The Pierre Auger Observatory

Ralph Engel, for the Pierre Auger Collaboration

Auger-North (planned)
4400 detector stations, 20,000 km?

39 fluorescence telescopes

Aim: sources, propagation and
interaction of UHECR

1992 Paris workshop
1996 Design report
(two sites, full sky coverage)

1999 Ground breaking

2001 Engineering array

2003 Construction phase
2008 Auger-South completed

Main physics results:
® Flux suppression similar to GZK effect
e Anisotropy E> 6 10'? eV
® Acceleration sources favoured
Auger-South (completed) * Mixed/heavy elemental composition

- 2
1600 detector stations, 3,000 km ¢ Tests of hadronic interactions
24 fluorescence telescopes



Southern Pierre Auger Observatory
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“Last Friday, June 13th, at 13:00 hs, the "last" surface detector
(the one with signatures from the whole Collaboration) was filled
with water. It was put to work immediately afterwards.”
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Communications |
antenna

enclosure Solar panels

,

3 photomultiplier e Plastic tank
tubes looking into the - .+ with 12 tons of
water collect light very pure water

left by the particles
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g —six telescopes each viewing 30° by 30°
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UV transmitting
filter, corrector
lens, safety
curtain

\'One of 24 fluorescence telescopes

PMT camera with 440 pixels,
|.5° FoV per pixel, |10 MHz

3.4 m segmented mirror
(aluminum alloy, glass)




Surface detector events

More than 650,000 events
(TS trigger, used in analysis)

Example: E > 1020 eV, 0 = 45°

2/ NDoF: 44.712/ 18
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Golden hybrid events

Lateral distribution

10°

I 2/ NDoF: 8.860/ 8

Signal [VEM]
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Shower g_: : Combination of information
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Other types of Auger events

Event 200718905882 (9.7.2007)
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Event 200716104390 (11.6.2007)

Event 200718905882 (9.7.2007)




Other types of Auger events

Event 200716104
Event 200717001509 (19.6.2007)

Event 200718905882 (9.7.2007)



Golden hybrid events: many cross checks possible

Independent profile reconstuctions
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Energy spectrum



Constant intensity cut method
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Energy calibration of

Signal [VEM]

surface detector
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Systematic uncertainties of energy assignment

f=Etot/Eem
1.3
- ® QGSJetO1
_ m Sibyll
1.25 A EPOS 16
B —— mean mass
. B -==. mean proton
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115
B ~ = S R e %Q%W
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(T. Pierog et al., ICRC 2007)
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Model dependence of
energy correction small
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aerosols 5%
humidity 5%
overall 22%




exposure [km? sr yr]

rel. difference

Energy spectrum (surface array and hybrid events)
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Some comparisons ...
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Signal (VEM)
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Simulations fail to describe events (i)
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Signal (VEM)
2
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Simulations fail to describe events (ii
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Signal (VEM)
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Shower-to-shower fluctuations

Different simulations with
QGSJET Il for same event
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What about iron primaries ?

QGSJET Il iron hypothesis

Event 2616220
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Mass composition



Composition: measurement of longitudinal profile

Field of
view

Xiow, Xup are determined form
data, no simulation needed

<X o> [9/CM?]

Field of view bias needs
to be accounted for
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(Unger et al., ICRC 2007)

_IIII|IIII|IIII|IIIIT:—.I_II|IIII|IIII|IIII

| | | | | | | | | | | | | | | | | | | | | | | | | | |
500 200 300 400 500 600 700

800

X, [9/cM?]



Xmax measurement and composition
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Other composition-sensitive variables

Other composition sensitive variables:

rise time, asymmetries, curvature

— <A>= (0.0053+ 0.0008)X__ - (4.0+ 0.6)
- ¥2/INFD = 0.45
- Probability = 0.87
— 1.00< sec 8 < 1.40
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Problem:

Cannot trust Monte Carlo predictions,
need mapping of these observables
to Xmax (large fluctuations)
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Photon and neutrino limits



Detector signal (arb. units)

Photon limit (fluorescence and surface array data)

Signal rise time
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Compilation of integral photon limits
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Neutrino searches

Observables to search for
“Fast & narrow signal” deep and young showers

osh
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- “Slow & broad signal”
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Compilation of differential and integral limits

Single flavour neutrino limits (90% CL)

E? f(E) [GeV cm™? s sr]

10% ¢

: HiRes 1
10° =

- HiRes e
10° Downgoing | ™S oo e

Auger 0.8 yr

107 = ANITA 08

- Upgoing t

i Auger 2.0 yr

3 (central value) Auger ICRC 2009

10 &

;l Ll . I | 111 111[ L L LLILL d 11111 | B - 11111 1 1 llll

10'® 10" 10" 10" 10%° 10%" 10%
v energy (eV)

