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A new UHECR puzzle emerging 
from the Pierre Auger 

observatory data 
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•  Summary and outlook 



UHECR 

1/[m2s sr] 
1/[km2y sr] 

Nature: always the source of 
highest energy colisions 

The spectrum 



Scientific motivation  
•  Particle Physics  

•  Test interactions at (always) highest energies 

•  Test forward region  

•  Astrophysics 
•  Unknown origin (particle nature, where, how) 
•  Relation to cosmology (Extragalactic sources)    

i.e.=> CMB interactions  
•  Large E => Sufficiently small angular deviations? 

–  Astronomy 
–  Learn about B fields 



Low rate. Use atmosphere as detector. 
Detect air showers: they are large ~km 
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•  Each particle carries Eparent/2  
•  Stop @ Ecritical=ξc (85 MeV air)  

!

X0 = 37 g cm-2  in air 

(radiation length) 

d = X0 ln2

Detection Challenge 

Heitler model 



Xmax 



After “n” steps (depth x) Energy split in N=2n particles (e+,e-,γ) 
of energy E/N 

Number of particles at maximum (E drops to critical energy): 

Energy related to Nmax  & Nmax : 
Complex simulations: 

 
• Xmax ~ ln Eo 

 
• Eo ~ Nmax 

• Λ= 85 (gcm-2)/decade 

“Elongation rate”: 

Nmax = 2
nc

N = 2n = 2
x
d = 2

x
X0 ln2[ ] = e

x
X0

nc = ln E0 ! c[ ] ln2
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= 2.3X0



Isotropic Fluorescence light 
from nitrogen (aurora) 
(4 γ per meter of track) 

Particle array Technique 

Fluorescence Technique 

Only two succesful techniques 



The UHECR prejudice/paradigm in the 1990s: 

•  UHECR believed to be: 
•  Protons (ankle feature) 

•  Extragalactic (few feasible galactic sources)  

•  But observations suggested: 
•  No interactions with CMB 

•  Large discovery potential:  
•  >10 events per year per 1000 km2 above 1020 eV  
•  Nearby sources? (Fermi acceleration or TD sources?) 
•  Other incoming particles? New Physics?  
•   Proton astronomy? 



The Greisen-Zatsepin-Kuz’min (GZK) cut-off 
p+γCMB                   n π+ 

νµ µ+ 

p+γCMB                  p π0 

γγ	



Δ1232 resonance 

 
Provides interconnection 

between UHECR  

νs and γ   
•  Bounds of UHE neutrinos 

•  Measurements of MeV photons 
(they cascade down) 

Pair production  
lower threshold 
lower cross section 
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The UHECR data in the 1990s: 

“Ankle” 



Fly’s Eye  
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The UHECR data in the 1990s: 



HiRes 2  

Fly’s Eye  qAgasa 
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The UHECR data in the 1990s: 



HiRes 1 

qAgasa 
Fly’s Eye  

HiRes 2  
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The UHECR data in the 1990s: 



Precision CR Physics is not easy:  
• There is no control of the beam: 

•  No energy, direction or particle type 
•  Interaction models at these energies are extrapolated 

•  Results inevitably have some model dependence 
• Measurements are indirect through air showers 

•  Must deduce properties after stochastic processes 
• Showers fluctuate in size and development 

•  Depending on composition and interaction properties 

How can this be overcome?:  
• Redundancy in detection methods 
• New ideas to exploit data in complementary ways 



The Pierre Auger Observatory 



Karl-Heinz Kampert Auger Highlights, ICRC 2011; Beijing

Pierre Auger Collaboration
~450 collaboration members in 19 countries:
Argentina Netherlands Bolivia*

Australia Poland Romania*

Brasil  Portugal Vietnam*

Croatia Slovenia

Czech Republic Spain 

France UK

Germany USA

Italy

Mexico 

5

*Associated
OBSERVATORY

Full members
Associate members

19 Countries 500+ Scientists 100+ Institutions  



Redundancy=> Hybrid 
FD and SD techniques 
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Abstract: The discovery of microwave radiation from the passage of charged particles has opened a new window
for the detection of ultra high energy cosmic rays. The main potential advantages of this technique are the
possibility to instrument a large area with a duty cycle of detection close to 100% and no atmospheric attenuation,
all this using relatively cheap equipment. Cosmic ray detection in the GHz band is being pursued at the Pierre
Auger Observatory with three different set-ups: MIDAS and AMBER are prototypes of an imaging parabolic dish
detector, while EASIER instruments the surface detector units with a radio receiver of wide angular coverage.
The status of microwave R&D activities at the Auger Observatory, including the first detections of cosmic ray air
showers by EASIER, will be reported.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic rays, extensive air showers, microwave detection

