaller p favoured
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= 0.07

1/n dn/dN

0.06

0.05

0.04

0.03

0.02

0.01

Shower muons at ground

(x0.5)

0 S0

iron

100

150

photon (Auger North)

photon (Auger South)

I I_I Ll I . | I_':I II_J I_:IL:I_I. Lot I Ll

10%° eV showers

from geographic North
at 45 deg zenith

iron

200 250 300 350 400 450
number of muons at ground N " (x106)

( >> photon )

500

simulations:

same energy and direction,

different primaries
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particle density (m'z)

Lateral distribution of particles on ground

electrons + positrons

10

10

10

p, 107 eV
1 1 1 1 1 1 ] | 1 ] 1 ]
300 400 500 600 800 1000 2000 3000 4000 5000

core distance (m)

> different characteristics of shower components:

muon lat. dist. flatter (from larger altitudes)
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Indirect measurement of cosmic rays
with air shower experiments

£ K -H. Fampsrt
Primar-
ielichen ¢

am Erdhoden
{nach 25 Xg, 1M
a ! = 80 % Photonen
. ! = 18 % Elektr./Positr.
\\ y =y = 1.7 % Muonen
30 ! = 0.3 % Hadronen
= 106 Sekundirteilchen
; aus 1015 eV Proton

,m,%,

Ry
J'.-
J chp@ e

f 'gﬁ deyss.,
Hadronen Fluoreszenz,

e'yDelekior Array Kaiorimeter § Her e, GCherenkov L icht
ca. 100-200 m > |

(traditionally) 2 techniques: (1) ground detectors, (2) telescopes

v‘f’\ % 20 km Héhe
[N |
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1961: Linsley, towards highest energies

Ln{#) of Partcles

Ground Level

Top of the Almosphere Linsley, Scarsi, Rossi, PRL 1961:

{shiglded)

—O= e

=

v

@ SHOWER CORE

f ne LB kM ——

Extensive Air Showers

FIG. 1. Diagram of the Volcano Ranch 2-km? array,
showing the location of the shower axis and measured
densities in pariicles/n?® for this event, No, 39865,
The shielded detector was located very near the indl-
cated main deteetor.

» 19 scintillation counter (~3 m?) on ~2 km?
e N>5x10°=>E>10" eV

> extragalactic origin likely !

Linsley (checking for rattlesnakes)
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1965: CMB

- N

Wavelength [mm]
1 0.67 0.5
1

] 1
400 |- —
FIRAS data with 400c errorbars
— 2.725 K Blackbody
W
S, 300 i
= COBE-Satellit
=
Z 200} -
T
c
b
: . £ oo} _
Wilson Penzias
0 1 1 1
0 5 10 15 20
V [/cm]

> the universe is filled with photons ...

26



Insert:

GZK effect, particle propagation



GZK effect (or GZK suppression)

e Greisen; Zatsepin, Kuzmin, 1966:
protons >6*10” eV interact with CMB 107 e
T ey

PY,, —> A" =>p 10

Energy (eV)

->nTr

o energy loss length ~20 Mpc

* flux suppression for distant sources!

> known from lab data + Lorentz invariance

1019

> GZK photons & neutrinos from pion decay 0 Sromrgeion Disteatce: (o] o

(Cronin)

=> is there a GZK suppression in the spectrum at ~6*10” eV ?

27



energy
loss
length

Extragalactic propagation: energy loss lengths

5 . :
— pair production
4 i
_____________ reashit N
3
—_ i photo-pion
8 o | production
= IR
.
E i .. .
Dm uncertainties exist for
= 1r the Radio Background
— i URB and for IR
0O
-1 F
_2 1 . 1 . 1 1 1 L 1

12 14 16 18 20 22 24
ig(E/eV)
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15 Oct 1991: Fly's Eye event

~<—— Primary Cosmic Ray

UV Fluorescent photons

Relative Efficiency (%)
H

g z z

5

03 a3 ne S Tos
wavelangth (micron)

— UV fluorescence light ~ N,

— observation of shower profile
(in clear nights)

Fly's Eye, Utah (successor: HiRes)
29



particle number

15 Oct 1991: Fly's Eye event

25km 10km 5km 1km a.s.l.
LI L N R B L R PR R R A
= - Fly’s Eye data
A Z 250 L “» -
200 -> “’ + —
150 — + T —
100 [ 4= :
E |
50 -
- ! (Bird et al., ApJ 1995) ]
R e e (N R ST i i ]
% 200 400 600 800 1000 1200
X (g/em’)

traversed air

e >200 billion particles at maximum !!

e integration =>E ~ (3.2 £ 0.9) 10* eV

e X . ~815+60¢gcm® =>type? anything ...