AUGER limits Down 01Nov07-29Feb09 Up 01Jan04-29Feb09
K[GeV cm2s- sr] 3.2x107 4.7 x 10-8




Arrival direction distribution



Update of AGN correlation

Astropart. Phys.,
in preparation

Period I:energy, angle, distance scan _ Q e .........
Period II: prescription & Science publication = :
Period Ill: until March 2009

e T
09 . Data + 1o
0.8 ~e- Data = 20 Period | Exposure GP N | k | ko P
0.7 unmasked | 14 | 9 2.9
0.6 I 4390 masked 10 8 2.5
8 . 4500 unmasked | 13 | 9 27 | 2x10~%
o° 0 masked 11| 9 28 | 1x10~4
04 unmasked | 31 8 6.5 0.33
03 1 8130 masked 24 8 6.0 0.22
' - N TUNTEEEERRR W unmasked | 44 | 17 | 92 | 6 x 10~ 3
02 ; I 12650 1 asked | 35 | 17 | 88 | 2x 103
0.1 : ! heri ked | 27 | 18 | 5.7
period Il . period Il unmaske
0 11 1 1 g 11 1 I]lOI 11 ; I]l.sl 11 I2|0I 11 I2|5I 11 I3|0I 11 I3|‘5I 11 I4|0I 11 1 I+II 8890 masked 21 17 5.3
: unmasked | 58 | 26 | 12.2
Total number of events (excluding exploratory scan) [+I1+111 17040 masked 45 | 25 | 113




A posteriori analysis of arrival directions

— Data

" Isotropic

Excess from
direction of Cen A

1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1

80 100 120 140 160

11)Cen A

Example: Swift-BAT, volume limited, 5° smoothing

Parameter optimization

20

15

10

————
o | Isotropy :
c .
() - e = -
o L s s Swift-BAT
) e B
A ‘
B i
. ;o3 |
L =& 2 :
:
- ? 4 B
F L

log(likelihood)

All data used in analysis, including period |



Amplitude [in %]

Large scale anisotropy (dipole search)

1 E T [ [ T [
Different methods:
Fourier analysis '
Rayleigh analysis 01 ¢ @ AGASA 7 | 3
Nyt .. -
East-West method = o ST
o -~ .l
O L ’T Auger
g 0.01 S ‘ R _
B S - O r S -
solary i : o =y
4] a\\ sidereal : uaJ- _ @ ! C-G Xgal
T anti-sidereal f / - EAS-TOP
3 ] \ i 0.001 E_ t B A i =
- o o A/S = gal. models — GMF with # symmetries ||
{\/'W - S, C-G Xgal = extra-gal. model — CMB dipole | |
] 3 : \/\/\/W\/VJ\/V\/\: DDDD'I | 1 T L Il 1 | 1 L1 1 L | 1
0 362 363 'S'é;' ‘3(,'3; 366 367 368 369 Te+14 Te+15 1e+16 1e+17 1e+18 1e+19
Frequency [cycles/year] Energy [E"u"]
Energy range Rayleigh analysis E-W method upp.limit [%]
[EeV] . ql%] S.[%] | Prob [%] | fsidl%] = Sgul%] | Prob[%]| (99%c.l.)
all enegies 0.48 0.27 19.5 1.05
0.2-0.5 0.25 0.43 84.2 1.19 Auger ICRC 2009
0.5-1 1.08 0.44 4.8 2.03
1-2 0.90 0.32 1.8 0.77 0.65 49.9 1.59
2-4 0.79 0.64 45.8 1.65 1.33 46.3 2.12
4-8 0.71 1.33 86.6 5.05 2.73 18.0 3.66
> 8 5.36 2.05 3.3 2.76 4.08 79.5 9.79




Enhancements



Transition from galactic to extragalactic sources

Observed TOTAL flux HiRes1

HiResZ
Yakutsk E+0.61
Auger Ex1.11

® X =

galactic, mostly iron

transition model

= &
My
L extra-galactic, mostly protons.__ Al
» s ::*'
C (A.M. Hillas, astro-ph/0607109) :
-I L1 1 I L 11 1 | L1 1 1 | I I | L1 1 1 I L1 1 1 I L1 1 1 | L1 1 1 I 1 ‘.1 11
15.5 16 16.5 17 17.5 18 18.5 19 19.5 20
log (E/ eV)
Hillas:

- Ankle is transition galactic

to extragalactic cosmic rays

- Injection spectrum dN/dE ~ E-*3

logo(E*™ x Flux /m™ s™" sr™' GeV'’”)

on

4.8 |-

46 -

4.4

42 |

4 =

3.6

3.4 |-

38 |

- “extra-galactic, mostly protons

Observed TOTAL flux HiRes1

HiRes2

® X » [

Auger Ex1,11

Wt
"
W8

(dip model'after V. Berezinsky)
| L1 1 1 | 1

Yakutsk E+0.61

¢e dip?