1 Introduction

The Pierre Auger Observatory [1] detects Ultra High Energy
Cosmic Rays (UHECR) using a hybrid detector. The surface
detector array (SD) is composed of 1660 water Cherenkov
detectors that sample the air shower at the ground. The
fluorescence detector (FD) consists of 27 telescopes
installed at five sites and measures the shower development
in the atmosphere by observing the fluorescence light.
Recently the Auger Collaboration has undertaken the
development of new detection techniques to enhance the
current detection capability of the Observatory and serve as
a test-bed for next generation experiments. Among these,
radio detection techniques play a crucial role. The VHF
band, between 30 and 80 MHz is extensively studied with
the AERA [2] setup. Radio detection in microwave band is
another alternative. It was triggered by the observation of a
signal in the 1.5-6 GHz band upon the passage of an electron
beam in a anechoic chamber [3]. The emission mechanism,
interpreted as Molecular Bremsstrahlung Radiation (MBR),
is expected to produce an unpolarized and isotropic signal.
Moreover, the power emitted in microwaves was measured
to scale quadratically with the beam energy. The expected
emission from air showers together with the transparency
of the atmosphere at these frequencies would allow the
measurement of the shower longitudinal development
with an almost 100% duty cycle. Three projects, AMBER,
EASIER and MIDAS are being developed to measure this
emission and prototypes are now operated at the Pierre
Auger Observatory. We will describe the status of these
developments and then report on the first detection of radio
signals in microwave band in coincidence with air shower
detected by the regular SD array and discuss their possible
origin.

2 Microwave detection at the Pierre Auger

Observatory

AMBER and MIDAS are imaging telescopes like an FD,
instrumenting an array of feed horn antennas at the focus of

EASIER

MIDAS

AMBER

Fig. 1: Locations of the three microwave detection
prototypes at the Pierre Auger Observatory. The field of
view of AMBER and MIDAS are respectively delimited by
the black and red lines. The EASIER array is represented
by the green dots.

a parabolic dish. EASIER is an alternative design to a radio
telescope: it is embedded in the SD, observing the shower
from the ground with a wide angle antenna pointing to the
zenith. The locations of the three prototypes at the Pierre
Auger Observatory are depicted in Fig. 1. All three take
advantage of the available commercial equipment for TV
satellite reception. They all use horn antennas as receivers,
in C-band (3.4-4.2 GHz) and Ku-band (10.95-14.5 GHz)
for AMBER, and only C-band for MIDAS and EASIER. A
Low-Noise Block down-converter (LNB) is used to shift the
central frequency below 2 GHz and amplify the signal. The
RF signal is then transformed using a power detector whose
output is a DC voltage proportional to the logarithm of the
input power. The signal thus integrated can be acquired with
sampling rates below 100 MHz. The three prototypes benefit
from the commissioning at the Pierre Auger Observatory
because of the radio quiet environment and the possible
coincident detection with the SD or the FD. We present
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Radio Extensions 



A complex project: Brief Historical Background: 

•  1991: Project is conceived and discussed 
•  1994-95 : Design Studies Work in Spain for Auger North  
•  2001-02 : Engineering Array Spain formally joins 
•  2004: Data taking phase starts 
•  2006: Anisotropy prescription  
•  2007: Innauguration  
•  2008 : Completion 
•  2010 : HEAT operational 
•  2011 : AMIGA infill completed, first AERA self trigger and 

molecular bremsstrahlung tested (GHz): MIDAS, AMBER 
•  2012 : 61 EASIER Microwave antennas deployed  
•  2013 : 124 AERA (+100) Stations running MHz radio array 



Multiple techniques => Broad range of physics results (incomplete):  

•  2007: Anisotropy of events above 56 EeV  
–  Galactic center anisotropy search 
–  Photon limits (hybrid data)  