> there are ,,super-GZK* events!

Relative Efficiency (%)

e Primary Cosmic Ray

1
\
\ UV Fluorescent photons
3 Isotropic Emission
100
B0 b .
ol Charged particles of
N - Electromagnetic
S Shower
w0 1;./
") [ 4
“ [
by
— s .
o Cerenkov Radiation '\ ' .~

Forward Emission

03 035 04 o os
wavelangth (micron)

— UV fluorescence light ~ N,

— observation of shower profile
(in clear nights)

Fly's Eye, Utah (successor: HiRes)
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>

2004: suppression at highest energies ?

10

Flux*E>10%* (eV2m2 s sr)

(2004)

'vv,,v,vY*+*
Sl T

r/

17

17.5 18 18.5 19 19.5 20

205

log,,(E) (eV)

problems:

— statistics (~17 events >100 EeV)

— systematics (array vs telescopes)

experimental status 2004: unclear

— 1incl. type and possible directional correlations

needed: “big & both* => Auger Observatory

No !
(AGASA, 100 km?)

Observatory
35.7°N 138.5°E 900m asl. 920g/cm?

Yes !
(HiRes)
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Theoretical status (2004)

e bottom-up models (astrophysics):

— active galactic nuclei, gamma-ray bursts, jets in
radio galaxies, pulsars, ...

> not easy to accelerate particles to >10% eV

> arrival directions ~isotropic, no obvious correlations

e top-down models (particle physics):

— super-heavy dark matter, topological defects;

monopoles, strings, necklaces, WIMPZILLAS, cryptons ...

> hypothetical massive objects produce normal particles

31



Theoretical status (2004)

e bottom-up models (astrophysics):

— active galactic nuclei, gamma-ray bursts, jets in
radio galaxies, pulsars, ...

> not easy to accelerate particles to >10% eV

> arrival directions ~isotropic, no obvious correlations

smoking
gun !

e top-down models (particle physics):

— super-heavy dark matter, topological defects;
monopoles, strings, necklaces, WIMPZILLAS, cryptons ..

> hypothetical massive objects produce normal particles

31



To Do:

Flux suppression at highest energies ??
Large photon fluxes ? (More general:) Particle type ?

Directional correlation (anisotropy) ?

32



The Pierre Auger Observatory



Pierre Auger Collaboration

Argentina Australia Baolivia
h I I - g% :r ..I :I :
=, = o
El",!','“*':;ﬁir‘_ =
Czech Republic France Germany :

-y -
wy &
A Lt

>400 scientists from 17 countries
strong German participation !
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Pierre Auger Observatory (South)
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" I
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Pampa Amarilla (Malargiie, province of Mendoza)

« 1600 water detectors (1.5 km distance each) => 3000 km? (predecessor: 100 km?)
» 4 stations with 6 (fluorescence) telescopes

« data since 2004, inauguration November 2008
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TEADO-
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Auger: impressions ...
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preparing ...



... out to the Pampa ...






Water ?!






critical detector check




Data transfer and analysis




Visitor Center‘_,

-

Beyond science ...

._ Mala_rgiie




Test your eyes ...




