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&
Motivation



Cosmic Rays

All the time you are being hit by a
beam of high energy particles
from above!
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Ultra-High Energies

TR
10" 10" 0™ 40" 0" 4p°
ENERGY (ELECTRON vOLTS) 1 EeV £ 1078 eV

ol 1 PARTICLE

= [ PER SCIUARE

S E METER PER SECOMND

I___I e

I

= 1 PARTICLE

= | PER SCIUARE

S E METER PER YEAR
Sk KNEE

:H: -

: -

=

LL - 1PARTHLE

W I BER SOILUARE UHECRSs
E " KILDOMETER

B PER YEAR <«— 1019 eV
E

.

E

= |

LLl

=



Scientific Motivation
They should not be there!

Cosmic Microwave Background



Scientific Motivation
They should not be there!
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Sources of UHECR

Anisotropy = Correlations = Source classes

Study individual sources with spectra and
composition over the whole sky




Motivation

Acceleration Mechanism
Composition evolution

Proton beam? Empax?

Propagation and Cosmic Structure

Map Galactic magnetic fields P
Matter within 100 Mpe /
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Motivation

Particle Physics @ 350 TeV

Mass and Xmax

Hadronic interactions, cross sections
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New Particle Physics?



Motivation

Multi-Messenger Astrophysics

Combine data from photons,
neutrinos, and charged particles
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The Pierre Auger
Observatory



Detection lechniques

Extensive Air Showers

Top of the atmosphere

P

Proton collides with an
atmospheric molecule.




Detection Techniques

Using Extensive Air Showers

Array of Particle Detectors
on the ground —_ [




Detection lechniques

Using Extensive Air Showers

\ primary ulira high
“ enarngy cosmic ray

Fluorescence Telescopes
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Auger South size & status
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Auger South size ¢ status
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Hybrld Events
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Auger South
Science Results



Summary of AS Results

The energy spectrum exhibits the ankle and the existence of a GZK-like flux suppression.

At energies above 60 EeV the arrival directions of cosmic rays become anisotropic. In addition,
a correlation between the arrival directions and Active Galactic Nuclei (AGN) listed in the
Veron-Cetty and Veron catalogue has been found.

There 1s no evidence for significant excess of cosmic ray arrival directions from the galactic
center, for clustering on different angular scales at the highest energies and for correlations with
BL Lac objects.

We can infer the primary particle composition from the dependence of X,,,,, on energy (the
elongation rate), yielding a significant change from “heavy’ at 10'® eV to ’light” at > 10'Y eV.

The photon fraction is less than 2 percent above 10'Y eV with 95% confidence level; this limit
restricts the so-called top-down, non-acceleration models for the origin of the most energetic
particles.

The Auger Observatory is sensitive to neutrinos in the EeV range and has set the currently best

limit on the diffuse tau neutrino flux in this range as E2dN,_/dE, < 1.3 x 1077 GeV cm?

S_1 SI‘_l .
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CR energy spectrum

lg(E/eV)
18 18.5 19 19.5 20 20.5

[ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
! ! ! ! ! !

Flux J(E) [km™? yr-l srleV]

102

10

[
-
3
IIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII|_
lllll| llllllll| llllllll| llllllll| llllllll| llllllll| llllllll| llllllll| llllllll|‘

® Auger combined + 1 +

10

1018 1019 1020

Physics Letters B 685 (2010) 239

T B
=
(@)
-
oQ |
«
< L
=<




CR energy spectrum
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stats @ the highest E
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AS Results - Flux suppression
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AS Results - Flux suppression
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take home message
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Science result

Pierre Auger Collaboration, Science 318 (2007) 939




AS Results - Anisotropy

AGN Correlation (Status Aug 2007)

Centaurus A

- Scie

CLX¥

Veron-Cetty: 472 AGN (z< 0.018, ~75 Mpc)

318 in field of view of Auger Supergalactic plane

Auger: 27 events above 5.7 10'7 eV,
20 correlated within 3.1°
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AS Results - Anlsotropy
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correlation
conclusions

« UHECR are not Galactic

« Likely astrophysical sources

«" AGN are plausible
acceleration sites

« Over 200 citations!

