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The Pierre Auger Observatory
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Hybrid detector

Combines 2 different techniques:

Fluorescence telescopes
Water Cherenkov stations

~ 10% of events are observed with both techniques:
wealth of information about shower development.
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The importance of being hybrid

hybricl SD only FD only

angular resolution |-2° 3-5°

dependent of

independent of independent of
aperture E, mass, models and
E, mass, models E. mass, models
/\ spectral slope
~ independent of dependent of independent of
energy
mass, models mass, models mass, models

\/

——Shower Axis

Most events are detected only with the SD (~ 100% duty cycle).

Shower

D}etector //// ;
plane //// ?,

~ 10% of hybrid events (detected with both the SD and the FD).

Using hybrid events:
v' Angular reconstruction  of SD-only events can be fine-tuned.

v' Energy of SD-only can be calibrated with hybrid events.



Communications

S U rfaCe antenna e
detector
Low consumption

u n |t electronics panels

Battery box

Calibrated online every \
few seconds using
signals induced by

atmospheric muons Rotomolded
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12 tons of
purified water
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Fluorescence telescope




Hybrid event detected with 4 FD eyes & surface dete  ctor

Miguel Mostafa




Pierre Auger Observatory: Status June 11 2008
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Radio detection of EAS In Auger

R&D activities In 2 sites:

BLS (near the edge of the array)

CLF (near the center of the array) ... but also:

observations & data analysis !

Don’t miss talks coming next & on Friday afternooon:

“Radiodetection of cosmic air showers with an autonomous radio
detector installed at the Pierre Auger Obs.” — Benoit Revenu
“Observation of Radio Signals from Air Showers at the Pierre

Auger Observatory” — Jose Coppens

“Radio in Auger-Offline” — Julian Rautenberg

“A Full Simulation Chain for an Array of Antenna Detectors” -

Stefan Fliescher (Friday afternoon 14:25 h) 10



The Pierre Auger Collaboration

Argenting Austalia

Zzech Reoublic France

Metherlands Forugal

Slovenia Spain Lnited Kirngdom LSA

~ 400 Scientists from
wietnam ~ 70 Institutions and 17 countries




Objectives, aims, guestions,...

Measure properties of UHECRs (E > 10 18 eV) with unprecedented
statistics & accuracy

Energy spectrum:

Cutoff at the highest energies?

Ankle ?
Mass composition (nature of the UHECRS):
Is the UHECR flux proton-dominated ?, iron?, mixed composition ?
Are there any photons in the UHECR flux ?
Are there any neutrinos ?
Establish arrival directions of UHECR:
Is the UHECR flux isotropic ?

What are the sources of the UHECRsS ?

12



Energy spectrum
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Reconstruction of events: Arrival direction

Fit arrival times of shower front in tanks to a cur ved front

propagating at the speed of light.
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Reconstruction of “vertical” SD events

Footprint on the ground

ID 762238
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Energy estimator:

Signal Size [VEM]

10

Lateral density distribution

|ID 762238

B < 60°

Radial symmetry

S(1000)

!

1000

2000 30004

Core Distance [m]

S(1000) = signal at 1000 m from the core of the shower.
Event with 8 ~48° & E ~ 70 EeV

4000
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Energy calibration of S(1000): hybrid events

Energy reconstruction with the fluorescence detecto r

. Measured dE/dX vs X (shower longitudinal profile proportional to fluorescence

light collected) fitted to a “Gaisser-Hillas” function.

. Shower E ~ jdX (dE/dX): nearly calorimetric measurement

weakly dependent on hadronic model & composition (~ 5%).
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Jan 04 — Aug 07
661 hybrid events
0 <60°

Linear correlation
between E - and S(1000)

Energy scale determined
with hybrid events:

~ 20% E resolution.
Extrapolate calibration to

events observed with the
Surface Detector only

Minimises Monte Carlo
and mass composition
dependence
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Systematic Uncertainties

