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•• Astrophysical Astrophysical motivationmotivation
•• Pierre Pierre AugerAuger ProjectProject

Experimental Experimental conceptconcept
StatusStatus
ResultsResults

•• SummarySummary and and outlookoutlook



Report: Connecting Quarks with the Report: Connecting Quarks with the 
CosmosCosmos

1.1. What is dark matter?What is dark matter?
2.2. What is dark energy?What is dark energy?
3.3. How were the heavy elements How were the heavy elements 

from from iron to uranium made?iron to uranium made?
4.4. Do neutrinos have mass?Do neutrinos have mass?
5.5. Where do ultraWhere do ultra--energy energy 

particles come from?particles come from?
6.6. Is a new theory of light and Is a new theory of light and 

matter needed to explain what matter needed to explain what 
happens at very high energies happens at very high energies 
and temperatures?and temperatures?

7.7. Are there new states of matter Are there new states of matter 
at ultrahigh temperatures and at ultrahigh temperatures and 
densities?densities?

8.8. Are protons stable?Are protons stable?
9.9. What is gravity?What is gravity?
10.10. Are there additional Are there additional 

dimensions?dimensions?
11.11. How did the universe begin?How did the universe begin?

(Discover Magazine's Cover Story For February 2002)

The Discover cover story is based on the 105-
page National Research Council Committee 
on Physics of the Universe report Connecting 
Quarks with the Cosmos: 
11 Science Questions for the New Century.



Cosmic RaysCosmic Rays
SourceSource

InjectionInjection

AccelerationAcceleration

Stellar MatterStellar Matter
Supernovae,Supernovae,
AGNAGN‘‘ss, etc., etc. ExperimentsExperiments

SpallationSpallation, Decays,, Decays,
InteractionsInteractions

TransportTransport



CosmicCosmic Ray Ray SpectrumSpectrum

1 1 particleparticle per kmper km22

and and centurycentury
1 1 particleparticle per kmper km22

and and yearyear
1 1 particleparticle per mper m22

and secondand second
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„„GZK CutGZK Cut--OffOff““::

Problems of UHECRsProblems of UHECRs
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Problem:
Acceleration mechanism unknown 
(strong extragalactic processes 
needed; must be rather close (20Mpc) 

GZK CutGZK Cut--OffOff
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Science ObjectivesScience Objectives

1 particle per km1 particle per km22

and centuryand century

•• Primaries of Primaries of energiesenergies >10>102020eV eV existexist
Standard Standard astrophysicalastrophysical modelsmodels cannotcannot
accountaccount forfor such such energiesenergies

•• ComplicationComplication (d > 20 (d > 20 MpcMpc):):
GZK GZK cutcut--offoff E>5E>5••10101919eVeV

•• IfIf no GZK:no GZK:
-- NearbyNearby sourcessources: : 
GUT GUT fossilsfossils (TD, DM, ...)(TD, DM, ...)

-- PropagationPropagation effectseffects::
violationviolation of Lorentz of Lorentz invarianceinvariance ……

•• NearNear sourcessources shouldshould bebe identifiedidentified
byby point point sourcesource astronomyastronomy
High High magneticmagnetic rigidityrigidity of of thethe primariesprimaries
((chargedcharged particleparticle astronomyastronomy))

Fundamental Fundamental problemsproblems

~ 30 %~ 30 %
SystSyst. Error. Error

Newest HIRES stereo data give Newest HIRES stereo data give 
even more contradicting resultseven more contradicting results
(W. Springer et al.; ICRC05)(W. Springer et al.; ICRC05)

ContradictingContradicting measurementsmeasurements

(Fluorescence 
Detector)

(Scintillator
array)



Experimental  ApproachExperimental  Approach

1.1. Cosmic ray Cosmic ray spectrumspectrum
above 10above 1019 19 eVeV::
Precisely measure the Precisely measure the 
shape of the spectrum shape of the spectrum 
in the region of the GZK in the region of the GZK 
cutcut--offoff

2.2. Arrival directionArrival direction
distribution:distribution:
Search for departure Search for departure 
from isotropy,from isotropy,
point sourcespoint sources

3.3. Composition:Composition:
Light or heavy nuclei, Light or heavy nuclei, 
photons, photons, neutrinosneutrinos, , 
exotics(?)exotics(?)