Ground detector array
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e geometry: timing of triggered tanks
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Ground detector array

-—50-——————
E ... L.
=
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L . N F: 5 & o . ] ° " - -
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e geometry: timing of triggered tanks

o e.2.5(1000) ( <-> energy), or signal risetime (<-> primary type)
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Fluorescence telescopes

T 1T 1TT T VT T T T T VT P 171 1T

100% |-

[ I 300- 400 nm ]

80 -

40

Fluorescence
<—"spectrum

1 | 1 | I N | S

20

1
.222426283032343638404244464850
X\, Microns—»

geometry: angular-time correlation of triggered PMTs

PMT signal
= fldir,?)
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Fluorescence telescopes

100% i : .
N | 300-400nm .
80 J
o |- ! PMT signal
wl i = f(dir,t)
B Fluorescence |
20 -—"spectrum _|
0.22. 24 .26 I.ZIS .30l‘3121.3:4l .316l .3181.;0 .412 1‘44 46 48 .50
A, Microns—» ’
35 Event 1687849
g 5ol E - 16 EeV
o0 . X, .~ 780 g cm’™
% 25|
w” 20}
] i
T 15}
5 10}
S |
S 5

S R B R BN B R R
900 600 700 800 900 1000 1100 1200
atmospheric depth X (g cm'z)

e geometry: angular-time correlation of triggered PMTs

» profile: PMT signal -> light at aperture -> light at shower -> dE/dX at shower

e X and energy (integrating dE/dX plus missing energy correction)

max

37



Two types of data

Array

100% duty cycle

s(r,t) of ground particles

Hybrid =
10% duty cycle

Jf(dir,t) -> longit. profile

38



First results on:

° energy spectrum (suppression?)

e primary type (top-down models: photons!)

e arrival directions (correlations?)




Flux at highest energies

|g[5m.-"'u EM)
-
i

(B) flux = # events / exposure

lg 2
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E 5 3| (] [}
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Energy [eV]

Figure 5: Energy spectrum derived from surface detector data cali-
brated with fluorescence measurements. Only statistical uncertainties
are shown. The upper limits correspond to 84% CL.

(Auger Collab., PRL 2008) 39
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Flux at highest energies

18 18.5 19 19.5 20 lg(];éeSV)
zi—ll I?I‘%H‘”“IHl!AIHiIReISIHI'I—IE
I S
o H :
0.55— 1 —E
: '.++ﬁ+ﬁ+ﬁ% :
0g — oooo'o.,*i**i g

10 18 1019 1020
Energy [eV]

> 2 features: “ankle” @ ~4*]10" eV, suppression @ ~4*10” eV
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Flux at highest energies, data vs source scenarios

1g(E/eV)
18 18.5 19 19.5 20 20.5
(’_T' | | | I | | | I | | | 1 I | | I | I | 1 | | | | | | | | |
>
L 10 = 0, (E)=22%
£y E .
B C P i
|E = '-.T:::::: ............. .._."..' =
= B ; 7
a9) L .
= i
T_'u 0 e Auger combined |
- —Fit -
SR Proton, p=2.6, m=0 -
[ emene Proton, f=2.3, m=5 . i
e [ron, p=2.4, m=0 % -
1 1 11 | 1 1 1 1 1 1 11 I 1 | 1 1 1 111 | = ‘..'ol “‘.I |
0™ 10" 10*

Energy [eV]

... Start to test specific source scenarios
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First results on:

* energy spectrum: suppression!

o primary type (top-down models: photons!)

e arrival directions (correlations?)

42



Photon shower go deeper (= larger X, ) !

number of particles

7 : :
x 10 Results of Monte Carlo simulations

7000

6000

5000

4000

3000

2000
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20
107" eV T
Y L3 Y, s
% "".‘r";"': Wit : LN
LA . LY L)
AN "‘,’ . Y b s

Photonen

|||||||||||||?ﬁaa‘%‘g¥¢‘m
750 1000 1250 1500 1750 2000

atmospheric depth X (g cm™)

> does observation “fit“ to photons ?
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Comparison observation / expectation -

max

1/N dN/dX

)

(]