15.5

16 16.5 17 17.5 18 18.5 19

Berezinsky et al.:

- Ankle is feature due to
extragalactic proton propagation

- Injection spectrum dN/dE ~ E-*7

Flux very similar, composition different

19.5

20
log (E/eV)




Physics motivation: composition

Classic model of ankle Pair-prod. model
1 e e e I o o o o —————— T
1.0 -
R rotons y ' rotons
0.8 [ P 1 | p
' Fe : 0.8 t
0 i (21 < Z < 26)
c
S 06} _ _
go - 0.6 |
c
2 v/
(4v] i /\
2 04r i 04 |
R - | |
Q i 1 I 1
(a'ss | He 4 ]
02 | P N CNO - 02 | 1
: \ Fe - Fe nuclei :
— —— 12sz=20 o~ o>~ 1 L. .
17.5 18 18.5 19 19.5 20 17.5 18 18.5 19
log10 (E/eV) log10( E/eV)

Measurement of flux and composition in ankle region

(Allard et al., 2005;Aloisio et al. 2006)



Current surface detector threshold

: Loma Amarilla |o Pampa 51
' e~ . Simulated acceptance
s SRRSOl N T leo
................................. vh. el 1
\ T [ /a0 e e am A s b s ol i N\ e oo - - 0.95
N e i i s s 0.9
Colhueco hiea it Al o o T, 150
e 075
F R “a0
S R LA DO S RN B o 05
G L SO 1os |-
eq® e cechesccogecccoccccnaas SO Morados ,
O e e RO 20 025
Malargiie PR R T o —10 01
P LA d 0
Los Leones | 35" 00 Pt |3 o ‘{0 1016 1017 1018 1019
(Today: ~1663 SD units in field, Threshold for array ~10'85 eV

1634 with water, 1567 taking data) Composition dependence



Infill array of water Cherenkov detectors

= Los
' Bunrref ' 3 .
2= [Loma Amaritia | Pamps_ss = Simulated acceptance
tMinas — 0o% TR |
#El Sosneado TRt s 1 [':,m!

095
09

- 075 +
Coihueco

Coihuecof:

S0k ey

025

0.1

Malarg(je “w 1016 1017 1|018 1019

L
- .
.
. NS *N
1 k

Los Legnes

<

x

433m 750m | 500m

K\

Threshold for
infill array ~10'7 eV




AMIGA:Auger Muons and Infill for the Ground Array

Existing tank array 1500m

Luisa Pea Rosalia /

o Infill array 750m

Mela Abelardo 47? additional detectors
Y ® © o o o o o ® ,
0%e¢°%e Area ~ 23.5 km
® © ©6 o o o o o
Nancy Rodrigg ¢ ® ¢ o ¢ ® Feche
® ® © © o o o o o ®
® o o o
e o o
® © ©6 o o o o o
Ronbip ©® o @ Hilda
° o ® o o o o o ¢ Each of the 85 detectors:
© o o o o o pair of Cherenkov tank
El Mataco El Cenizo Tromen
Y ® o o o o Y and muon counter

em. + ui
Infill array 433m

24 additional detectors
Area ~ 5.9 km? u

— ¢
~3m



Shower reconstruction with infill Cherenkov tanks

Examples: simulations for proton and iron showers at 30°

Arrival direction reconstruction Core position reconstruction
3 ' ! ! ! ! 200 . . . ~ ~
3.16 EeV @ 1 1 1 1 3.16EeV @ 1 | | |
177EeV A 177EeV A ; 3 1 3
| 1.00EeV W | | ‘ 3 1.00 EeV —y— N
25T 0s6Eev @ 056 EeV @ |10!8 eV
032Eev M- 150 | 032Eev W o T — s S—— .

E
&) 100 | -
o
@)
<
5o L ,,,,,,, & . ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i
proton
0 i i i i i g i g i |
0.4 0.6 0.8 1 . 1.2 1.4 1.6 0.4 0.6 0.8 1 1.2 1.4 1.6
Detectors Separation [km] Detectors Separation [km]

(Medina et al., NIM 566, 2007)
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Expected performance of muon detectors

Lateral distribution of muons

lJlllLJJllLlJllllJ

500 1000 1500 2000

r [m]

(Supanitsky et al., to be published)

10?

