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Introduction Observatoire Energie-Spectre Composition-Int.hadroniques Astrophysiques R&D radio ConclusionsDétecteur hybride Points forts

Les points forts de l’Observatoire

Avantages cumulés des 2 détecteurs
FD : mesure calorimétrique de l’énergie, mais
cycle utile de 13%
SD : 100% de cycle utile, très grande
ouverture, facilement calculable, mais
détermination de l’énergie dépendante des
modèles

Détection hybride : étalonnage en énergie quasi indépendant des modèles

Corinne Bérat, LPSC Observatoire P. Auger : résultas marquants Seminaire IN2P3 11/09/2013 4/38
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STATUS & PERFORMANCE
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The world’s largest cosmic ray observatory!
In operation since 2004

INFILL/AMIGA
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THE HYBRID 
CONCEPT 
ALLOWS FOR A 
DATA-DRIVEN 
CALIBRATION 
OF THE ~100% 
DUTY CYCLE 
SURFACE ARRAY 
USING THE 
CALORIMETRIC 
INFORMATION 
FROM THE 
FLUORESCENCE 
TELESCOPES

STATUS & PERFORMANCE
The world’s largest cosmic ray observatory

  1660 Water Cherenkov Tanks, 3000 km2         

24+3 Telescopes, 4+1 sites



Technical contributions
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Design and Site

❖ Design phase 1992-1996!

❖ Site search 1995-1997!

❖ Money hunting (not only in 
France…) 1996-1999
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            Electronics & Timing

❖ PMT bases!

❖ Time tagging (10 ns resolution)!

❖ Unified board
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Local and Central DAQ
❖ Local station software!

❖ Acquisition!

❖ Monitoring!

❖ Calibration!

❖ Communication!

❖ Central Acquisition CDAS!
❖ Trigger!

❖ Control!

❖ Event builder!

❖ Monitoring!

❖ Reconstruction/visualisation/Analysis 
tools
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Network and Data distribution

❖ Collection (backbone) Network!

❖ Data Mirroring (CC-IN2P3)!

❖ MC prod (GRID)!

❖ Auger Access
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Analyses
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log10(E1/2/eV) = 19.7log10(Eankle/eV) = 18.7

γ2 = 2.6
γ1 = 3.3

THE AUGER ALL-PARTICLE FLUX
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THE AUGER ALL-PARTICLE FLUX

130 000 events !

Normalizations: Hybrid -6%, Inclined +4%, 750 m array +2%, SD -1%
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PHOTONS AND NEUTRINOS ?
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Current Auger limits rule out top-down models as dominant production of UHECR

ES method paper (SAL) 170 citations
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PHOTONS AND NEUTRINOS ?
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1.1. SCIENTIFIC RESULTS 5

The data are compared to two limiting model scenarios, namely continuously distributed
sources that inject either only proton or iron primaries. The sources are assumed to produce
particles with the energy spectrum dN/dE ⇥ E�� and the cosmological evolution of the
source luminosity is parametrized as (1 + z)m. The model spectra are assumed to be expo- 35

nentially suppressed with the scale parameter Ecut. The proton (iron) lines correspond to
m = 5 (m = 0) and � = 2.35 (� = 2.3). In the case of proton primaries, a significantly better
description of the data is obtained by choosing Ecut = 1020 eV rather than a higher value as
typically done in literature (see, for example, [?, ?, ?, ?, ?]).

1.1.2 Photon and neutrino limits 40
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Figure 1.2: Limits on the flux of photons [?, ?, ?] and neutrinos [?] obtained from the Pierre Auger
Observatory. The data are shown together with the current limits from other experiments [?,?,?,?,?,?]
and some examples of predicted fluxes, see text.

The limits on the fluxes of photons [?, ?, ?] and neutrinos [?, ?, ?] are shown in Fig. 1.2. Model
scenarios for sources of UHECRs, in which the observed particles are produced by the de-
cay of other particles (top-down models), lead to large secondary fluxes of photons and
neutrinos [?]. Some representative examples of predicted secondary fluxes of such models
are shown in Fig. 1.2 (photons: GZK, TD, Z-burst, and SHDM [?], SHDM⇤ [?]; neutrinos: 45

TD [?], Z-burst [?]). The neutrino flux limit of the Auger Observatory is now lower than the
Waxman-Bahcall limit [?, ?].