•  2008: Spectrum: suppression compatible with GZK effect 
–  Upper limit with earth skimming tau neutrinos 
–  Photon limit (SD data) 

•  2009: EeV depth of maximum (elongation rate) 
–  Hybrid spectrum: feature:ankle 
–  Inclined shower spectrum 
–  Down going neutrino bound 

•  2010: Depth of maximum (First composition measurements) 
•  2011: Scaler mode: connection with solar physics 

–  Muon content measurements 
–  Muon production depth 
–  Infill low energy spectrum  
–  AERA: Self trigger radio measurements  
–  Large Scale Anisotropy prescription 

•  2012: Proton-air cross section at equivalent pp sqrt(s)=57 TeV  
–  Search for point like neutrino sources 
–  Search for neutron sources 
–  Blind searches for directional CR sources 

•  2013: Combined neutrino bound 
–  Combined spectrum 
–  Directional photon searches 



SPECTRUM 

•  Two ideas (avoid composition and interaction models): 
•  Constant Intensty Cut (isotropy to get θ dependence) 

•  Hybrid calibration (FD to measure energy) 

•  Important findings: 
•  Suppression consistent with GZK cutoff 

•  UUHECR flux/30!! Only 1 per 3000 km2 above 1020 eV  

 



A three fold hybrid event 



SD reconstruction: S(1000) 

S(1000) 

1000 m 

Example Event (48°, E~70 EeV) 

Reconstruction procedure: 
 
•  χ²-method to fit angles (θ,φ) 

•  Likelihood method to fit a NKG-
type function, parameters: 

• Core position 
•  S(1000) 4 



CHAPTER 6. MEASUREMENT OF THE ENERGY SPECTRUM

Figure 6.3: Integrated number of events I as a function of the S(1000) cut value. Different lines
correspond to different bins of sin2 θ.

two different bins of sin2 θ correspond to the same lower energy threshold.
Figure 6.3 shows I, the integrated number of events with S(1000) above a given value,

as a function of S(1000) cut value for different intervals in sin2 θ. A horizontal line in
this plot represents a constant energy and therefore the attenuation curve can be easily
obtained.

For a given intensity I1, corresponding to a yet unknown constant energy, the corre-
sponding S(1000) value for each sin2 θ bin is found. These pair of points (θ, S(1000)) give
the attenuation curve for the intensity I1. The same procedure can be applied to different
intensities I2, I3, . . .

The method used to obtain the S(1000) value for which there are I events with a
signal higher than this limit is detailed next. In a first step, the data is binned in S(1000)
and sin2 θ (10 bins) as it is shown in figure 6.4. Horizontal lines of constant intensities,

122

Equal bins in sin2θ 
have equal rates if flux 

is isotropic 
Therefore cuts of 

constant intensity 
give S(1000) values 
which correspond to 

identical energy 
thresholds 

6.2. ENERGY CALIBRATION

Figure 6.5: Left: Attenuation curves (solid lines) for different intensities: 85, 170, 340 and 680 events.
Right: Attenuation curves normalized to the signal at θ = 38o, S38o .

S38o =
S(1000)

CIC(θ)
(6.2.6)

where,

CIC(θ) = 1 + a · [cos
2 θ − cos

2
(38

o
)] + b · [cos

2 θ − cos
2
(38

o
)]

2
(6.2.7)

is the selected attenuation curve with a = 0.91±0.05 and b = −1.22±0.26, corresponding

to I = 170 (table 6.1).

6.2.2 Event Selection from hybrid data

Once all events have been reduced to a zenith angle of 38o, the next step is to assign an

energy to each S38o value. The correlation between S38o and energy has been studied using

the golden hybrid events. As already mentioned, a hybrid event is that one registered by

both detectors, the FD and the SD. A golden event is a high quality hybrid event for which

both fluorescence and surface reconstruction can be performed. These high quality events

must also pass a selection criteria that will be described next to ensure a good sample for

our calibration goal.