10°%E

10-31JJ|IIJJllllJllllJ

500 1000 1500 2000
r [m]

Example: reconst. muon numbers
for 10'8 eV showers at 30°

three-module counter
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AMIGA scintillator design

MINOS-type scintillators Multi-anode PMT: Detector station:
64 pixels (2 x 2 mm?) 2 modules, each 2.6 x 4 m?2
lcm 2 modules, each 2.6 x 2 m?

PVC housing
25 ns, 8 bit electronics
area ~ 31.5m?

Extruded polystyrene doped with fluors, 14 pe per passing muon



AMIGA detector layout

Detectors have to have large area for counting

30 m? size
256 segments
Buried 2.25 m deep

Surface
Detector
(SD)

!

Muon Counters (MC)



Status of AMIGA unitary cell
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Status of AMIGA unitary cell
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Status of AMIGA unitary cell

December 2009






AMIGA prototype development

BATATA: punch-through characterization

system | Buried scintillator prototype

A /

S A \
A A A S
~2.0m

T ol Al A AT -
o i DN

v

ey

Charge Histogram of Prototype Buried with soil |  [Entries 36046 | 5'

Number of entries

Energy threshold for
muons 0.8 ~| GeV




HEAT: High Elevation Auger Telescopes

N HEAT

standard
telescopes

Field of
view

|

e 3 “standard’’ Auger telescopes tilted to cover 30 - 60° elevation
* Custom-made metal enclosures
* Also prototype study for northern Auger Observatory



Simulation of HEAT telescopes

HEAT telescopes

Simulated shower with core distance

R, = 1.2 km,E = 10725 eV
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Acceptance strongly selection cut dependent,

Expected performance (i)

Threshold lowered

here shown for high quality cuts (mean Xmax) to ~10'7 eV
E 1_4- (\II—I 60_
S 51 |
5] =
~a \ O) s0- Current setup
c ©
O i + £
= % % > 40

% = :
O % .Y
— 0.8 (7))
© | = . ;
m 30 }

O o6l t

0.6 @ & 5
e \ i3
® * 3
wjd 20— o)
8‘ 0.4 % s
O
8 o current setup

0.2 10~ HEAT/AMIGA

+ e enhanced setup
0-I—|IIIIl)IIIIlIIII|IIII|IIII|I 0 IIII| | | IIIIII| | | IIIIII|
16.5 17 17.5 18 18.5 19 10" 1018 1019
Ig(E/eV) E [eV]
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Expected performance (ii

Coihueco telescopes and infill array

(] |III|III|III|III|III|III|III|III|III|III|I

lron showers, 10!/ eV

48

46
44

0.8

0.6

Selection efficiency after
quality cuts, hybrid
reconstruction

Coihueco+HEAT telescopes and infill array
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Expected performance (iii)

Coihueco telescopes and infill array
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lron showers, 10!7-2> gV
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Selection efficiency after
quality cuts, hybrid
reconstruction

Coihueco+HEAT telescopes and infill array
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CAD view
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Event rates and outlook

High-quality events per year

Energy threshold Detector array
o 2 107 eV ~13500
433m infill 5 |0|7 eV ~2500
o 4107 eV ~12000
750m infill 3 |0|8 eV ~250
3 10'8eV
| 500m | 1019 oV

Construction plans

o HEAT first telescope in 2008, other two in 2009
 AMIGA prototype cluster (unitary cell) in 2009/2010
 AMIGA infill tanks 750/433m in 2008/2009
 AMIGA muon counters 750/433m in 2011/2012

Hybrid observation

~1500
~250

~1200
~25

~500
~50



The northern Pierre Auger Observatory



GZK horizon and magnetic field deflection

Extragalactic magnetic field

AN
3x1018 eV

HB\//J;

/N

A

1020 eV | \

—-a0 0 20

GZK horizon: energy-source relation

z=0.004
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25 =7 001 40 Mpc
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Energy (eV)

(Bergmann et al., PLB 2006)
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10%°
Mixed Composition (at sources)
- E _=Zx10%%eV

- p=2.2

Propagation and max. injection energy
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Max. injection energy > 1020 eV

Energy loss length
* proton and iron nuclei very similar
¢ all other nuclei disintegrate very fast