The current flux limits rule out or strongly disfavor that top-down models can account
for a significant part of the observed UHECR flux. The bounds are reliable as the photon
flux limits in Fig. 1.2 depend only on the simulation of electromagnetic showers and, hence, 50

are very robust against assumptions on hadronic interactions at very high energy [?].
The photon flux limits have further far-reaching consequences by providing important

constraints on theories of quantum gravity involving violation of Lorentz invariance (LIV),
see, for example, [?, ?, ?, ?]. And, observing a single photon shower at ultra-high energy
would imply very strong limits on another set of parameters of LIV theories [?, ?]. 55

Current Auger limits rule out top-down models as dominant production of UHECR

130 cites 130 cites
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Large scale first harmonic analyses

Data up to December 31st 2012

Extended energy range

3 bins with chance probability < 1%
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Large scale first harmonic analyses

Data up to December 2010 (April 2011) New data

Prescription set

Prescription status

(about 18 more month to go)
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Large scale analyses

If protons dominate and if of Galactic origin, !
anisotropies are remarkably small

Auger HighLights

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Iván Sidelnik et al. Measurement of the first harmonic modulation at the Pierre Auger Observatory
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

�E[EeV] N d⇤±⇤d⇤ [%] ⇥±�⇥ [�] P(> d⇤) [%] diso
⇤99% [%] dul

⇤ [%]
Infill 0.01 - 0.025 11819 15 ±6.3 334± 25 5.9 19 28.6

East-West 0.025 - 0.1 428028 0.3±0.8 122±180 92 2.4 2.2
Method 0.1 - 0.25 223342 1.4±0.9 277± 39 28 2.9 3.5

East-West 0.25 - 0.5 720224 0.4±0.5 280±180 75 1.6 1.5
Method 0.5 - 1 1081810 0.8±0.4 258± 30 13 1.2 1.6

1 - 2 557829 1.0±0.2 335±14 0.03 0.7 1.5
Modified 2 - 4 148790 1.4±0.5 8 ±19 0.9 1.4 2.5
Rayleigh 4 - 8 31270 2.5±1.0 63 ±25 5.5 3.1 4.8

> 8 12292 5.9±1.6 86 ±16 0.1 4.9 9.4

Table 1: Results of first harmonic analyses in different energy intervals. Data from the regular SD were used above 0.25 EeV,
with the East-West method up to 1 EeV and the modified Rayleigh method above 1 EeV. Data from the infill array was used
for energies between 0.01 and 0.25 EeV with the East-West method.

ity of only 0.1%. Since several energy bins were searched,
these numbers do not represent absolute probabilities. They
constitute interesting hints for large scale anisotropies that
will be important to further scrutinise with enlarged statis-
tics.

2.3 Upper limits on the dipole
The upper limits on d⇤ at 99%CL are given in Table 1
and shown in Fig. 2, together with previous results from
EAS-TOP [7], ICE-CUBE [8] KASCADE [9], KASCADE-
Grande [10] and AGASA [11], and with some predictions
for the anisotropies arising from models of both galactic
and extragalactic cosmic ray origin.
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Figure 2: Upper limit at 99%CL for the equatorial dipole
amplitude as a function of energy. In red are the limits
obtained in this work over the full energy range of the Auger
Observatory. Results from AGASA are shown in blue, from
KASCADE and KASCADE-Grande in magenta, EAS-TOP
in orange and ICE-CUBE in grey. Predictions from different
models are displayed, labeled as A, S, Gal and C-G Xgal
(see text).

The prediction labeled A and S correspond to a model
in wich cosmic rays at 1 EeV are predominantly of galactic
origin, and their escape from the galaxy by diffusion and
drift motion causes the anisotropies. A and S stand for two
different galactic magnetic field symmetries (antisymmetric
and symmetric)[12]. In the model labeled Gal [13] a purely
galactic origin is assumed for cosmic rays up to the highest
energies, and the anisotropy is caused by purely diffusive
motion due to the turbulent component of the magnetic
field. Some of these amplitudes are challenged by our
current bounds. The prediction labeled C-G Xgal [14]
is the expectation from the Compton-Getting effect for
extragalactic cosmic rays due to the motion of our galaxy

with respect to the frame of extragalactic isotropy, assumed
to be determined by the cosmic microwave background.