Fluorescence Detector Uncertainties Dominate |

Source Systematic uncertainty
Fluorescence yield 14% | <—
P, T and humidity 7%

effects on yield

Calibration 9.5% |<C—
Atmosphere 4%
Reconstruction 10% -
Invisible energy 4%
TOTAL (22%)

Activity on several fronts (yield, calibration, ...) to red uce uncertainties

18



Energy spectrum SD events ( 0 <609

i E (eV)
3x10" 107 2x10”  4x10"” 10" 2x10™
g R R T 1
= D 472 Assume single slope = -2.69 + 0.02
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RZH & - 1279
= < 824 E>1096eV 167 +/- 3 66
-
= | slope=-269%0.02 5, |E>10%ev S5+ 1 1
Eﬂ -34 :_ -mq 74
5 Ll
35 :
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~ | 20 000 events .
36 10 < 60° Slope=-42%204 |
17 B 7000 km? sryr ~ 1 full Auger year LV
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— ~ 2 HiRes |
__%3 _I i - l l | l i | l l l i - | 1 l 1 | l l l |
18.5 19 19.5 20 20.5
Phys. Rev. Lett. in press lg(E/eV)

Suppression of the spectrum above ~4x10 eV @ 6 0. GZK?



Spectrum with Inclined Air Showers

20



Inclined Air Showers

top of atmosphere

Primary Cosmic Ray

Shower Core

. Electromagnetic (EM) component absorbed in the atmosphere: only muons survive.
Small EM halo (~ 15 %) mainly due to muon decay close to the ground.

« Muons travel large distances and are deflected by the magnetic field of the Earth.

WHY STUDYING INCLINED SHOWERS?
(1) Extend exposure (by ~ 30%) and sky coverage of the Pierre Auger Observatory.

(2) Enhanced sensitivity to UHE neutrinos.

21



A (beautiful) example

Signal (VEM)
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2-lobed footprint on the ground due to muon deflect ion by the geomagnetic field
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Reconstruction of inclined air showers: why a dedic

Vertical event
ID 762238

0 ~ 48°

Inclined event
ID 856369

0~79°

55 tanks triggered
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Radial symmetry

Lateral density
distribution
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Energy reconstruction of inclined showers

Broken radial symmetry — 2-Dimensional (r, ¢) “lateral” distribution.

Simulated p map Observed signals
Shape of pmap weakly dependent on Signal (VEM)
Energy, Mass & Hadronic model T
£ 4000 102 = = °F
= : mm 20001~ 10
N = F
2000 10 = 1000
3 o - 10°
0 ‘- 0F
E T - 1
] = 10001 =10
q £ - .
. . S 3000E ek
-400 - - 102 bt T
_grn:][: -2000 0 2000 4000 3000 -2000 -1000 0 1000 2000 3000
X/ m X (m)

— Simulated p map fitted to observed signals, 1 parameter

the muon map normalization (N ,4) energy estimator o4



Energy calibration of N

19-

use hybrid events (again)

Jan 04 — Feb 07

38 hybrid events

0 = 60°

FII

b.B 1 12 14 16 1.8
Iugm (Ern (EeV))

Linear correlation between
Erp and N 4

Energy scale determined
with hybrid events:

~ 20% energy resolution.

Extrapolate calibration to
events observed with the
Surface Detector only

Minimises model and mass
composition dependence

25



Energy spectrum SD events ( 0 2 609

Pierre Auger
Collaboration

ICRC 2007

Jan 04 — Feb 07
734 events

8 € [60°, 80°]

Integrated exposure

1510 km?2 sr yr

| IAIIIII|

— N+

o246
153
122
78
52

100% trigger

I efficiency
| 1 ' B

¢—— FD Systematics (22%)

(10%)

calibration uncertainty

Slope 2.7 £0.1
29

21

“a
*
*u
4
} |
r
I | ] ] ]

18.5 19

19.5 2 20.5

log, , (Energy [eV])

1st UHECR spectrum ever measured with inclined showers

Consistent with spectra from vertical showers < 60°
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Energy spectrum hybrid events ( 0 <609