The Pierre Auger ProjectThe Pierre Auger Project
Two Large Air Shower Detectors

Mendoza, Argentina 
(Auger South)

Colorado, USA
(in planning)



The Auger CollaborationThe Auger Collaboration
Participating Countries

Argentina Mexico
Australia Netherlands
Bolivia* Poland
Brazil Slovenia 
Czech Republic Spain
France United Kingdom 
Germany USA
•Aachen Vietnam* 
•Bonn Italy
•Karlsruhe
•Siegen
•Wuppertal

*Associate
63 Institutions, 369 Collaborators



Hybrid DesignHybrid Design

Surface ArraySurface Array
•• 1600 water Cherenkov1600 water Cherenkov
detector stations detector stations (995)(995)

•• 1.5 km spacing1.5 km spacing
•• 3000 km3000 km22

Fluorescence DetectorsFluorescence Detectors
•• 4 Telescope enclosures 4 Telescope enclosures (3)(3)
•• 6 Telescopes per enclosure6 Telescopes per enclosure
•• 24 Telescopes total 24 Telescopes total (18)(18)



1.1. High High statisticsstatistics
((apertureaperture >7000 km>7000 km22 sr sr aboveabove
10101919eV in eV in eacheach hemispherehemisphere) ) 

2.2. Full Full skysky coveragecoverage (S&N)(S&N)
withwith uniform uniform exposureexposure

3.3. Hybrid Hybrid configurationconfiguration
surfacesurface arrayarray withwith fluorescencefluorescence
detectordetector coveragecoverage

Design FeaturesDesign Features



The Hybrid DesignThe Hybrid Design

•• Nearly Nearly calorimetric energy calorimetric energy 
calibrationcalibration of the fluorescence of the fluorescence 
detector transferred to the event detector transferred to the event 
gathering power of the surface gathering power of the surface 
array.array.

•• A A complementary complementary set of mass set of mass 
sensitive shower sensitive shower parametersparameters

•• ((XmaxXmax, , risetimerisetime, radius of , radius of 
curvature, curvature, ……))..

•• Different measurement Different measurement 
techniques help techniques help understanding understanding 
of systematicof systematic uncertaintiesuncertainties

•• Improve Improve of the angular and core of the angular and core 
position position resolutionsresolutions

Surface detector array   +  Air fluorescence detectorsSurface detector array   +  Air fluorescence detectors
A unique and powerful designA unique and powerful design




The Surface ArrayThe Surface Array
Detector StationDetector Station

Communications
antenna

Electronics 
enclosure

3 – nine inch
photomultiplier
tubes 

Solar panels

Plastic tank with
12 tons of water

Battery box

GPS antenna



Surface Detector DeploymentSurface Detector Deployment



SD calibration by single SD calibration by single muonmuon triggerstriggers

Agreement with 
GEANT4 simulation 
up to 10 × VEM 
(Vertical Equivalent 
Muons).

VEM ~ 100 PE /PMT

Huge Statistics!
Systematic error ~5%

VEM
Peak

Sum PMT 1

PMT 2 PMT 3

Local 
EM Shower



Example Event (48Example Event (48°°, E~70 , E~70 EeVEeV))

S(1000m)S(1000m)

1000m1000m

25ns sampling25ns sampling



Horizontal ShowersHorizontal Showers
E~5E~5··10101919 eVeV θθ=82=82°°

Electromagnetic component is attenuated;Electromagnetic component is attenuated;
Only Only ““highhigh”” energetic energetic muonsmuons survive survive 

short prompt pulsesshort prompt pulses

Separation of charged 
Separation of charged muonsmuons in in 

the geomagnetic field
the geomagnetic field



Horizontal Showers and NeutrinosHorizontal Showers and Neutrinos

Only neutrinos Only neutrinos 
can produce can produce 
such signatures such signatures 

Neutrino rate ~ 0.5 Neutrino rate ~ 0.5 -- 1 particle / year1 particle / year

Depends strongly on the theoretical model

E > 10E > 101818 eVeV



CosmogenicCosmogenic NeutrinoNeutrino--Flux and Flux and 
Experimental SensitivitiesExperimental Sensitivities

SemikozSemikoz, , SiglSigl, , astroastro--ph 0309328ph 0309328

γ



The Fluorescence DetectorThe Fluorescence Detector

3.4 meter diameter
segmented mirror

Aperture stop 
and optical 
filter

440 pixel camera 
(FADCs; 100ns sampling)

Duty cycle ~14%Duty cycle ~14%



Los LeonesLos Leones
(fully operational)(fully operational)