The bounds reported here already exclude the particular
model with an antisymmetric halo magnetic field (A) above
energies of 0.25 EeV and the Gal model at few EeV ener-
gies, and are starting to become sensitive to the predictions
of the model with a symmetric field.

3 Phase of the first harmonic and
prescription

In previous publications of first harmonic analyses in right
ascension [5, 15], the Pierre Auger Collaboration reported
the intriguing possibility of a smooth transition from a
common phase of � ⇥ 270� in the first two bins below
1 EeV to a phase � ⇥ 100� above 5 EeV. The phase at
lower energies is compatible with the right ascension of
the Galactic Center �GC ⇥ 268.4�. It was pointed out that
this consistency of phases in adjacent energy intervals
is expected with a smaller number of events than the
detection of amplitudes standing out significantly above the
background noise in the case of a real underlying anisotropy.

This behaviour motivated us to design a prescription
with the intention of establishing at 99% CL whether this
consistency in phases in adjacent energy intervals is real.
Taking advantage of the wide energy range that the Pierre
Auger Observatory is capable to scan thanks to the infill
array, the test makes use of all data above 1016 eV. Thus,
once an exposure of 21,000 km2 sr yr is accumulated by the
regular SD array from June 25 2011 on, and applying the
same first harmonic analyses described in [5] and performed
here 1, a positive anisotropy signal will be claimed within
a global threshold of 1% if any, or both, of the following
tests succeed:

• Using the infill data, an alignment of phases around
the value ⇥ = 263� is detected by a likelihood ratio
test with a chance probability less than 0.5%, assum-
ing an amplitude signal of 0.5% over the whole en-
ergy range analysed.

• Using the regular SD data, an alignment of phases
around the curve defined by eq. 4 is detected by the
likelihood ratio test with a chance probability less
than 0.5%, assuming an amplitude signal comparable
to the current mean noise in each energy interval (see
Tab. 2).

1. Though a change in the binning for the infill has been
made to � log10(E) = 0.3 and a single bin between 17.6<
log10(E/EeV)<18.3 because of the low statistics.

58

Figure 10: Upper limit at 99%CL for the equatorial dipole
amplitude as a function of energy. In red are the limits ob-
tained over the full energy range of the Auger Observatory.
Results from AGASA are shown in blue, from KASCADE
and KASCADE-Grande in magenta, EAS-TOP in orange
and ICE-CUBE in grey. Predictions from different mod-
els are displayed, labeled as A, S, Gal and C-G Xgal (see
text).([24]).

Constraints on the origin of CR from large scale anisotropy searches in PAO data
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Fig. 3: 99% C.L. upper limits on dipole and quadrupole amplitudes as a function of the energy. Some generic anisotropy expectations
from stationary galactic sources distributed in the disk are also shown, for various assumptions on the cosmic ray composition. The
fluctuations (RMS) of the amplitudes due to the stochastic nature of the turbulent component of the magnetic field are sampled from
different simulation data sets and are shown by the bands.

an isotropic distribution are indicated by the dotted line.
One can see, similarly to the results from the analysis in
[19], interesting hints for large scale anisotropies that will
be important to further scrutinize with independent data.
Figure 2 shows the corresponding reconstructed directions
in orthographic projection with the associated uncertainties,
as a function of the energy. Both angles are expected to be
randomly distributed in the case of independent samples
whose parent distribution is isotropic. It is thus interesting to
note that all reconstructed declinations are in the equatorial
southern hemisphere, and to note also the intriguing smooth
alignment of the phases in right ascension as a function
of the energy. In our previous report on first harmonic
analysis in right ascension [18], we already pointed out this
alignment, and stressed that such a consistency of phases in
adjacent energy intervals is expected with smaller number
of events than the detection of amplitudes standing-out
significantly above the background noise in the case of a
real underlying anisotropy. This motivated us to design a
prescription aimed at establishing at 99% C.L. whether this
consistency in phases is real, using the exact same analysis
as the one reported in [18]. See [19] for an update of this
analysis.