— 1029

_'-;_-.. % Hybrid Spectrum: clear ewdence
Jan 04 — Feb 07 Q 4oL of the ‘ankle’ at ~ 4 x 10 18 eV
1092 events ,f" a1 C
::71 107 F
O <60° o -32 :_
g 107°E 29
P — .30
- asf S5
107 N
- XA
u \\ 3 3 a
10 E N .} Dl
— | l
Hybrid exposure vs E 103 é_ pee Auger l l
T f = ICRC 2007 ‘
& T 10-35..|....|....|....|....
£ wF 1 18 18.5 19 19.5 20
o Ig(E/eV)
E T 1st UHECR hybrid spectrum ever measured
" -~ | Consistent with vertical & inclined spectra

=5 835 75 T 20
Ig(E/eV) 27



Consistency between E spectra:
vertical, inclined & hybrid events

| | | | | | | | | | | | | | | | | | | | | | |
v SD vertical :
- A SD inclined I -
0 Hybnd I _
i Q@ % -
I ¥ i
Boges 4 %gmﬁé $ :
SN R S
| k 4 _
[ Collaborston & ‘I’ |
| ICRC 2007I | | I' _
18 18.5 19 19.5 20
log(E [eV])
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Residuals w.r.t. a “standard” spectrum

t Iw B) _,

+ -3.30 £ 0.06 A % E—2.6

t ; : GZK
-2.62 +0.03 cutoff ?
.+.-F.. l...,.‘.‘ ﬁ+++

/ ++ —4.+1iO.4
ankle
III!]JIII[JJII[[!II'*IT$
18.5 19 19.5 20
Pierre Auger

log(E [eV]) e
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Mass composition

30



How we try to infer the variation of mass with E

X photons

Mmax
protons

- Data (just an example)

Iron

Fluorescence detector measures
Xmax With <20 g cm -2 resolution

log ,o(Energy)
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Are UHECRs photons?

limits at 95% CL A2 4
AT s
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. == Z Burst
# — Limit (E>E )
¢ s p—
| 3 —
B | Astropart. Phys. 29 (2008) 243-256 | i
| ] ] l ] ] ] l |

E, [eV]

A, A2 = AGASA
HP = Haverah Park
Y = Yakutsk

FD = Auger FD

Zeroy
candidates

1 Strong constraints on

Super-Heavy DM &
Topological Defect
models

Less than 2% of CRs of E > 10 1° eV are photons 33



Neutrinos
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Inclined showers & Neutrino search

D S Inclined showers induced by
protons or nuclei high in the
atmosphere are composed
(mainly ) of muons at ground .

Muons

ground

top of atmosphere

Deeply penetrating particles
such as neutrinos, induce
inclined showers exhibiting
) Bl s e a significant electromagnetic
component at ground.

Injection point

Search for inclined showers with a significant electromag. component at ground
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Earth-skimming v,

| v, production in astrophysical
sources disfavoured...

T ...however, after travelling
over cosmological distances :

VeiV,ive~1:1:1

1 14 travel large distances in the
Earth without losing too much
energy before decaying close to
the detector.

T | Sensitivity to v, CC channel

Small solid angle (few deg.)

A 4

N

Dense mass target (Earth
crust)

T decay air shower

Neutrinos interacting in the
crust of the Earth

!lClﬂf‘lH Y (L | lnlcrd(_tran
- i Ed -tha

top of mosphere

Muons
Electrons & photons

Tau decay

Signature: almost horizontal shower with a
significant EM content

36



“‘Down-going” Vv

Neutrinos interacting deep in top of atmosphere
the atmosphere

1 Sensitivity to ALL v flavours

Injection point

T Sensitivity to ALL weak
Interaction channels CC & NC

1 Large solid angle: 60° — ~90°

| Dilute mass target (air)

“Early” region “Late” region

Signature: inclined showers with significant EM
content, mainly in the “early” part of the shower.

(work in progress)

Muons

37



Finding Earth-skimming v_ In data

Footprint of the shower on ground

~ Horizontal Showers compatible with a very inclined
shower:

« Shape (elongated pattern).

. “Speed of propagation of signal”
along the footprint very close to
Phys. Rev. Lett. 100, 211101 (2008) speed of light.

