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PRESENT AND FUTURE DIRECTIONS 
IN THE OBSERVATION OF ULTRA-HIGH 

ENERGY COSMIC RAYS WITH THE 
PIERRE AUGER OBSERVATORY

26th Rencontres de Blois: Particle Physics and Cosmology



MOST ENERGETIC PARTICLES 
EVER OBSERVED
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Ultra-High Energy     
Cosmic Rays: 
Unanswered 

questions

!
!

Production sources

!
!
Acceleration mechanisms

!
!
Mass composition

!
!
Fundamental interactions



• Particle flux is extremely small (1 particle per km2 per century for 
energies around 1020 eV)	


• Large areas required!  

• Hybrid detector required for excellent measurement capabilities 	


• Combination of ground array (particle detectors, 100% 
duty cycle) & optical devices (atmospheric fluorescence, 
13% duty cycle) 

• Data-driven calibration of the ground array
3

DETECTOR REQUISITES FOR AIR 
SHOWER MEASUREMENTS ABOVE 1 EeV



PIERRE AUGER OBSERVATORY

3000 km2

1660 water Cherenkov detectors

4 sites, 24+3 telescopes

Infill/AMIGA

In operation since 2004,  
completed in 2008

18 countries  
94 institutions 

> 500 collaborators
4Triangular grid, side = 1.5 km

Malargüe  350 S  latitude 
≈ 1400 m  height    ≈ 875 g/cm2



HYBRID DETECTION 
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Ecal = dX dE
dX∫

81568 events

11940 events

11172 events

25676 events



SCIENTIFIC ACHIEVEMENTS
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40 publications, 3260 citations, 81 citations/article



ALL-PARTICLE SPECTRUM
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MASS COMPOSITION

E [eV]

1810 1910 2010

]2
) [

g/
cm

m
ax

(Xσ

0

10

20

30

40

50

60

70

80

proton

iron

Auger 2013 preliminary

E [eV]

1810 1910 2010

]2
 [g

/c
m

〉
m

ax
X〈

600

650

700

750

800

850 proton

iron

 EPOS-LHC
 QGSJetII-04
 Sibyll2.1

Auger 2013 preliminary

Xmax Fit with empirical 	

Gaisser-Hillas formula

8



INTERPRETATION IN TERMS OF 
<LN A>

Auger HighLights

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 6: Conversion to �lnA⇥ and �2
lnA using various hadronic interaction models. The red bands indicate the systematic

uncertainties.([19]).