Upper bounds on the dipole and quadrupole amplitudes
have been obtained at the 99% C.L. The bounds on the
dipole amplitudes as a function of energy are shown in the
left panel of Figure 3 along with generic estimates of the
dipole amplitudes expected from stationary galactic sources
distributed in the disk considering two extreme cases of
single primaries: protons and iron nuclei. As an illustrative
case we consider the Bisymmetric Spiral Structure (BSS)
model with anti-symmetric halo with respect to the galactic
plane [20] and a turbulent field generated according to a
Kolmogorov power spectrum. Furthermore, assuming that
the angular distribution of cosmic rays is modulated by a
dipole and a quadrupole, the 99% C.L. upper bounds on the
quadrupole amplitude �+ that could result from fluctuations
of an isotropic distribution are shown in the right part of
Figure 3 together with expectations considering the same
astrophysical scenario described before. We will continue
monitoring the contribution from higher moments in the
flux.

While other magnetic field models, source distributions
and emission assumptions must be considered, the example
considered here illustrates the potential power of these

observational limits on the dipole anisotropy to exclude the
hypothesis that the light component of cosmic rays comes
from stationary sources densely distributed in the Galactic
disk and emitting in all directions.
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independent data set is however needed before the prescrip-342

tion can be closed and tested.343

It is interesting to note that despite the possible hints344

for CR anisotropy discussed above, any such anisotropy345

would be remarkably small (at the % level). The Auger346

collaboration is therefore able to place stringent limits on347

the equatorial dipole amplitude d� as shown on Fig. 10. In348

this figure, the prediction labeled A and S correspond to a349

model in which cosmic rays at 1 EeV are predominantly of350

galactic origin. They escape from the galaxy by diffusion351

and drift motion and this causes the predicted anisotropies.352

A and S stand for two different galactic magnetic field353

symmetries (antisymmetric and symmetric). In the model354

labeled Gal [51] a purely galactic origin is assumed for355

all cosmic rays up to the highest energies. In this case356

the anisotropy is caused by purely diffusive motion due357

to the turbulent component of the magnetic field. Some358

of these amplitudes are challenged by our current bounds. 359

The prediction labeled C-G Xgal is the expectation from 360

the Compton-Getting effect for extragalactic cosmic rays 361

due to the motion of our galaxy with respect to the frame 362

of extragalactic isotropy, assumed to be determined by the 363

cosmic microwave background. 364

The bounds reported here already exclude the particular 365

model with an antisymmetric halo magnetic field (A) above 366

energies of 0.25 EeV and the Gal model at few EeV energies, 367

and are starting to become sensitive to the predictions of 368

the model with a symmetric field. (see [24] and references 369

therein for more details). 370

We have also conducted searches for dipole and 371

quadrupole modulations reconstructed simultaneously in 372

declination and right ascension. The upper limits presented 373

in [25] are shown on Fig. 11. They are presented along with 374

generic estimates of the dipole amplitudes expected from 375

stationary galactic sources distributed in the disk consider- 376

ing two extreme cases of single primaries: protons and iron 377

nuclei. This figure illustrates the potential power of these 378

observational limits. 379

While other magnetic field models, source distributions 380

and emission assumptions must be considered, in this 381

particular examples we can exclude the hypothesis that 382

the light component of cosmic rays comes from stationary 383

sources densely distributed in the Galactic disk and emitting 384

in all directions. 385

6 Conclusions 386

The Auger observatory is producing measurements of the 387

UHECR properties over 4 orders of magnitude in energy 388

(from 0.01 Eev to above 100 EeV). A synthesis of those 389

measurements is presented on Fig. 12 where one can scruti- 390

nize the quality and coherence of those observations. 391

The astrophysical interpretation of that data is however 392

still delicate as most properties of the UHECR sources are 393

still unknown. When treating the sources distributions and 394

cosmological evolutions, their spectral indexes, their com- 395

positions and their maximum energies as free parameters 396

many different interpretations can lead to an acceptable re- 397

production of our Xmax spectrum data. Leaving alone the 398

fact that all sources need not to be equal ! Additionally, the 399

inclusion of our anisotropy results adds more complexity 400

but, there again, the unknowns on the Galactic and extra- 401

galactic magnetic fields and on the source distributions and 402

composition leave much space for speculations. 403

Nevertheless, taking at face value the current model con- 404

version of our Xmax data into masses and adding the infor- 405

mation of our spectrum measurement, one is lead to believe 406

that the cut-off region represents more a consequence of 407

the source maximal acceleration energy (of the order of 408

4 EeV for proton) than a propagation effect as expected 409

from the GZK scenario. However, taking into account the 410

remaining non-trivial correlation observed in our highest 411

energy events with the VCV catalog the presence of a sub- 412

dominant fraction (less than about 20%) of protons may 413

be expected in this region. The identification of this sub- 414

dominant fraction will require an excellent mass determi- 415

nation capability in this energy range. Something similar 416

to the current FD performances on the measurement of the 417

EAS longitudinal development but with a 100% duty cycle. 418

Note also that in such scenarios for the bulk of the comic 419

rays propagation effects are almost negligible and the mag- 420

netic deflections will be important. 421
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�(E) = �0 +�E arctan
�

log10 (E/EeV )�µ
⇤

⇥
(4)

To report the midterm status of the prescription, the phase
of the first harmonic is shown in Fig. 3. The top panel
shows the phase derived with data from January 1 2004 to
December 31 2010 for the larger array, that corresponds to
the analysis in [5] and from September 12 2007 to April
11 2011 for the infill. The bottom panel is derived with
data since June 25 2011 up to December 31, 2012. At this
stage, the values as derived from the analysis applied to the
infill array are still affected by large uncertainties. On the
other hand, the overall behavior of the points as derived
from the analysis applied to the regular array shows good
agreement with equation 4, using the same parameters as
the ones derived with data prior to 2011. The final result
of the prescription is expected for 2015, once the required
exposure is reached.

�E[EeV] mean noise
0.25 - 0.5 5 ⇥ 10�3

0.5 - 1 5 ⇥ 10�3

1 - 2 3.5 ⇥ 10�3

2 - 4 6.8 ⇥ 10�3

4 - 8 1.4 ⇥ 10�2

> 8 2.0 ⇥ 10�2

Table 2: Mean noise in each energy interval considered in
the analysis of the regular array. The analysis performed
in the two first energy bins uses the E-W method, which
explains why the mean noise is about two times larger than⇤

⇥/N.

4 Discussion and conclusions
We have searched for large scale patterns in the arrival di-
rections of events recorded at the Pierre Auger Observa-
tory. No statistically significant deviation from isotropy is
revealed within the systematic uncertainties. The probabil-
ities for the dipole amplitudes that are measured to arise
by chance from an isotropic flux are of about 0.03% in the
energy range from 1-2 EeV, 0.9% for 2-4 EeV and 0.1%
above 8 EeV.

These are interesting hints for large scale anisotropies
that will be important to further scrutinise with independent
data. In addition, the intriguing possibility of a smooth
transition from a common phase compatible with the right
ascension of the Galactic Center at energies below 1 EeV to
a phase around 100⇤ above 5 EeV will be specifically tested
through a prescribed test.
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Figure 1.4: Large scale anisotropy search: limits on the dipole anisotropy in the equatorial plane (left
panel) and the corresponding phase estimate [?,?]. The green points show the dipole amplitudes cor-
responding to the upper limits. The Auger limits are shown together with those of other experiments
(EAS-TOP [?], KASCADE [?], KASCADE-Grande, [?], AGASA [?]) and compared to anisotropy esti-
mates for galactic cosmic rays [?, ?, ?].

with that of the 750 m infill array [?]. The upper limits on the dipole amplitude and the phase
angle of the dipole are shown in Fig. 1.4 as function of energy. The probability of the mea-
sured amplitudes to arise by chance from isotropy is below 1% in some energy bins, both
below and above the energy at the ankle. The phase angle exhibits a change with energy. It
points near the Galactic center below 1018 eV, suggesting an origin in a galactic component. 85

And it points in the opposite direction at higher energy, possibly manifesting a signature of
the inhomogeneous distribution of nearby extragalactic matter. Given that the phase angle
is statistically more sensitive than the dipole amplitude [?], a test to determine the statistical
significance of the observed transition in the phase is being performed, and will run until
2015. 90

An update of the correlation study of ultra-high energy events with the directions of
nearby AGNs of the Véron-Cetty–Véron (VCV) catalog [?] is shown in Fig. 1.5. Excluding
the data that has been used for tuning the event selection criteria [?, ?], the data set up to
12/2012 contains 106 events, out of which 33 arrived from an direction of less than 3.1⇤ from
a nearby AGN (z < 0.018). Assuming an isotropic arrival direction distribution, this would 95

correspond to a fluctuation with a chance probability of 9⇥10�3. The number of events
correlating with AGNs is shown as function of the number of energy-ordered events with
E > 5⇥1019 eV. In the energy range between the threshold of the prescription, 5.5⇥1019 eV,
and about 7⇥1019 eV a higher-than average correlation rate is observed, which is the source
of the overall correlation of the data set for E > 5.5⇥1019 eV. 100