With regard to the SD, the requirements for golden hybrid events are the same that

for the events used to build the spectrum, i.e., the SD event must fulfill the T5 trigger

condition (section 3.1.2) and in addition not to be detected during the time classified as a

bad period. Concerning the FD, the quality cuts are:

Geometrical cuts:
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Get corresponding attenuation curve  

S(1000) = 41 VEM  
at θ=450 

i.e. cos2θ=0.5    

mid point at θ=380 

Equivalent  
S(1000) for θ=380 

S38=47 VEM  



Event 3222705, March 2007 

Ε≅2.19 MeV  Ne(x)dx 

Calorimetric 

FD reconstruction!



Most energetic event ~70 EeV 

839 events 

“Golden Hybrid” events:  
Correlate E and S38  



Supression consistent with GZK 



Anisotropies 

•  Aproaches: 
•  Correlations with catalogs 

•  Autocorrelations  

•  Harmonic analysis 

•  Findings: 
•  Weak anisotropy signal at E>56 EeV  

•  Bounds on large scale anisotropy 

•  Hints of large scale anisotropy (small effect)  

 



12/15 events close to AGNs in Veron-Cetty Catalogue 



Test Using Independent Data Set 

8/13 events lined up as before: chance 1/600 



Author's personal copy

It has not escaped our notice that the directions of the five most
energetic events are not part of the fraction of events that correlate
with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of
astronomical objects can also be found in [29]. Further studies of
the correlation exploring other parameters are currently in pro-
gress. One conjecture often made in the literature (see e.g.
[30,31] and references therein) is that powerful radiogalaxies are
the most promising contenders for UHECR acceleration, along with
gamma-ray bursts. The analysis of directional correlations of
UHECRs with positions of AGNs from the VCV catalog discussed
here does not account for any differences among those AGNs. Thus,
a logical next step with respect to [6,7] would consider the AGN
radio luminosity given in the VCV catalog as a fourth scan param-
eter to find a threshold in radio luminosity above which the direc-
tional correlation starts to increase. Such a scan has been
performed with a subset of the data and the signal evolution with
those parameters is being monitored since, similarly as presented
here for all AGN of the VCV. These results will be reported
elsewhere.

The HiRes collaboration has reported [32] an absence of a corre-
lation with AGNs of the VCV catalog using the parameters of the
Auger prescribed test. They found two events correlating out of a
set of 13 arrival directions that have been measured stereoscopi-

cally above an energy which they estimated to be the same as
the Auger prescribed energy threshold. The 38% correlation mea-
sured by Auger suggests that approximately five arrival directions
out of 13 HiRes directions should correlate with an AGN position.
The difference between 2 and 5 does not rule out a 38% correlation
in the northern hemisphere that is observed by the HiRes detector.
Also, it is not necessarily expected that the correlating fraction
should be the same in both hemispheres. The three-dimensional
AGN distribution is not uniform, and the VCV catalog itself has dif-
ferent level of completeness in the two hemispheres. In addition,
comparison of results between the two observatories is especially
challenging in this situation because the energy cut occurs where
the GZK suppression has steepened the already steep cosmic ray
spectrum. A small difference in the threshold energy or a difference
in energy resolution can strongly affect the measurement of a cor-
relation that exists only above the threshold.

It is worth mentioning that while the degree of correlation with
the parameters of the test updated here has decreased with the
accumulation of new data, a re-scan of the complete data set sim-
ilar to that performed in Ref. [7] does not lead to a much more sig-
nificant correlation for other values of the parameters. The largest
departure from isotropic expectations in the scan actually occurs
for the same energy threshold Eth = 55 EeV and maximum redshift
z 6 0.018. There is a spread in the angular scales over which the
correlation departs from isotropic expectations. This issue will be
examined in Section 4, where we explore the correlation with
other sets of nearby extragalactic objects, described by catalogs
more uniform than the VCV compilation.

There is now available a more recent version of the VCV catalog
[33]. Conclusions are similar if the arrival directions are compared
to the distribution of objects in this latest version.

4. Examination of the arrival directions in relation to other
catalogs

As noted in [6], ‘‘the correlation that we observe with nearby
AGNs from the VCV catalog cannot be used alone as a proof that
AGNs are the sources. Other sources, as long as their distribution
within the GZK horizon is sufficiently similar to that of the AGNs,
could lead to a significant correlation between the arrival direc-
tions of cosmic rays and the AGNs positions.” It is therefore appro-
priate to investigate the arrival directions of this data set with
respect to other scenarios for cosmic ray sources in the local
universe.