35t

Event 1687849

E ~ 16 EeV
X o~ 780 g cm”

it

=
<
2 |
% 25|
5 20|
Auger Collab., Astropart. Phys. 2007 +2009 = 15}
0.008 B l I L Ll I I | I Ll I I ] I ) I I I I Ll | I L] 1 ] I I T I é 10f
: =
0.007 :-_ g | | | | | | |
0 600 700 800 900 1000 1100 1200
0.006 atmospheric depth X (g cm'z)
L observed -
0.005 [ X L boton simula g
. max photon simulation 3
el 7 (100 events) 1 observed:
0.003 F q Xiax =780 28 (sta £23 (sysp g em”
0.002 | -] 4 photon simulations:
- B 2 2
- 1 <X,.x >=1000 gcm” ,rms =71 gcm
0.001 ]
0 : I 1 1 I 1 1 I 1 1 I 1 1 I |_|I L I 1 | 1 :
700 800 900 1000 1100 1200 1300
2
X nax (8 €M)

> observed Xm o

. well below photon expectation !

> total 29 events => upper limit to photon fraction in cosmic-ray flux
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UHE photons and water tanks

larger X

smaller radius of curvature of shower front

'
hadrons

A
hadrons
smaller number of muons

larger signal rise time in the detector

FADC-time

-> combination ...

45



combination
of measured
risetime and

curvature

photon limit with ground array

=
o

2 MC Photons

44]

1 % Data

H

o)
|C'| T | T I“i T | T
]

(N}

| Component Deviation
T

rincipa

P
N

I
o]
o

Auger Collaboration
Astropart. Phys. 2008

computer
simulations of
photon showers

measurement

estimated energy of shower (eV)

» photons don't fit well the mesurement

> upper limit to photon flux in cosmic rays ...
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r-lyrl]

.zs

1071

1072

photon flux

107

Upper limit to photon flux

limits at 95% CL

Auger Collaboration,

i _“_ §HDM’ | Astropart. Phys. 2008
. e TD .
Za-..__' == 7 Burst 3
B TR [_1eZK Phot 5
ﬂ”::"“"-‘-n ______ AGASA —_ Limit ?E_ggj) _
= N iy s, ’n..‘-. —
I Wity e \ . top-down
| ¥y, e, ° °
i, e : — predictions
......... -"":';;:-q,”' oy 4—"
= . . Ih.h':::fz':‘:::*'*, -
- Auger upper limits e
P01
- bottom-up =
_ photons -
" ] I 1 | ] ] 1 ] | |
10%° 10%°

energy (eV)

=> cosmic rays not from top-down !
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SO o000

top-down

«

)

bottom-up

««
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SO ... top-down bottom-up

« )

bottom-up: UHE photons ~0.1% (pair production; scale ~few Mpc)

p+’YCMB—>A—>p+7TO
S e ¥ o

/‘\'/\/\/\,__\I{__/,,,ao—t”"y
[\/\/\f\'q\

but: Y v,

if Lorentz transformation not OK => larger UHE photon flux possible !

48



Lorentz transformation OK ? ?+7yoms = A—ptm

D doitaciies
100 § | I | | I | T | I I I I | I I§
— - Cammm T i, Lor. transf. 3
N ol e v “so. motOK ]
et = upper limits Ve =
g - I 1\ _
= b S
& = LY 3
C 10—1 = 1 o
= = 3
S - Lor. transf. OK o
) -2 _
A
] | Galaverni & Sigl,
10 = t 5 PRL 100, 021102 (2008)
- 1]
10_4 | | | 1 | | 1 | | | | | | | | I.- I‘-
10%° 1 0% 104!

E (e¥V) energy (eV)

if no o expecte UHE photons =>

but <2% observed ! Lorentz transformation OK !

condition: there are nucleons > 6*10” eV 4



First results on:
° energy spectrum: suppression !
o primary type: no photons (so far) !

o arrival directions (correlations?)



SKy map: from where ?