In [23] we have selected all showers (411) measured in280

hybrid mode with an energy between 100.8 and 101.2 EeV.281

For each of those showers, we have generated Monte Carlo282

events with similar energies selecting those which also283

matched the measured longitudinal profile. Then, for those284

matching events, the predicted lateral distribution of the285

signal has been compared to the data recorded by the SD.286

The Monte Carlo predictions have been found to be sys-287

tematically below the observed signals, regardless of the288

hadronic model being used. To match the lateral distribu-289

tions we introduced two parameters that have been adjusted290

to the data. These parameters are RE which acts as a rescal-291

ing of the shower energy, and Rµ which acts as a muon size292

rescaling factor. The values that best reproduce the data293

are shown on Fig. 7 for a set of proton showers only and294

for a set showers from a mixed composition sample whose295

global Xmax distribution matches that of the data.296

In all case the Rµ rescaling factor is larger than one, indi-297

cating a deficit in the predictions, while for RE it is compat-298

ible with 1 for the mixed set and also for the pure proton set299

but only within the systematic uncertainties (mainly origi-300

nating form our absolute energy scale). Independent analy-301

ses using inclined showers or relying on the distinct signal302

shape left by muons in the WCD also point to a deficit of303

muons in the simulations [21, 22].304

In another study, based purely on the SD data we have305

reconstructed the muon production depth profile (MPD,306

[20]). From this profile it is possible to extract the depth of307

maximum production of the muons that reach the ground308

(Xµ
max ) which is also a mass indicator as it is linked to the309

longitudinal evolution of the EAS in the atmosphere.310

An interesting aspect of this study is that it gives us a311

second observable, similar to Xmax, that can be converted312

into �lnA⇥. It is therefore tempting to convert both our313

Xmax and Xµ
max data into �lnA⇥ using the same interaction 314

model. The result of such conversion is shown on Fig. 8 315

for two models. In the first case, with EPOS-LHC, the 316

two observables convert into an incompatible mass value. 317

According to the model authors [53] this is linked to 318

the better representation of the rapidity gap distribution 319

of the new LHC (p-p). Of course, UHECR collision in 320

atmosphere are not p-p collisions but at least p-Air collisions 321

if not higher masses. The observed apparent contradiction 322

could then simply point at collective effects of the nuclei 323

collisions in the atmosphere. The representation from the 324

second model, QGSJetII-04, seems better but in that case 325

the rapidity gap distribution from the model is in poorer 326

agreement with the LHC data. While one cannot conclude 327

on the quality of a given model from this plot alone, this 328

analysis shows the interest and the power of UHECR data 329

to constrain high energy interaction models. 330

5 Anisotropies 331

The Auger collaboration has also performed extended anal- 332

yses of the UHECR arrival direction distributions in several 333

energy ranges and different angular scales [24, 25, 26, 27]. 334

Some particularly interesting results come out of the 335

analysis of the first harmonic modulation in the right as- 336

cension distribution of the events [24]. The results of these 337

analysis on the equatorial dipole amplitudes is shown on 338

Fig 9 for an extended range in energy covering nearly 4 or- 339

ders of magnitude. While no clear evidence for anisotropy 340

has been found yet it is remarkable to see that in the range 341

from 1 to 10 EeV, 3 points are above the 99% CL line, i.e. 342

only one percent of isotropic samples would show an equal 343

or larger amplitudes. 344

Iron

Proton

Pure  
beam
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HADRONIC INTERACTIONS
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ADVANCING THE UNDERSTANDING OF UHECR

Importance 
of enhanced 
composition 
sensitivity

GZK cut off	

or sources 	


out of steam?
Is there a proton	


fraction (~ 10%) 	


at the highest 

energies?

Proton 	

astronomy?

Are there 	

ultra-high energy	


photons and 	

neutrinos?

Anisotropy 	

studies 	


based on 	

event-by-event	

mass estimation

Study 	

fundamental	

interactions 	


at the scale of 	

~100 TeV

Search for 	

new physics: 	


LIV, 	

extra dimensions, 	


…

PLANNED DETECTOR UPGRADE TO OPEN A NEW 
FLOURISHING ERA OF UHECR MEASUREMENTS



IMPORTANCE OF ENHANCED MUON 
DETECTION

• Composition mostly based 
on optical observation of 
Xmax 	


• 15% duty cycle	


• Surface detector offers 100% 
duty cycle ➠Better mass 
discrimination capabilities by 
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Improving separation of 
electromagnetic and muonic 

shower components!
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DETECTOR UPGRADE PLANS
• Take data until 2023	


• It will triple our 
present statistics	


• Improved electronics 	


• Enlarged dynamic 
range & faster 
sampling	


• Enhanced muon 
detection 
capabilities Buried 

scintillator  ~1.5 m

Layered Water  
Cherenkov Detector

RPC (under the WCD)

Scintillators
On top of  
the WCDASCII

TOSCA  
AMIGA-GRANDE

MARTA

LSD

few meters away  
from WCD
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SUMMARY

• The Pierre Auger Observatory has provided 
copious data of unprecedented quality and size.	


• Intensive campaign to improve detector capabilities: 
seeking definitive answers to open key questions.	


• Setting ground for a next-generation UHECR 
experiment (ten times bigger in size?).
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BACK-UP
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Communica)on*
antenna* GPS*antenna*

Electronics*enclosure*
40*MHz*FADC,*local*triggers,*10*Wat*

Solar*panels*

BaBery*
Plas)c*tank*with*
12*ton*of*water*

3*PMTs*(9”)*for*Cherenkov*
light*detec)on*

FADC trace  
(40 MHz sampling)
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Spherical mirror 

PMT camera 

Diaphragm  

UV Filter  (300-400 nm) 
Shutter 

Camera: 440 PMTs

Spherical mirrorR = 3.4 m

Each telescope views 30×30o

A shower event

Fluorescence  
Detector



SD



SYSTEMATIC UNCERTAINTY OF ENERGY SCALE

RED: NEW 
!
!

BLACK: OLD



CORRELATION WITH AGNS 
OF VCV CATALOG
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LARGE SCALE ANISOTROPY
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log E                         Xmax 
!
19.2 – 19.4            42.9 ± 5.1 g cm-2 

!
!
19.2 – 19.3            40.4 ± 6.3 g cm-2 

!
19.3 – 19.4            46.9  ± 7.0 g cm-2 
!
Corresponding Pull:- 
!
(42.9 – 28.9)/√(4.52 + 5.12) = 2.1 
sigma 
!
Drawing 71 events (2010) from 194 
events (2013) give RMS < 28.9 g 
cm-2 at 3.1% 
!
Also there is a trials factor 





Auger 2013 preliminary

Additional constraints to 	

hadronic interaction models!



CROSS SECTION MEASUREMENT

Contaminations assumed for systematics: 	

< 25% He   < 0.5% γ



PHOTONS & NEUTRINOS
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