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- The Pierre Auger Observatory:
the physics case and the hybrid detector

- Recent results on:
» Energy spectrum

v

Mass composition
Arrival directions

v

v

Search for UHE photons and neutrinos
Hadronic interactions

v
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Investigating the Ultra-High Energy region
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107 10° 10 10° 10°
1D1E IIII1 I1 ] IIFIIII 1 ] 1II{II| 1 ] I IIIIIII 1 | IIIIIII
RHIC (p-p) Tevatron (p-p} 7 TeV 14 TeV
1013 HERA (v=p) LHC (p-p) ¥ HiRes-MIA
a4 HiRes |
& HiRes ||
& Auger 2009

1:}1?

ooy

1[]15

“]15

Scaled flux E2° JE) (m?s'sreVv'®)

Pierre Auger
Observatory

A 4

* ATIC s KASCADE (QGSJET 01)
& PROTOM s KASCADE (SIBYLL 2.1) ]
10 4 RUNJOB * KASCADE-Grande2009  Ankle *
* Tibet ASg (SIBYLL 2.1) 1
1[]13 i ||tl|d [ llllld | Illlﬂ i |:|ﬂ | !Illd i 1|lm ttr“d [ N ‘;llllllll
10" 10" 10" 10" 10" 10'® 10" 10%
Energy (eV/particle)

H. Bluemer et al, 2009

Physics Goals

+ Sources and Propagation
+ Energy spectrum at UHE
+ Mass composition

Need for huge
exposures in
order to have
reasonable
statistics
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The Pierre Auger Observatory
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Investigate cosmic rays with E
210t eV

+ Energy spectrum
+ Mass composition
+ Arrival direction




The Surface Detector (SD)
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The Fluorescence Detector (FD)

Diaphragm + |
Optichl filter

440 PMTs 3.4'm/mirror

- 24 telescopes in 4 sites
- Field of view:
0-30° in elevation
0-180° in azimuth
- 3 new telescopes (HEAT)

scheduled
Los Leonaes
....... | ns Maradns
Lomea Amarila
----- Coihueco

on-time fraction

0.25

duty cycle ~ 12 - 15% 0.2

- DAQ scheduled: clear and moonless nights o

0.1
- on-time fraction: weather conditions + DAQ, A

detector and communication system efficiencies 005

2006/01 2007/01 2008/01 2008M12 2010/01
Time
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The hybrid concept

SD event
> 3 stations

Signal [VEM]
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- lateral distribution of secondary particles

- energy proportional to the signal S(1000)

at 1000 m

(i.e. FD + at least 1 SD)
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- observation of longitudinal profile

- calorimetric energy (almost independent

of hadronic interaction models)

SD and FD combined in the hybrid mode

= accurate energy and direction measurements
= complementary mass sensitive parameters

» calibration of the energy scale for SD events

| usmg gu!den hybnd data (FD +=38D statlons)
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Calibration of the SD energy scale

SD energy calibrated with the calorimetric one measured by FD (almost independent of the
hadronic interaction models) using the sub-sample of golden hybrid data

=) i R. Pesce for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4809
B ssf — -
% - _{+ ----- g . > 839 events selected above 3 EeV |
S 50‘*:} ---- E (Etr for SD full efficiency) /
45 o < - o
= ;_ i’i mﬁ
E '§ Attenuation 10
B curve (CIC) i
r e’
25Z_||||:|||| i
0.3 04 05 0.6 0.7 0.8 0.9 1 B
cos?0 _ B
convertto S 3s: S1000 that a shower would i A 533
have produced if it had arrived with a zenith A
angle of 38° 3 A = (1.68 £ 0.05) x 1017 eV
10 &k
% B =1.035+£0.009
SD energy resolution: Esp/Erp ~ 15% [ L L

3 43567 1D 20 30
Systematic uncertainties: E [EeV]
- SD calibration: 7% at 10 EeV; 15% at 100 EeV
- FD energy scale: 22% (dominated by Fluorescence Yield)
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Measurement of the energy spectrum
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Measurement of the energy spectrum

F. Salamida for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4809

M.Settimo for the Pierre Auger Collaboration, to be published on EPJ Plus ng I:E.I'IE'-V}
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= Ankle: may indicate a change in the origin of UHECR (galactic to extragal. composition)
= Flux suppression above 101°° eV found with 20 o significance
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Mass composition with FD

P. Facal for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4804

Xmax and RMS(Xmax) measured from the
longitudinal profile observed by FD
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- Break of the elongation rate at ~ 2.4 x 1018 eV

- from light to heavier composition at high energy

- similar indication from RMS(Xmax) and
measurement using SD data

significant departure from the predictions of
the hadronic models would modify this
interpretation
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Mass composition with SD

From the Surface Detector:

* O, Azimuthal asymmetry of the signal risetime

al

Vertical Inclined Very inclined
symmetry in the signals asymmetry!! no asymmetry

g
O« IS defined as the value of sec(0) D165

for the zenith angle that gives 16

maximum asymmetry 155

18581 SD events (Jan 2004 — Dec 2010) =
E>3.16x10'% eV, and 30° <6 <60°

1.45

D. Garcia Pinto for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4804 10™ 10%
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Mass composition with SD

Muon Production Depth (MPD): the depth. measured parallel to the shower axis, at

which a given muon is produced. It can be obtained from the SD signals

Geometrical delay (1 ):The time difference between the arrival time of the
muon and that of the time-reference shower plane
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Arrival direction and anisotropy

Search for anisotropy using nearby AGN
(Veron-Cetty Veron Catalog)

28 | 84 events (up to June 2011)
E > 55 EeV

Y = 3.10
dmax = 75 Mpc )
12 events inside a window of 13° close to CenA The Pierre Auger CoIIaborati-on, Astroparticle Physics 34 (2010) 314-326
K. H. Kampert for the Pierre Auger Collab., Highlight at ICRC 2011
1 T T T - 0
68% CL fraction of correlating events
kel g —
E 08F & Pr———— Pdata = 0.33 + 0.05
§ 0.7 B i
& o06F - . .
2 05| | The chance probability of observing
3 il I I [ [ i such a correlation from a random
- mean of all data _ ) | . . . . 0
9 o0sF - [ I : distribution is below 1 %
[ : ]
el [ ] - VCV not a complete catalog
0 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 - AGN traces the matter distribution

Number of events (excluding exploratory scan)
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Arrival direction: Centaurus A (aka NGC 5128 )

Search in the direction of Cen A, the closest 200
AGN (at 3-5 Mpc)

-E > 2.1 EeV

-100 -

Excess of correlating events at large energies

200 b 689% dispersion

00.7% dlepersion
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The Pierre Auger Collaboration, JCAP06 (2011) 022 g . U i = - =

Angular distance to Cen A (degrees)
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Large Scale Anisotropy
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Search for UHE photons

UHE photons mainly produced as:

- secondaries of the photo-pion production (GZK effect) of nuclei
photon fraction at Earth~ 0.1 - 1%

- product in top-down models for UHECR acceleration

photon fraction at Earth = 10%

10° =
=\ 3. Le , astro-p = . .
 F | 9604098 1 Photons interact with
10" & i _— . . .
=\ \ 1 background radiation via e*e
o . o production
3 102;— : ; <« closest blazars
= - -
:;5 ~ ;_ ............................. _;
i 4 < closest AGN
10° - =
~ 100 TeV 7:i >1EeV E
107 L : _
§ CMB vty 2> ete ;
1072 ool 1 vl ||||mf_uuu|LLuuuLm1uuLquLumu|\_u_Lmn\_u¢anu¢uuLmunl <« (Galactic center

10101071010 10"°10" 10"° 10" 10* 10*" 10* 10” > 104 eV photons absorbed on CMB
E (eV)
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Search for photons with hybrid events

s FD:

- Deeper development of the air showers

P Larger Xmax

s SD:

. . . M.Settimo for the Pierre Auger Collaboration, ICRC 2011, arXiv: 1107.4805
- Smaller detected signal at a given distance

_ . . g
Fewer triggered stations Do i photon
4 E E proton
E S; & I . .
1000 » Monte Carlo Simulations
102 Energy = 10%85 eV
Si : station signalVEM] -
Ri: station distance to the shower axis [m] -
details on Sp: G. Ros et al., arXiv 1104.3399 10 =
| Smaller Sb | 1 _I L1 | | | | | | | 1 | | | L1 | L1 1 | | | | |

500 1000 1500
station distance to the axis [m]
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Search for photons with SD

Different air shower development for photon primari es:
- deeper showers
- electromagnetic component

o
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Upper limits to photon flux

By | Nve | 565> )
1 6 8.2 x 107
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* Fraction limits Hybrid 2009 converted to flux scaling for the

Auger spectrum

Impact of systematic
uncertainties
(Exposure, AXmax, ASp, Energy scale,

hadronic interaction model and mass
composition assumptions)

T20% (Eo = 1 EeV)

e (Eo > 1 EeV)

Upper limits to the integral photon fraction assuming the Auger Spectrum

0.4%, 0.5%, 1.0%, 2.6% and 8.9% @ E>1, 2, 3,5 and 10 EeV

M.Setimo for the Pierre Auger Collaboration, ICRC 2011, arXiv: 1107.4805
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Search for neutrinos

Muonic component of the shower

1) Regular proton shower

= "\-"!'-.':F::;UJ
S

- ~_— 2) Deep Down-going v shower Electromagnetic

component of the shower

4) Down-going v,
interacting in the

.