Most tanks have signals

“Young” showers (significant EM component) characteristic of
electromagnetic showers

S “Fast & narrow signal” SE “Slow & broad signal”
LIJ 12__ . 3
S b produced by muonic E produced by EM
C_CCS ai_ Component 2; Component
= 6 150
n - =
4— 1=
23— 0.55—
S0 0 ™500 7000 1500 2000 2500 5000 -%0:0 — 9 500 1000 1500 2000 '"'”'2@00' 5000
Time (ns) Time (ns)

Jan 04 — Aug O/ — Zero candidates

(~ 80% identification efficiency) 38



Upper limit to the diffuse flux of UHE v,

'-;1.]4 _ Phys. Rev. Lett. 100, 211101 (2008)
T — GLUEM4 4
= [ Auger differential FC’RTE'E'“'*
IL:I L]
2 10 = ' ‘.
=) — . s
m — = VT
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—g — EI--E--"ET
0 § D
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— o e
— " a’
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o ¥ _-E--
10° = ANITA lite
= Baikal ATRieg T mm e
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107 = —— SN
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— GZK neutrinos P+ Yoyg = TT— V
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dET = KE™ K=1.3x107 GeVcm=2s1srl (90% C.L.) Jan 04 — Aug 07

Conservative: worst-case for systematic uncertainties in the acceptance. 39



Arrival directions of UHECRS
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Auger UHECR sky

(Galactic coords.)

27 events with E > 56 EeV

- e
& .'i?
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“ @
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" ..
~ @
,:"'
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[ ﬁf_:.-' — -

1 Jan 2004 — 31 Aug 2007

Is the UHECR sky isotropic?, how to quantify?

41



Correlation with potential source

Science 318 (2007) ’ : ** ARG

opulation?
-3 White spot: CenA

Demonstrate/refute isotropy hypothesis based on correla tion w source catalog:
12t ed. Veron-Cetty catalog (694 AGNs, D < 100 Mpc)

Vary: Max. Angular distance to sources (y)
Max. distance to AGNs (D,,..) Find params. minimising the probability
Min. CR Energy (E.) that an isotropic distr. of CR directions

produces the same degree of correlation




Science 318 (2007) & Astropart. Phys. 29 (2008) 188

Procedure

1 Exploratory scan:  12/15 correlate with AGN (3.5 expected from isotropy)

1Jan 04 — 26 May 06 (y=32° D ~75Mpc E,. =56EeV )

l

2 FiX W, D00 Emin & test on an independent data set

(Require 1% probability of wrongly rejecting the isotropy hypothesis)

l

3 Confirmation:  8/13 correlate with AGN (2.7 expected from isotropy)

27 May 06 — 31 Aug 07

20/27 correlations (chance probability = 10)

The UHECR sky is NOT isotropic at 99% C.L.




Auto-correlation

Number of pairs vs angular separation between them

160 | | j | N
T Error bars:
140 | Expectation lH e c.L
120 from isotropic M dispersion
distribution - 1
100 Tt

-~ gol Auger data ] 1
=

el i
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Astroparticle Physics 29 (2008) 188-204
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Arrival directions of UHECRs are NOT distributed isotro pically
Extragalactic origin.

E.,=57EeV &D,, ~ 75 Mpc consistent with GZK
Y = 3.2° scale consistent with light primaries (or small B-fields)

Are AGNs the sources?, or something else with a similar s Ky
distribution?, acceleration mechanisms? (more data n eeded).