Fig. 1. The 69 arrival directions of CRs with energy EP 55 EeV detected by the Pierre Auger Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-
Hammer projection of the sky in galactic coordinates. The solid line represents the border of the field of view of the Southern Observatory for zenith angles smaller than 60!.
Blue circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field of view of the Observatory.
Darker blue indicates larger relative exposure. The exposure-weighted fraction of the sky covered by the blue circles is 21%. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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P. Abreu et al. / Astroparticle Physics 34 (2010) 314–326 319Centaurus A region 

Data until 31 December 2009 



Upper limits on the dipole amplitude 99% C.L. 





Until end 2010 (Rayleigh) April 2011 (Infill) 

Measured Phase 
compatible with GC 

Prescription  
established 



From June 2011 to Dec 2012 Prescription running:  
Expected in 2015 



Digression : 
More on showers 

•  Depth of Maximum, Xmax 
•  Photons 

•  Nuclear masses  

•  Neutrinos (not directly used) 

•  Muons 
•  Composition sensitivity 

•  Inclined showers: more redundancy (&neutrino search)  

•  New ideas 
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Photons: hardly any muons 
Competiton interaction decay 

More nucleons => More muons 
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Extend Heitler analysis for a proton shower:  

Xmax ! !p + X0 ln
kinE
2N"c

"

#
$

%

&
'

N=multiplicity; kin=inelasticity; 2 photons per π0  

For a shower induced by a nucleus of mass A (superposition):  

Xmax ! !p + X0 ln
kinE
2AN"c

"

#
$

%

&
'

RMS(Xmax)also decreases with A 
Detailed simulations confirm this 

Measurements of Xmax 

A given model gives ln(A) from Xmax & σ2[ln(A)] from RMS(Xmax) 



Xmax: compare to models 

γ-induced showers reach maximum deeper in the atmosphere than 
nucleonic ones 

P. Homola for the Auger Collab., ICRC 2009 



Particle distribution (vertical) 



vertical atmospheric depth 
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Development of proton showers 
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X = 3744.18 m, Y = 3668.25 m

 = 0.66dof/n2



L C, RAV, AAW, EZ (Ap Phys 2004, 2005) 

New observable Xµ
max related to time 

2

2

2
1
z
rzltc ≈−≈Δ

Xµ
max 

Arrival times of muons 
can be used to obtain Xµ

max  



Combined Spectrum 

•  Several independent measurements 
•  SD < 600 

•  Inclined SD > 600 

•  Hybrid 

•  Infill 



Energy spectra

Forward-folding: correction for bin-to-bin migrations due to the detector resolution
and steepness of spectrum, 17% (5%) at 3 EeV (10 EeV).
SD vertical spectrum: 82318 events above 3 EeV
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Energy spectra

Forward-folding: correction for bin-to-bin migrations due to the detector resolution
and steepness of spectrum, 12% (5%) at 4 EeV (10 EeV).
SD inclined spectrum: 11074 events above 4 EeV
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Energy spectra

Forward-folding: correction for bin-to-bin migrations due to the detector resolution

and steepness of spectrum, < 3%.

Hybrid spectrum: 11155 events above 1 EeV
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Energy spectra

Forward-folding: correction for bin-to-bin migrations due to the detector resolution
and steepness of spectrum, 10% (5%) at 0.3 EeV (3 EeV).
SD 750 m spectrum: 29585 events above 0.3 EeV
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Combined energy spectrum

Combined fit of energy calibrations and smearing corrections

Including statistical and systematic uncertainties from energy calibrations and

folding methods
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Normalizations: Hybrid: 0.94, 750 m array: 1.02, Inclined: 1.05

Energy systematic uncertainties

FD energy scale: 14%

� Absolute calibration: 9%
� Fluorescence yield: ∼ 4%
� Shower reconstruction: 6%
� Atmospheric conditions:

3%− 6%

(talk by V. Verzi, paper 0928)

Flux systematic uncertainties

SD vertical: ∼ 6%

Hybrid: 10% (6%), 1 EeV (10 EeV)

12 / 15



Neutrino Bounds 

•  Two main channels: 
•  Earth skimming tau neutrinos 

•  Down going neutrinos (All flavors):  