" More data needed to identify
& characterize the sources




Correlation Update

« Data up to February 1, 2010

" More than double the data;

i.e. 69 events above 55 EeV




monitoring the signal
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Degree of correlation
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Auto-Correlation

Number of pairs
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Separation angle (degrees)



AS Results - Anisotropy

AGN Correlation Update
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AN - Anlsotropy
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SuperGalactic View of the
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High Energy Sky (Observer E > 52 EeV) 49 events to Aug 1, 2008
[

Galactic longitude




Updated conclusions

« UHECR are extragalactic
" We still reject isotropy at the 99% level

«" VCV & parameters are not unbiased
« GZK suppression

= We can see local sources ©

= We see only 2 events/month above 55 EeV ®

" Additional data needed to identify potential
sources of UHECR



Latest Results

Composition - Inferring the identity of the primary CR
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Latest Results

Composition - Inferring the identity of the primary CR
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Alr shower properties




Alr shower properties




Alr shower properties

~
i Y
- »

{l"'v "‘..’.; "v; »
[ J
D

o ¥y _»
. .
- - - » vl
(s - g‘
: S i . 0
3 Y . ‘l‘l
- - = "
. ¥, 3
. . .

P ‘r
e




AS Results - Composition

€ 850 - — QGSJETO i
I [ - --QGSJETII
= - Sibyl12.1 T e s
A 800 - ~EPOSv1.99 ’»” -

E N ". '.‘-' -

<

\"

RMS(X __ ) [g/cm’]

750 F

700 |- "

650

E [eV]

Depth of shower maximum = UHE hadronic interactions

Physical Review Letters 104 (2010) 091101



log(likelihood)/event

1.5

0.5

-0.5

Energy threshold

&
- ¥
- ] o :
: f -------- ,—'———
e g VC2d
T 2 €S
F o eeme e == ‘; L
R EE T P b
[ ----*‘h... .
B &  TTt~aL___. _la==- ~e.

T e a==" ~~~ ’
_ s ey
[ ; PRI l’
L ,"‘ ~~~ f’
L i '_—’— ~~~~~ ’¢,
- . eee e ---"7 $ . .
S L £ i1sotropic
~ e *
I L LT 5
e T 3;
} % el o"".~~~
55 EeV ~eeodml
- P .
L i AN
I ~
L1 [ ‘ I N I ‘ I \ ‘ L1 ® | ‘ \ I ‘ \ [ ‘ I N I ‘ [ — \
20 30 40 50 60 70 80 90 100

E (EeV)



Scaled flux E*°7J (E) [km'2 yrtsrol eV1'6]

Energy threshold

[E—

e
W
=

[E—

)
[98)
e}

[

@)
N
\O

IIIIII|

I

-o-

+

llllll|

|

o 1g(E/eV)
18 18.5 19 195 % 20 20.5

— ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! § | ! ! | ! .

B %’, _

- Y _
o ° :

; .o 5 -

[ ]

o000, ,, o ’;
-

I

—IIIIII|

55 EeV - oo

® Auger combined

LR s T , !B

|

®
<+—
<+—

|

—llllll|

1018 1019

o SRR Ty NS SRS e

1020

Energy [eV]



Energy threshold

<Xmax> [g/cm?]
o o
S a1
S S

~
o1
o

700

650

3

— — QGSJETO1
L ---QGSJETII
- Sibyll2.1

-- EPOSv1.99

-,

2w RSP ST e ke i

Ny

{
\‘(l

AY

h"~““" K T
Iy {
S8

D5 I e T

o e

b e e B A s ”-‘—(\

» AL



Cross section (proton-air) [mb]

~
o
=

650
600
550
500
450
400
350
300
250
200

AN - Composition

Equivalent c.m. energy\s,, [GeV]

(R. Ulrich et al., ISVHECRI 2008)

59

10 10? 10° 10° 10°
_IIIII| [ [ IIIIII| [ [ IIIIII| [ IIIIII| [ [ [ IIII| I.
- : * + ’
— o Mielke et al. 1994 Tevatron (p-p) LHC (C-C)

— v Baltrusaitis et al. 1984

— [[] Nametal 1975

— A Siohan et al. 1978

— A Aglietta et al. 1999

— A Honda et al. 1999

— O Knurenko et al. 1999

— E,'}' Belov et al.