It is interesting to note that the TA Collaboration has recently reported indications for
correlations with AGNs of the VCV catalog and with the nearby matter distribution of com-
parable strength [?]. They found 17 out of 42 events being correlated with AGNs of the VCV
catalog using the Auger prescription parameters, corresponding to a chance probability of
1.4% [?]. 105

In this examples we exclude the hypothesis that the light !
component of cosmic rays comes from stationary sources densely!

distributed in the Galactic disk and emitting in all directions.!
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 ~30%  (e.g. : 80% x 0.21 + 20% x 0.7)

VCV CORRELATION 

�21

Time ordered Energy ordered

Consistent with a subdominant p fraction (<20%) at the highest energies

8 CHAPTER 1. SCIENTIFIC ACHIEVEMENTS AND GOALS

Figure 1.5: Energy-ordered presentation of the arrival direction correlation of high- energy showers
with AGNs of the Véron-Cetty–Véron catalog [?]. The number of correlating events is shown as a
function of the number of energy-ordered events above 5�1019 eV. The 1 and 2-sigma uncertainty
bands are given by the shaded regions. They have been calculated for events above the energy thresh-
old of 5.5�1019 eV according to the prescription of 2007 [?, ?]. The dashed vertical lines show energy
thresholds corresponding to the event numbers.

 (P
ro

to
n-

Pr
ot

on
)  

  [
m

b]
in

el
�

30

40

50

60

70

80

90

100

110

    [GeV]s
310 410 510

Auger 2012 (Glauber)
ATLAS 2011
CMS 2011
ALICE 2011
TOTEM 2011
UA5
CDF/E710

QGSJet01
QGSJetII.3
SIBYLL2.1
Epos1.99
PYTHIA 6.115
PHOJET

G.R. Farrar et al., Muon content of hybrid PAO CRs
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

 0

 10

 20

 30

 40

 50

 1  1.2  1.4  1.6  1.8  2

S 
[V

EM
]

sec(!)

Total
Pure Muon

Pure EM
EM from µ Decay
EM from Had. Jet
µ from Photprod.

Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where � is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, ⇥shwr, and the variance due
to limitations in reconstructing and simulating the shower,
⇥rec and ⇥sim. The total variance for event i and primary
type j, is ⇥2

i, j = ⇥2
rec,i +⇥2

sim,i, j +⇥2
shwr,i, j.

⇥shwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. ⇥shwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇥ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

⇥rec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; ⇥rec is typi-
cally 12% of Sresc. ⇥sim contains the uncertainty in Sresc due
to the uncertainty in Sµ and SEM from the S(1000)�wµ fit
and to the limited statistics from having only three simu-
lated events; ⇥sim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of ⇥i, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to ⇥i, j are present in this comparison
except for ⇥shwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where ⇥shwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and Rµ for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of ⇥shwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and Rµ are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE �Rµ plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit Rµ is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇥15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary
In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ⇥sim, ⇥rec and ⇥shwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.

54

Figure 1.6: Examples of measurements related to hadronic interactions. Proton- proton cross sec-
tion derived from the proton-air cross section measured with the Pierre Auger Observatory [?] (left
panel). The Auger result is shown together with collider measurements and model extrapolations.
Muon discrepancy [?] observed in showers of 1019 eV (right panel). Shown are the phenomenological
scaling factors, RE and Rµ for the primary energy and the hadronic (primarily muonic) component of
the shower that would be needed to bring a model calculation into agreement with Auger data, see
text.