•  Important findings: 
•  Enhanced Earth skiming sensitivity in the EeV region 

•  Competitive bounds obtained 

•  Total sensitivity below Waxman-Bahcall flux  



Case 2: ES Earth-skimming ντ	



Complex three stage process 
•  Attenuation through Earth and regeneration:  NC 
                                                                               CC & τ CC 
                                                                               CC & τ decay 
•  CC interaction, τ energy loss and no decay 
•  Exit and τ decay in the atmosphere 

ντ	


τ	



Air shower 

Earth 

ν	

 Air shower 

Earth 

Case 1: DG down-going ν	



Detection (deep)=>inclined 

Upgoing: detection=>inclined) 
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Search for ν-induced showers in data: deep showers 

p/nuclei-induced showers 

Fast & narrow signal produced by µ 
All detectors equivalent 

Broad signal produced by e±,γ in early tanks 
Narrow signal in late tanks  

ν-induced showers 

Si
gn

al
 

Si
gn

al
 

time 

time 
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Combined exposure 
Each simulated ν-event that passes either ES or DGH or DGL criteria contributes corresponding to θ. 

(i.e. simulated DGH shower passing ES criterio contributes to εDGH ) 

1 Jan 2004 – 31 Dec 

2012  

PRELIMINARY 





Photon Bounds 

•  Approaches based on deeper Xmax lower Nµ	



•  Diffuse bounds: SD observables 

•  Diffuse bounds: SD and FD   

•  Point sources: Multiviariate (SD and FD) 

•  Important findings: 
•  Competitive bounds obtained: TD models disfavoured 

•  GZK photons within reach in a few years 



SD: use curvature 
and risetime  
they are related to Xmax 
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Upper limits to the diffuse photon flux 

§  Exotic models disfavoured 

§  GZK region within reach in the next few years Auger ICRC 2011(0393) 
TA ICRC 2013 (0149)  



Composition 

•  Aproaches (hybrid data): 
•  Average of Xmax distribution 

•  Variance of Xmax distribution 

•  Findings: 
•  Change of behavior at ~2 EeV 

•  <Xmax> becomes smaller (hevaier compostion) 

• σXmax also reduces (not much dispersion in A) 



Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

MASS COMPOSITION I

20

Kuempel (669), 
Ahn (690), 
Garcia-Gamez (694), 
Pieroni (697), 
de Souza (751), 
Hanlon (964)

<Xmax> and !(Xmax) data

Extensive cross checks 
and verifications
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Updated Measurement of �Xmax� and σ(Xmax)

comparison to air shower simulations
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Particle Physics 

•  Cross sections 
•  Proton air cross section at sqrt(s)=56 TeV (pp eq.) 

•  Test interaction models 
•  Simulations give deficit of muons 
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σp-p=90+-7stat(+8-11)sys +-1.5Glauber mb 



Redundancy: Inclined events measure 
muons relative to a reference (p-QGSJETII) 



Confirmed with standard events! 
(more sophisticated ideas)  



Tension 

•  Telescope Array in NH: claims consistency 
with protons 

•  Joint effort in progress 

•  More muons than predicted by models 

•  Composition and results from Xmax & Xµ
max  



Summary: Energy spectrum of the Pierre Auger Observatory

Four independent measurements using both SD and FD

Updated energy scale with total uncertainty of 14%
(see talk by V. Verzi, paper 0928)

Spectra agree within stat. and sys. uncertainties

Comparison to astrophysical scenarios

⇒ different models fit the data, discrimination only together with composition

measurements
(Details about flux measurement with the SD 750 m: D. Ravignani, for the Pierre Auger Collaboration, paper 0693)
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(Telescope array: T. Abu-Zayyad et al., ApJ 768 (2013) L1.)
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Generally consistent results between experiments 



�ln A� from Auger Data using Air Shower Simulations
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� transition: medium → light → heavy?
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Xmax measurements conversion to ln(A) 





Summary 

•  Auger contributed to solving long standing 
issues, flux, GZK cutoff, ankle 

•  Auger is producing a broad range of relevant 
results, bounds, muon content, cross section, 
anisotropies 

•  Auger points out to tension with models and 
needs more data taking and more redundancy 
to further constrain composition 

 
 