Auger Collaboration,

(blue: visible from :
Science, Nov. 2007

Argentina)

----------

277 highest-energy

(> 6*10" eV) showers
(as 3.2 deg circles)

active galaxies

Do directions match each other?
-> 20 matches out of 27 events (5.6 random matches expected)

=> directional correlation with active galaxies ! (99% CL)
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Time evolution of
anisotropy signal

fraction of correlating
events: P =k/N

data

scan (01/2004 — 05/2006)
test (=> publication) (- 08/2007)

after publication (- 03/2009)

anisotropy @ 99% cl /

: period Il

period Il
UIII|IIII|III'I|IIII|IIII|IIII|IIII|IIII|IIII
5 10 15 20 25 30 35 40
Total number of events (excluding exploratory scan)
Period Exposure GP N k Kisa P2
unmasked 14 9 2.9
! 4390 masked 10 8 25
unmasked [ 13 | 9 27 2 x 10~%
11 4500
masked 11 9 2.8 1x 104
unmasked 31 8 6.5 0.33
i 8150 masked 24 8 6.0 .22
ked | 44 | 17 | 9.2 [ 6 x 10™°
4111 12650 RIS
masked 35 | 17 3.8 D5 102
unmasked 27 18 Gy o)
L+l S0 masked | 21 | 17 | 5.3
unmasked 58 26 12.2
[4+IT4I111 17040 masked 45 25 113
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First results on:

° energy spectrum: suppression !

o primary type: no photons (so far) !

o arrival directions: correlation (nearby AGN) !

..... what type ... ?
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suppression: GZK effect,
or sources “tired*‘ ?

Status & (some) open questions

E (eV)
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Some approaches ...

v

learn more about particle type

correlation: small Z
or extremely small B ?

any photons (neutrinos) as expected in GZK scenarios ?

—— QGSJETO1
---QGSJETII
----- Sibylli2.1
=+ =EPOSv1.99

£,

3
-

T

preliminary

type: larger Z

E [eV]

or “bad‘* models ?

correlations with specific AGNs, or at low energy with galactic objects, or... ?

any further fine structure in spectrum ?

creativity required !
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Enhancements Auger South: AMIGA, HEAT, AERA

AMIGA': dedicated muon detectors

HEAT: R&D - Radio:

better observation of profiles at low energy profiles with 100% duty cyce?
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Auger plans: South & North

Auger South: continue ~10 yrs !
Auger North: planned (Colorado) !

-";n'_w\\\t_.__

A
P -

rado Springs

_  Security-ivKlenes
CrppeCreed”
Fountas
T
e

- Pennse
!t Cy i) o g Wes
or,
o=
an
e

NEW MEXICO

... full sky coverage ! North ~20000 km? = 7x South !



* Nature produces extreme energies !

e Auger: exciting times ...
- first results !
- continue data taking !

- extend Auger South and
complement it in the Nor

> stay tuned .... a,‘“‘ ﬂ

-q:‘l-'- ':T- =



ground detector

Saclastn Solar panels

Battery box e

3 photomultiplier Plastic tank
tubes looking into the : with 12 tons of
water collect light very pure water
left by the particles

> measure secondary shower
particles reaching ground



Schmidt Telescope.. " §
yv | using 11 m? mirrors ==

o = | \
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Testing hadronic models

with muons

4 methods for muon content
-> overlap region exists !

-> suggests increase of energy
scale by 25-30 %

-> more muons than expected?

-> ~0OK with iron, but then
contradiction to profile
observations

(1000 m]&t 10 EeV
n

]

h”?L

[ QGSJET 13/iron

1 sl wad .
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Energy scale rel. to FD

[ QGSJET Il 3jproton

o o o il B b T = s P P M e

Fig. 6: Number of muons at 1000 m relative to QGSJET-
II/proton vs. the energy scale from [a] the universality
method (triangle); [b] the jump method (filled area); [c]
the smoothing method (circle); [d] the golden hybrid
analysis (dashed area). The events have been selected for
log,,(E/eV)=19.0£0.02 and # < 50°. According to
the tested model, Iron primaries give a number of muons
1.32 times bigger than that from protons (horizontal lines
in the figure).
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Question: doesn't the spectrum suppression
anyway rule out top-down models?

E (eV) T 39 T T T T T T T J T
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ARSI T LA T g i total
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Caveat: photons shifted to smaller energy !