mountains
Up-going Earth-skiming v, shower
Neutrinos/hadron discrimination: — e Diffuse flux
v C
L . 7 i
- inclined events (elongated footprint at ground) e 10° = Aggfvfn i
with SD signals typical of ) i 9om9
. . — -
- young showers (large contribution of em = it L
component) S,
o in
No candidate found so far % iy L N ANTAdL
¢ = 1yr Auger up-going vg e
. : : =) i 3.5yr
Limits to the diffuse neutrino flux % e L
. S 7 E
and to point-like sources b B
O ., [ L transition
as a function of their declination o " ENN ey, RS
= 10" 10" 10" 10% 107"
The Pierre Auger Collaboration, Astrophysical Jaditretters, in press, 2012 E [eV]
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Measurement of the p-Air cross section
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The exponential tail of the Xmax distribution is sensitive to N — Auger Data —— GGsDI
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R. Ulrich for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4804
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From p-Air to p-p cross section

By using the Glauber formalism:

110: | | | | T T | | | | I T | | I/ 11 | f
- -@- ATLAS P o Lt
100~  -M-CMS e gt 2
E B (1 1,.-;' a® g
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. 705 |
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S coE- - -=- QGSJet01
e F — QGSJetll.3
< — = SibylI2.1
50—
= e Epos1.99
40P — - Pythia 6.115
= SRIEL Phojet
3“ __I ] ] | | | ] | | ] | I | | ] | | | L1 11 |
10° 10 10°
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R. Ulrich for the Pierre Auger Collaboration, TAUP 2011
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Test of hadronic interaction models

— ' ' Proton Sim — A deficit of muons observed comparing data and
Ene_rg}-'. (13.8 £ 0.7) EeV| lron DE;{; e— Monte Carlo:
30 || Zenith: (56.5 + 0.2%) 2140 _'1 o
Xppas (752 = 9) glom? ) 1ot ) =1. _
¥/dof (Fe) = 1.21 - from golden hybrid events

= - from inclined events
- independent of the primary particle (i.e. not
due to mass composition assumptions)
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J. Allen for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4804 K.H. Kampert for the Pierre Auger Collaboration, Highlight talk ICRC 2011,
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Enhancements and R&D Activities

Existing tank array 1500m

L 8 L L
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- e @
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Mancy Rodrgo Feche
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o 0 e ® ® e e 8 e .
Romeha H.lllda

HE;"‘iLT- e o 8 O @8 ©

G O w5
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] ® O 8 O @ a . ) .
.‘__,,.--""' El Cenizo T. Herman-Josef Mathes for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4807
Infill array 750m
: - . . . 60

42 additional detectors
Area ~ 235 km

elevation [deg]
&n
|

HEAT 0

Three additional telescopes at the Cohiueco site to 30

look up to 60 deg in elevation (closer showers). ot

Infill array 10

42 additional SD detectors with 750 m spacing close R
by the Cohiueco site 80 60

azimuth [deg]
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Enhancements and R&D Activities

T. Herman-Josef Mathes for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4807
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Enhancements and R&D Activities
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Enhancements and R&D Activities

EASIER

Many R&D aCtIVItIeS related tO the deteCtlon Of P. Allision for the Pierre Auger Collaboration, ICRC 2011, arXiv:1107.4807

shower microwave emission: AMBER, EASIER, - Popey{385), 400 m
FDWAVE, MIDAS ke s sagtie e X

New technologies for x = ¥

a novel tank design " | ,.[

and a new R e

telecomunication

system for AUGER
upgrades and/or a
new giant UHECR
detector

F. Sarazin for the Pierre Auger Collaboration et al., ICRC 2011, arXiv:1107.4807
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Interdisciplinary activities and ... Serendipity
A. Tonachini for the Pierre Auger Collaboration et al., ICRC 2011, '“‘

arXiv:1107.4806
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Energy Spectrum Measurement
- Ankle position (101862 eV) and flux suppression (101°4 eV) measured with high accuracy using
SD and hybrid data

Arrival Direction
- anisotropy of the arrival direction of CR with E > 55 EeV measured with a p-value of 33%.
Directional search and large scale anisotropy studied.

Mass Composition

- The <Xmax> and the RMS(Xmax) Vs E indicates a change from light to heavier = composition for
increasing E. Interpretation of results relies on hadronic models.
Upper limits on photon fraction and neutrino fluxes

Hadronic Interactions
Measurement of the p-Air cross section and estimate of the p-p cross section at 57 TeV inc.m.s.
Muon deficit in model predictions compared to data

Enhancements
HEAT and Infill allow lowering the energy threshold  down to about 1017 eV
Muon detector composition/hadint studies

R&D activities
Test of new detection techniques (radio, microwave ) are in progress

Interdisciplinary science, ......
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