The Future: A new proposal 

•  To extend Int. Agreement till 1023 
•  To enhance the performance  

•  Improved electronics 

•  To enlarge the area with redundancy 
•  Radio technique? Seems out without small spacings 

•  Enhanced FD coverage? Not now 

•  Provide muon detectors 

•  New detectors from space  
 

 





Acceleration  (2nd order Fermi 1949): 

v vin 

vout 

v’in 

v’out 

Magnetic cloud 

Both gain and loss but 
head on encounters more frequent 

 
Net acceleration 

 ΔE  = 4 v2 

  E       3 c2 Spectrum α E-γ        (γ=2.2-2.7) 
1st order acceleration at shocks (more efficient) 



Acceleration size (L)  MUST EXCEED  radius (RI) 

RI 

                 p  
RI =                     < L 
         Z e B cos θ 

E < Ze c BL 
Diffusive propagation in accelerating region 

RG 



M. Hillas Diagram (1984)   

L 
10 km   104 
km 

1 
a.u. 

1 Mpc 
Hubble 

size 

Star
s 

The difficulty to accelerate particles 



Karl-Heinz Kampert Auger Highlights, ICRC 2011; Beijing30

Update of Correlation with VCV-AGN
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Number of events (excluding exploratory scan)

68% CL
95% CL

99.7% CL
data

event position

AGN position
(3.1° circle)

Astropart. Phys. 34 (2010) 314

Update including June 2011

33±5%
Total: 28/84
P=0.006
Telescope Array:
8/20 = 40%
with iso-bkg = 24%

33+-5%   28/84  P=0.006 TA 40%   8/20  ISO 24% 

Signal has weakened since   





55EeV/(Z=26) 





Exposure for the measurements

SD: Geometrical exposure calculation; Hybrid: Calculation with real MC

Exposures at 10 EeV:
�
km2 sr yr

�

SD vertical:

31645 ± 950

SD inclined:

8027 ± 240

Hybrid:

1496 ± 25

SD 750 m:

79 ± 4
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Astrophysical scenarios

Comparison to predictions from astrophysical scenarios
Different source parameters (β-injection index, m-source evolution)
Models calculated with CRPropa and validated with SimProp
Spectrum alone is not enough to discriminate between scenarios
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Proton, β = 2.35, m = 5
Iron, β = 2.3, m = 0
Combined
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E [eV]

Auger 2013 preliminary Spectral parameters

log10(Ea/eV) = 18.72 ± 0.01
γ1 = 3.23 ± 0.01
γ2 = 2.63 ± 0.02
log10(E1/2/eV) = 19.63 ± 0.01

log10 Wc = 0.15 ± 0.01
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THE AUGER ENERGY SPECTRUM

17

130 000 events !

log10(E1/2/eV) = 19.6
log10(Eankle/eV) = 18.7

Ravignani (693), Tueros (705), Schulz (769), Bäuml (806),Verzi (928),  Matthews (1218) 

Normalizations: Hybrid -6%, Inclined +4%, 750 m array +2%, SD -1%

!2 = 2.63±0.04
!1 = 3.23±0.07
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Inclined shower selection:  
§  shape (elongated footprint) : large L/W 

§  apparent speed of ground signal ~c & low RMS 

§  zenith angle θrec  (only for downgoing) 

ES  DGH (75°,90°) DGL (60°,75°) 
L/W > 5 L/W > 3 - 

<V> ∈ (0.29, 0.31) m ns-1 <V>  <  0.313 m ns-1 - 

RMS(V) < 0.08 m ns-1 RMS(V)/V < 0.08 - 

- θrec > 75° θrec ∈ (58.5°,76.5°) 

ES DGH (75°,90°) DGL (60°,75°) 
Data 1 Jan 2004 - 31 May 2010:  

≥ 60% stations with ToT & AoPmin > 1.4 
Fisher discriminant based 
on AoP of early stations 

≥ 75% of stations close to shower 
core with ToT &  

Fisher discriminant based on 
AoP of early stations close to 

shower core 

Data 1 Jun 2010 - 31 Dec 2012:  
<AoP> > 1.83 or AoPmin > 1.4 if 3 

stations 

ν identification 
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Upper limits to directional photon fluxes 

§  No significan photon point source excess observed 



σp-air=505+-22stat(+26-34)sys mb 