E3®(E) (eV?m™=s'sr1)
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Allard et al. JCAP 2008
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Auger-North detector layout

e Optimized for science and costs

e Surface array with 4000 stations:
20,000 km? with

\2-mile = 2.3 km grid

e Infill array with 400 stations:
2,000 km? with

[-mile = .6 km grid

e 39 fluorescence telescopes

117.6 km
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Auger-North detector design (i)

Design optimized for physics aims
e Water-Cherenkov tanks with one PMT only
q a” e — e Thermally insulated water tanks
: | e Use of existing | mile grid of roads
e Tank-to-tank communication
(peer-to-peer network)
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Auger-North detector design (ii

A Distant Laser Facility (DLF):
Aerosol measurement

and Raman laser
(355 nm, 7 m))

A Nitrogen Automated Integrated
Laser System (NAILS)

fluorescence telescope

calibration (337 nm, 300 pJ) A
8 km

(NAILS)
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AMT

2m? mirror

2 columns of 16 1 degree pixels
External Trigger from GPS
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Raman LIDAR
355 nm Laser
Raman Detector

30-40km

g E—— S _ __ _  _ — - —Tl .

! « KANGAS/

| Sie
B /) Vil
¥ " d [
EADS = O\ i : e b
3 96 k | 4 F; 3 1 Y
1 . - TSheridan &
6 Brandon Lake
% Chivinglon 4~ Chivington L
g Res. !
o Nségams ; #
.
=it 1 1 E
D 5 |
i . AN Neeskah | H lfa s '
! = v e Aag. ) WS- D AN B s
2 s 1 QUEENS STTE \ x ¥ 4
ity | A Adobe Creek ] WILDIIFE AREA 2 3
- Res. | i 5 Nt S H 5.
: EK RESERVOIR & i | ey h ol |
RS | Horgs FE AREA £ u Rwiey & & g g |
R & McClave ! L9l - Kormman s i 2|
Bent's O Fort ™ 10 Has L 3 4 -7 2 o} i
heraw . National Historic g 5.6 ry . escecobecsse oo S 17 Bristol  fRaszan
= Ly = e X7
g e 194 ) Caddoa Losls = kS o
1- 183k — LAMAR Carlton {: Ry
£ X bz v BNSFR Lamar D ®
B 20 X ANIMAS | Community Granadaﬂ / >
109 7 ;gnu umn* Res. P S . Gollege & §
250 PURGATOIRE RIVER T:.‘ ,8-_7-"‘13-'\ ‘M c*"’ | | 3 o i ﬁ WILLOW H ,!
o STATE WILDLFE AREA i ¥ i CREEK PARK S "
H = IR y 2 4 \
- | A — {4
[ ‘ /i
I
v
N
v
'

‘.;\.( onerville
0




Physics reach: point sources and source regions

South: more than 60 sources
(doublets & AGN correlation)

Auger-South: 300 events
Auger-North: 2100 events

Spectra of sources/source regions
Particle physics at 350 TeV c.m.s. * S B :
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Auger-North 10yr i
Cosmic rays

AGN within 75 Mpc
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Physics reach: spectrum and composition
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photon fraction
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Physics reach: fundamental and particle physics

Photon fraction
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Photons from GZK effect
(Gelmini et al., JCAP 2007)
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Energy spectrum
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Scully & Stecker, astro-ph 0811.2230
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Mono- or bi-elemental composition:
particle physics at 350 TeV CMS with air showers



Exposures (time integrated aperture) [km? sr
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Current status and timeline

Auger-South: $55M
Auger-North: $120M
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Year

2009:
R&D array, funded
(10 detector stations)

2009-2011:
Science reviews

2012: Begin of
construction (2)



Science with Auger-North

® The sources of UHECR

= Anisotropy =3 correlations = source classes
= Study individual sources with spectra and composition
on the whole sky E [oV)

3x10'"° 10" 2x10"° 10%° 2x10%°
T T T T T L T T T T T T L T T

® The acceleration mechanism Toale —+— Auger ICRCO7
= Composition evolves from source to here y 1
= Proton beam !? calibration ! 2

= E>>1020 eV still difficult; Emax ?

® Propagation and cosmic structure
= Map galactic B-field
= Matter within 100 Mpc
= Extragalactic B-field small ?

® Particle physics at 350 TeV

= Mass and Xnax
= Had. interactions, cross sections ? o
= New physics, Lorentz invariance
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® Multi-messenger astrophysics R —QGsET
e e s SIBYLL2 A
= Combine the data fl’0m PhOtonS, ‘| i o ""EIPOS1I.6 N
neutrinos and charged particles ! 1o 10" E V]

- Sources within field of view of lceCube