1.1.5 Air shower and hadronic interaction physics

The depth of shower maximum is directly related to the depth of the first interaction of
the cosmic ray in the atmosphere [?]. Based on this correlation the proton-air cross section
has been measured at 57 TeV c.m.s. energy using hybrid data of the Auger Observatory [?].
Applying the Glauber approximation [?] this cross section can be converted to an equiva-110

lent (inelastic) proton-proton cross section, see Fig. 1.6 (left). The cross section is found to

Figure 5. The sky map of the TA events (white dots) with E > 57 EeV and the zenith angle cut z < 55� in the Galactic coordinates.
The bands of grey represent the expected UHECR flux assuming sources follow the matter distribution in the local Universe, smeared
with the angular scale of 6�.
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Figure 6. Left: The most likely value of the degree of correlation p
data

= k/N is plotted as a function of the total number of
time-ordered events (excluding those in period I) [54]. The 68%, 95% and 99.7% confidence level intervals around the most likely
value are shaded. The horizontal dashed line shows the isotropic value p

iso

= 0.21 and the full line the current estimate of the
signal p

data

= 0.33 ± 0.05. The black symbols show the correlation fraction in independent bins with 10 consecutive events. Right:
Number of correlating events from TA (red crosses) [53] as a function of the total number of events. The black line shows the
expected number of random coincidences assuming a uniform background. The latest data correspond to 17 correlating events out
of 42. The shaded area shows the expectation (1- and 2� bands) based on the degree of correlation measured by Auger [54].

E > 57 EeV at similar angular scales [53] in the direction about 20� from the Supergalactic plane, with no evident
astrophysical structures in the closer vicinity. The corresponding sky map is shown in Fig. 5. The statistical
significance of this “hot spot” has not been reported.

4.4. Search for point sources

If the UHECR composition is light and the deflections are dominated by the Galactic magnetic fields, or if the
primary particles are neutral, one might expect that at the highest energies arrival directions of UHECR events
roughly point back to their sources. Because of the GZK cuto↵, the UHECR propagation distance of trans-GZK
events, i.e. events exceeding the GZK-threshold, is limited to 50-100 Mpc. The number of potential sources of
UHECR in this volume is limited, and one may expect directional correlations between the position of candidate
sources and the CR event directions. This kind of analysis is complementary to the one described above in the
sense that it is optimized for the situation when none of the sources is su�ciently bright to produce a significant
hot spot (cf. the discussion above).

The Auger collaboration has studied the correlation of the highest energy events above 55 EeV with the nearby
Active Galactic Nuclei (AGNs) from the Véron-Cetty and Véron catalog (VCV) [55]. The parameters of the
correlation (the energy threshold at 55 EeV, the maximum distance in the catalog of 75 Mpc and the maximum
opening angle of 3.1�) were fixed from the exploratory scans in the independent data set [56,57]. The latest results
of this study [54] is presented in Fig. 6 (left) which shows the most likely fraction of correlating events plotted as
a function of the total number of events, together with the 1, 2, 3 � � bands which allow one to see how far the
observed number of correlated events deviates from the expectation assuming an isotropic background. One can
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AUGER PROVIDES A WEALTH OF HIGH QUALITY DATA!

WE OBSERVE A COHERENT BEHAVIOR OF OBSERVABLES

SUMMARY
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WHERE TO GO FROM 
HERE ?

�23



Antoine Letessier Selvon (CNRS/UPMC) �24

Run Auger until 2023 (+10 years) with a detector upgrade that allows us to do mass composition analysis on 
an event by event basis

Elucidate the origin of the cut-off!
this will allow for reliable estimates of neutrino and gamma fluxes

Search for a proton contribution in the cut-off!
with a sensitivity to a fraction of 10% of proton

Prospect for proton astronomy with future detectors will be determined

Study of extensive air showers and hadronic multi-particle production!
Includes search for new physics

Search for cosmogenic photons

Elucidate the origin of the Ankle
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RADIO DETECTION
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Huege (661), Schröder (899), 
Gaïor (883)

124 stations, 6 km2

61 stations, 100 km2

AERA
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• Impact sur les 
recherches de photons/
neutrinos

Perspectives

• Abaissement du seuil de saturation de l’efficacité

• Accélération des détections d’anisotropies (~par "5~2), 
et possibilité d’explorer des énergies plus basses  

• Augmentation de la multiplicité à UHE

36



Auger Layered
Surface Detector

LSD

Principle & design 
Distribution of the Cherenkov photons 
production point in a 1.2 m height and 1.6 
m radius WCD. From left to right the 
contribution from the photons, e+e− and 
muon component of a 30 EeV EAS with 
45o zenith angle is shown.	

LSD design side, top and 3D view.
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Simple - Universal - Robust
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