Other interesting features:
Correlation with Supergalactic Plane, cluster at CenA po sition.45



The future: Auger North

46



AUGER SOUTH AUGER NORTH

SD units: 1,600 4,400

SD area: 3,000 km? 20,000 km?
# PMT/tank: 3 1

Type of tank: Non-insulated Insulated

+ several Fluorescence Telescopes

47



CONCLUSIONS

Hybrid character & large size of the Auger Obs. allows mea  suring
UHECR properties with unprecedented statistics & accu racy

Energy spectrum:
Cutoff at the highest energies ? — clear evidence E >4 x 10 ° eV
Ankle ? — clear evidence E~4 x 10 8 eV

Mass composition (nature of the UHECRS):
Protons ?, iron ? — not proton-dominated at the highest energies

Are there any photons in the UHECR flux ? — < 2% above 10 eV

Are there any neutrinos ? — no candidates: strong constraints

Establish arrival directions of UHECR:

Is the UHECR flux isotropic ? — clear evidence against (E > 60 EeV)

True nature of the sources of UHECRs ? — still more data needed... A8



More slides
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SD Trigger & Aperture

High-level Triggers Basic aperture cell

 T4: selection of physical
events.

 Quality trigger (T5): station
near to the core surrounded
by 6 working stations.

Aperture -> count active cells
Exposure -> integrate detector configurations

Energy independent aperture above
SD saturation: E >3 x 10 18 eV

50
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Largest statistics in Auger
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Are UHECRs photons?

Discrimination between Ys & hadrons

| + MC Photons

" Cata
]

1
ey

I
[+ ]

Deviation of Curvature w.r.t. to mean [ ¢ units]

analysis

Astroparticle Physics 29 (2008) 243-256

5% Ds N
| MC ~
L 1] photons T
-10 -8 -6 -4 2 3 B

Deviation of Risetime w.r.t. to mean [o units ]

Principal component

* Radius of curvature of shower front

» Time structure of shower front (Risetime)

(both correlated to X

m ax)

i KMC Photans

s [ats

Principal Component Deviation
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Auger acceptance to v,

afr shower

(1) MC simulation of the >

conversion v to tinthe Earth: | ... .. — X
. Dedicated simulation code. ' in Earth TN
>V cross section: Charged and Neutral
Currents. (2) MC simulation of T decay in the
- Tenergy losses: bremms., pa}ir atmosphere:
production & nuclear interactions. . Account for all the branching ratios &
» T decay and t weak interactions. polarisation.
— I . . (TAUOLA Monte Carlo Code)
0 10"° & . (3) MC simulation of shower
"5 - . produced by Tt decay products in
> I the atmosphere:
e .l . - Air shower simulator: AIRES +
g0 QGSJETO1 or SIBYLL2.1
Q L
E i (4) Surface Detector simulation:
14l - GEANTA4-based simulation.
107 Jan 04 — Dec 06 . Account for a growing array whose
e I R B configuration changes with time.
17 18 19 20

log( E [eV]) 54

intial v,



Systematic Uncertainties

17
Source Uncertainty '5'1 0" ¢
MC Smulations 2 i
|nteractions in Earth + 5% = -
Extensive Air Shower +20%, -5% = 24015
QD -
Perre Auger Observatory Q -
Acceptance + 2% S I
Topography +18% %1 0'5.
Theoretic knowledge 8 I Theoretic knowledge
Tau Polarisation +17%, -10% < i B All contributions
Cross Section +5, -9% 14 I
Energy Losses 42506, -10% 107
jt | | | | l | | | l l | |

17 18 19 20
Parton Distribution Function uncertainties at low x Log,( Eiarv. [€V])

and high Q? are not taken into account

Worst/Best combination of scenarios leads to
a factor ~3 difference for the flux limit



Search for down-going neutrinos

top of atmosphere

Very Inclined Showers

Injection point Perform angular reconstruction
and select events with 0 >0,

.
.
e
.
-
.
‘e
-
)
»

Electrons & photons

Muons “YOU ng” ShOWG I'S
.

Early region Late region

“Slow & broad signal”
(EM component) in early
tanks before shower core

el
n

narrow signals
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ground level Xini (@ cm?) ... work in progress... 56



ARRIVAL DIRECTION DISTRIBUTION

Typical accuracy of angular reconstruction < 1°

NO significant emission from Galactic Centre
NO broadband signals — e.g. Dipole — at any E (above 1 EeV)
NO clustering of the type claimed by AGASA

NO signal from BL Lacs as possibly seen by HiRes

Summary: Previous reports have not been confirmed
despite ~ 6 times more statistics E > 10 EeV