CoihuecoCoihueco
(fully operational)(fully operational)

MoradosMorados
(fully operational)(fully operational)

LomoLomo AmarillaAmarilla
(in preparation)(in preparation)

poor mans fall back option :poor mans fall back option :--))

K.-H. Kampert

The Fluorescence Detector StationsThe Fluorescence Detector Stations



Lidar at each 
fluorescence 
eye

Central Laser 
Facility

Atmospheric MonitoringAtmospheric Monitoring

Atmospheric 
radio sounding 
measurements



FDFD--ReconstructionReconstruction

Pixel camera:Pixel camera:
Shower axisShower axis

A stereo measurement gives A stereo measurement gives 
intersecting planesintersecting planes

much better core and much better core and 
angular angular reconstrectionreconstrection

AzimuthAzimuth
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Stereo Hybrid MeasurementStereo Hybrid Measurement

Event: 1364365Event: 1364365

lg(E/eV)~19.3lg(E/eV)~19.3
((θθ,,φφ)=(63.7, 148.3) deg)=(63.7, 148.3) deg

lg(E/eV)~19.2lg(E/eV)~19.2
((θθ,,φφ)=(63.7, 148.4) deg)=(63.7, 148.4) deg

SD array:SD array: lg(E/eV)~19.1lg(E/eV)~19.1
((θθ,,φφ)=(63.3, 148.9) deg)=(63.3, 148.9) deg



Stereo Hybrid Event: FDStereo Hybrid Event: FD--MeasurementMeasurement

TankTank

Event: 1364365Event: 1364365

XXmaxmax ~A   ~A   MCMC--depdep..

EdX
dX
dE ~∫



Stereo Hybrid Event: SDStereo Hybrid Event: SD--FootprintFootprint
Event: 1364365Event: 1364365



TriocularTriocular EventEvent

lg(E/eV)~19.7 lg(E/eV)~19.7 
θθ=52=52°°



HadroniHadronicc InteractionsInteractions
•• EExtrapolationxtrapolation of of crosscross--sectionssections to ultrato ultra--high high energiesenergies
•• SecondarySecondary particleparticle multiplicitymultiplicity in in highhigh--energyenergy interactionsinteractions
•• EExtrapolationxtrapolation of of kinematicskinematics to to thethe extreme extreme forwardforward regionregion ((diffradiffracctivetive partpart of of XX--sectionssections))

rapidityrapidity distributiondistribution

multiplicitiesmultiplicities

pp--““AirAir““ crosscross--sectionsection

CORSIKA (Heck et al) FZKA report 6019CORSIKA (Heck et al) FZKA report 6019



The First Data SetThe First Data Set

Collection period:Collection period:
1 January 2004 to 5 June 20051 January 2004 to 5 June 2005

Zenith angles:Zenith angles:
0 0 -- 6060ºº

Total acceptance:Total acceptance:
AUGER : ~1750 kmAUGER : ~1750 km22 srsr yr ~ AGASAyr ~ AGASA
HIRES I : ~5000 kmHIRES I : ~5000 km22 srsr yr  (mono)yr  (mono)
HIRES II: ~2500 kmHIRES II: ~2500 km22 srsr yr  (mono)yr  (mono)

Surface array events (after quality cuts):Surface array events (after quality cuts):
Current rate:Current rate: ~18,000 / month~18,000 / month
Total:Total: ~180,000~180,000

Hybrid events (after quality cuts):Hybrid events (after quality cuts):
Current rate:Current rate: ~1,800 / month~1,800 / month
Total:Total: ~18,000~18,000

Cumulative number of SD eventsCumulative number of SD events
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Anisotropy: Galactic CenterAnisotropy: Galactic Center

Coverage [0.8-3.2 EeV]

Significance (3.7º) Significance (13.3º) [0.8-2.5 EeV]

Significance (1.5º)

GCGC

AGASAAGASA--like analysislike analysis

SUGARSUGAR

excessexcess fluxflux
AGASA: AGASA: 4.5 4.5 σσ
SugarSugar: : 2.9 2.9 σσ

ΦΦSS<10.6 10<10.6 10--1515 mm--22 ss--11

excludes neutron excludes neutron 
source at the GC source at the GC 

SUGARSUGAR--like analysislike analysis

AGASAAGASA



Photon LimitPhoton Limit
Hybrid events:Hybrid events: improved geometry fitimproved geometry fit