S(1000) factor 2-3 smaller for photons (less muons!)
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spectrum with excess but increasing photon
fraction appears to have a flux suppression
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> photon limits reduce spectrum syst.
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Prospects: sensitivity to photons
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Auger North
3 yrs

y  threshold effects

1 forE < 2*%10° eV
1 (MR & Homola 2007)

’

1019
energy (eV)



N/10°

300

200

150

100

50

Fly's Eye event & photons

calculate probability of primary photon hypothesis

> photon: 1.5 sigma (13% probability)

> a photon origin of the 320 EeV event is not excluded !

- hadrons fit better, though ...

ML AL | | | ]

- Fly’s Eye data,

- primary photons B

: L = i :

0 200 400 600 800 1000 1200
X (g/em’)

(MR et al., 2004)



N/10”

Einfluf von LPM- und Preshower-Effekt auf Profil

300

200

150

100

50

MR et al., ApP 2004
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[ photons i, O LPM g
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E preshower, S
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X (g/em’)

e Konkurrenz von LPM und Preshower !

Simulationen fiir

320 EeV-Photonen
(,,Fly's Eye-Event )
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Photon-Luftschauer: neue UHE Effekte

<— Preshower

Photonkonversion im Erdmagnetfeld
-> Wahrschlkt. = f(E,Richtung)

LPM Landau-Pomeranchuk-Migdal

destruktive Interferenz in Materie
-> Wq reduziert ~1/sqrt(pE)

21

T Standard

Steigung ~ 85 g cm” pro Dekade
-> Multiplizitit = 2 in elmagn. WW



UHE Photonen: Preshower-Effekt R
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Preshower probability: sky plots

0/720/Q e
a/ 2
probability for preshower from UHE photons at ... e
40 EeV 100 EeV 250 EeV

AS, 10'96 ey B As, 10%%%yvy  E As, 10%%%ev  E

Auger

South .

Auger |

North ‘

preshower

at North ... “starts‘ at shift of “ends* at
smaller energy sky pattern higher energy

(factor 2 stronger field) (different field direction) (field line less curved)



Was ware wenn ? (Physikaussichten - 2)

Beobachtung von UHE Photon-Luftschauern

> teste QED und QCD (Photoproduktion) @ UHE

® data

e meatat G Donnachie, Landshoff 2001
o L - Bezrukov, Bugaev 1981
Rogers, Strikman 2006
Block, Halzen 2005

CORSIKA: o(y-Luft)=11.44 6™ (yp)

3
10 1():‘l 11]5 I(II6 1()-]r 11]3 lﬂg 10"] lﬂ“

E‘r (GeV)

=> Myonzahl x2, X  -100 g cm® (MR eral. 2005)

— Theorie: o™ exotisch (=>Maximum: o® !) (Rogers & Strikman 2006)

> falls Photonschauer ,,wie erwartet => exp. Obergrenze auf o



Energy Flow in EAS: how much energy in which component?

energy fraction (%)
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energy maximum in elm. not equal to X !

Example: proton, 10° eV: CORSIKA simulations

M. Risse, Acta Phys. Polon. 2004



NEU!! Hybrid-Daten => erstes Limit im EeV-Bereich !

\ Auger-Kollab., Astropart. Phys. (2009)
: 1 1 1 I LI I I ! I I I LI I
o 1 .
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o bestitigen Einschrankungen auf top-down-Modelle



Super Heavy Dark Matter (SHDM)
o produced during inflation; M,~10” eV, clumped in galactic halo (overdensity ~10°)
o lifetime ~10” y: decay (SUSY-QCD) => pions => UHE photons (and neutrinos)

> little processing during propagation: decay spectrum at Earth

(integral photon fraction)

LN I I L L | I LI D I |

100 pa Fit to AGASA data
L (Gelmini et al. 2005)

3 _— —
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= 100 —
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i(E) E2[eV em™@ s sr'
photon fractipn (%) for E>E

o
ta
1T 1
L1l 1

- : Y | E, (EeV)

001 11111l 1 1 IIII:Ill 1 1 11 1 111

1e+19 1e+20 1e+21

E [eV] > photons dominate >50-80 EeV

> similar shapes for ZB (Weiler 1982, ...)
and TD (Hill 1983, ...) models

(Berezinsky et al. 1997, ...) > signature for new physics !
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