—/| W ICRC07 ARGO-YBJ

— A ICRCO7 EAS-TOP

— | @ ICRCO7 HiRes

= ‘ — QGSJETO1

- et --- EPOS

i~ A NEXUS3

TETER S~ -~ SIBYLL2.1

i --- QGSJETII.3

: | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| |
10" 10 102 10" 10" 10" 107 10"® 10"

Energy [eV]

+25%

-10%

Interaction model
changed
phenomenologically




[g/cm?]

<Xhax>

AN - Composition

950
900
850
800
750
700
650
600
550

II|IIII|I'I<;5I|III_
11

1

-

=
N

1

300
250
200

10"

10'2

10"

(R. Ulrich et al., ISVHECRI 2008)
59

10

950
900
850
800
750

10°

' "+""| ,'.

LHC (C-C) V4

|
b)) /7
.
4 4‘
N2 4‘,

+25%

700 e

650
600
550

o Fly’s Eye
4 HiRes
MIA

<

d

o
—
~

10%
Energy [eV]

1019



Deviation
from E2¢ flux

Mean mass
number

primary mass (QGSJETII)

6l

10

home message

Anisotropy




AS Results - Composition

‘ ‘ ‘ Hadronic composition

—100 =
R - imits a o A2 -
29 - Al a2 € e Phys. Rev. Lett. 104 (2010) 091101
A B HP =V et H)\“\l:‘:‘:“\_, VS /A .
PR e e TAY i “c 850~ — QGSJETO1 SRR
- A T ’ o [ --- QGSJETII
I : =) - SibylI2.1 PERGt _-
g | e " - - - EPOSV1.99 APERRL
£ 0 d 7 D shom - A, 800 T
g Eus S e D . E - AVt
E - w,." EiézB}l(”;:\otons ] >\</ : p&o\’o ’,’
A i Auger "I,‘ — Limit (E5E,) i 750 e e
700
1
'1 0‘19 ' ' "; 10°% GLUE’04
= n n
. . - - H H ' \ FORTE’04
Photon limits o F Auger differential Y |19
Astrop. Phys. 31 (2009) 399 g 107 " 0
p. Phys. 31 (2009) I E [eV]
% - o
6 107 )
g
& 10° H
w17 Exotic sources
Tl L e——— disfavored
10 e Auger integrated 7K neutrinos mJ -
H 1 H vl vl vl v okl ol Sl ol vl vl vd vl
Neutrino limits P PP e aperae
PhyS Rev. D 79, 102001 (2009) Neutrino Energy [eV]

62



Cosmic Rays - Outline

Motivation
A detector of UHE particles
Science Results

Summary & Conclusions

Outlook

REPUBLICA ARGENTINA

CORREO OFICIAL




Summary &
Conclusions



Auger Sout

There is a flux suppression

The sky is anisotropic above
60 EeV

There are nearby UHE sources,

and they follow the matter
distribution

Exotic models are disfavored
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Find those sources!




Local matter

Our 69 events compared to X-ray AGN detected by
SWIFT-BAT, using a smoothing angle 4 degrees.
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AN design

e 20,000 km?2 with 4,400 surface
stations

® 39 fluorescence telescopes
(~85% coverage)
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Exposures (time integrated aperture) [km?-sr-yr|
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Exposures (time integrated aperture) [10° km?-sr-yr]

AN - Exposure

Note: linear scale
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AN - Anisotropy

Sky map with 10 years of AN
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AN -Take home message
z

AGASA

@

Auger-South

- +0.99

@ 7 times bigger for
twice the money

@ full sky coverage



thank you



all detectors are shown to scale