Selection criteria:Selection criteria:
•• E > 10E > 101919eV,    eV,    θθ > 35> 35°°
•• XXmaxmax observed, track length > 400 g/cmobserved, track length > 400 g/cm22

•• Energy dependent distance cutEnergy dependent distance cut

16 Events after cuts16 Events after cuts

26% upper limit (95% CL) 26% upper limit (95% CL) 
on CR photon fractionon CR photon fraction



Energy Determination (Conversion)Energy Determination (Conversion)

The energy converter:The energy converter:

Compare ground parameter Compare ground parameter 
S(1000, at 38S(1000, at 38°°)) with the with the 
fluorescence detector energy fluorescence detector energy 
(CIC method)(CIC method)

Transfer the energy converter Transfer the energy converter 
to the surface array only to the surface array only 
eventsevents

Log S(1000, at 38°) 

Lo
g 

(E
/E

eV
)

Log (E) = Log (E) = --0.79 + 1.06 Log(S0.79 + 1.06 Log(S3838)  )  

E = 0.16 SE = 0.16 S3838
1.061.06

(E in (E in EeVEeV, S, S3838 in VEM)in VEM)

10EeV10EeV

1 1 EeVEeV



Auger Energy Spectrum Auger Energy Spectrum 
SD data calibrated by FDSD data calibrated by FD

vs.  vs.  Lg(ELg(E))
dE
dIE

Ed
dI

≡
)ln(

Error bars Error bars on points indicate on points indicate 
Poisson statistical uncertainty Poisson statistical uncertainty 
(or 95% CL upper limit) based (or 95% CL upper limit) based 
on the number of eventson the number of events

Systematic uncertainty is Systematic uncertainty is 
indicated by double arrows at indicated by double arrows at 
two different energiestwo different energies

Horizontal: Systematic Horizontal: Systematic ΔΔEE

Vertical: Exposure uncertaintyVertical: Exposure uncertainty

ΔE/E~30%

ΔE/E~50%

4.2/2 =dofx



A Big Event A Big Event -- One that got away!One that got away!
Energy estimate >140 EeV



Comparison with HIRES, AGASAComparison with HIRES, AGASA

AUGER: Energy scaleAUGER: Energy scale
uncertainty still large uncertainty still large 

~50 % at 100 ~50 % at 100 EeVEeV



Summary and Outlook: Summary and Outlook: 
Pierre Auger ObservatoryPierre Auger Observatory

Status:Status:
•• Southern Observatory over half finishedSouthern Observatory over half finished
•• With 25% of a full AugerWith 25% of a full Auger--year exposure, we have:year exposure, we have:

•• First estimate of an FDFirst estimate of an FD--calibrated spectrumcalibrated spectrum
•• First studies of anisotropies in the skyFirst studies of anisotropies in the sky
•• Limits on photon primariesLimits on photon primaries

Future plans:Future plans:
•• Completion Completion by mid 2006by mid 2006
•• Full understandingFull understanding of our instrumentsof our instruments
•• Usage of rapidly Usage of rapidly expanding data setexpanding data set (x7 in two years)(x7 in two years)
•• Measure Measure spectrum around 10spectrum around 102020eVeV with unprecedented precisionwith unprecedented precision
•• Solve AGASA/HIRES Solve AGASA/HIRES disputedispute
••CompositionComposition studies with SD, FD and studies with SD, FD and HYBRIDHYBRID
••Large/small scale Large/small scale anisotropiesanisotropies
•• Search for Search for neutrinos and exoticsneutrinos and exotics (horizontal showers)(horizontal showers)
•• Begin working on Auger NorthBegin working on Auger North
•• R&D for radio, R&D for radio, ……



ENDEND



Systematic Errors in the FD (Hybrid) Systematic Errors in the FD (Hybrid) 
Energy NormalizationEnergy Normalization



InfluenceInfluence of of hadronichadronic interactioninteraction
modelmodel on on showershower maximummaximum::

measured Xmax by Cherenkov
and fluorescence telescopes
compared with simulations

longitudinal development of the
highest energy shower ever
measured compared to simulations

CORSIKA and CORSIKA and AugerAuger



Influence of hadronic interaction model
to lateral distributions:

Em> 150 MeV

Ee> 250 MeV

measured Auger lateral distribution
(11 tanks) 

simulations of high-energy
lateral distributions for
different models

CORSIKA and CORSIKA and AugerAuger
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