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E [eV]

1810 1910 2010

]2
 [g

/c
m

〉
m

ax
X〈

650

700

750

800

850 proton

iron

 EPOS-LHC
 QGSJetII-04
 Sibyll2.1

Auger 2013 preliminary

3864

3520
2952

2498
2043

1486
1175

857
606

438
334

249
177

132
96

67
43

39

E [eV]

1810 1910 2010

]2
) [

g/
cm

m
ax

(Xσ

0

10

20

30

40

50

60

70 proton

iron

Auger 2013 preliminary

Figure 1.3: Depth of shower maximum, Xmax, as measured with the Pierre Auger Observatory [47].
The left panel shows the mean Xmax, and the variance due to shower-to-shower fluctuations is given
in the right panel after correcting for the reconstruction resolution. The numbers indicate the num-
ber of showers per energy bin. The data are compared to model predictions for proton and iron
primaries [48–51].

depth, and rise-time asymmetry of the shower disk at ground [52]. Out of those observables,
the Xmax measurement using fluorescence telescopes is currently the one with smallest sys-60

tematic uncertainties and the most direct link to the mass distribution of the primary par-
ticles [53, 54]. The mean depth of shower maximum and the fluctuations measured by the
shower-to-shower variation of Xmax are shown in Fig. 1.3 together with model predictions.
The data of the fluorescence telescopes cover energies up to ⇠1019.5 eV with good statistics.
The last data point contains all events with E > 3⇥1019 eV.65

Up to about 3⇥1018 eV the composition appears to be predominantly light. Above this
energy the elongation rate changes, indicating a transition to heavier elements. This in-
terpretation is supported by the decreasing fluctuations. The trend in composition is also
confirmed by the other aforementioned composition-sensitive measurements [52]. If in-
terpreted with current interaction models, the size of the fluctuations relative to the mean70

Xmax implies a very small dispersion in the masses of the primary particles contributing at
a given energy [54]. Alternatively, these observations could be interpreted as an unexpected
change of the properties of hadronic interactions, most likely involving new particle physics,
see [55–57].

1.1.4 Arrival direction distribution75

The arrival direction distribution is one of the key observables to search for the transition
from galactic to extragalactic cosmic rays and for sources or source regions of UHECRs.

The Rayleigh [66] and differential East- West [67] methods have been applied to the
Auger data set to analyze the dipole anisotropy in the equatorial plane [9]. The full-acceptance
threshold of the 1500 m-array, having the highest exposure of all detectors of the Auger Ob-80

servatory, is in the energy range of the ankle. Therefore it is crucial to combine this data
set with that of the 750 m infill array [58]. 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 measured amplitudes to arise by chance from isotropy is below 1% in some energy
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•Elucidate the origin of 
the flux suppression and 
the mass composition at 
the highest energies

•Sensitivity to 10% 
proton flux contribution

•Understand hadronic 
interactions above 60 
TeV and constrain new 
physics phenomena

The Pierre Auger Observatory - Beyond 2015
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Figure 1.3: Depth of shower maximum, Xmax, as measured with the Pierre Auger Observatory [47].
The left panel shows the mean Xmax, and the variance due to shower-to-shower fluctuations is given
in the right panel after correcting for the reconstruction resolution. The numbers indicate the num-
ber of showers per energy bin. The data are compared to model predictions for proton and iron
primaries [48–51].

depth, and rise-time asymmetry of the shower disk at ground [52]. Out of those observables,
the Xmax measurement using fluorescence telescopes is currently the one with smallest sys-60

tematic uncertainties and the most direct link to the mass distribution of the primary par-
ticles [53, 54]. The mean depth of shower maximum and the fluctuations measured by the
shower-to-shower variation of Xmax are shown in Fig. 1.3 together with model predictions.
The data of the fluorescence telescopes cover energies up to ⇠1019.5 eV with good statistics.
The last data point contains all events with E > 3⇥1019 eV.65

Up to about 3⇥1018 eV the composition appears to be predominantly light. Above this
energy the elongation rate changes, indicating a transition to heavier elements. This in-
terpretation is supported by the decreasing fluctuations. The trend in composition is also
confirmed by the other aforementioned composition-sensitive measurements [52]. If in-
terpreted with current interaction models, the size of the fluctuations relative to the mean70

Xmax implies a very small dispersion in the masses of the primary particles contributing at
a given energy [54]. Alternatively, these observations could be interpreted as an unexpected
change of the properties of hadronic interactions, most likely involving new particle physics,
see [55–57].

1.1.4 Arrival direction distribution75

The arrival direction distribution is one of the key observables to search for the transition
from galactic to extragalactic cosmic rays and for sources or source regions of UHECRs.

The Rayleigh [66] and differential East- West [67] methods have been applied to the
Auger data set to analyze the dipole anisotropy in the equatorial plane [9]. The full-acceptance
threshold of the 1500 m-array, having the highest exposure of all detectors of the Auger Ob-80

servatory, is in the energy range of the ankle. Therefore it is crucial to combine this data
set with that of the 750 m infill array [58]. 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 measured amplitudes to arise by chance from isotropy is below 1% in some energy
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ray flux at energies above 5.5⇥1019 eV has been established unambiguously [1, 2]. Secondly,
due to the Auger limits on photon [3–5] and neutrino [6–8] fluxes at ultra-high energy it is
now clear that unusual “top-down” source processes such as the decay of super-heavy parti-
cles cannot account for a significant part to the observed particle flux. Thirdly, the anisotropy10

of the particle arrival directions is surprisingly small in the energy region of the ankle [9]. Fi-
nally, there are indications for an anisotropic distribution of the arrival directions of particles
with energies greater than 5.5⇥1019 eV [10–13]. In addition it has been demonstrated that the
Auger data can be used for particle physics studies. Examples are the measurement of the
proton- air and correspondingly proton-proton cross sections at 57 TeV c.m.s. energy [14]15

and the finding that current shower simulations fail to describe the relation between the lon-
gitudinal shower profile and the lateral particle densities at ground [15]. In the following
we will briefly review these key observations. If not further specified, the results refer to
analyses of data taken with the Pierre Auger Observatory until the end of 2012.

1.1.1 All-particle flux20
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Figure 1.1: All-particle flux measured with the Auger Observatory [16]. Left panel: The Auger data
are shown with an empirical fit. In addition the number of events is given for each energy bin. Right
panel: The energy spectrum is compared to predictions for the ideal scenario of homogeneously
distributed sources injecting either only proton or iron primaries, see text. The model lines have been
calculated using CRPropa [17, 18] and validated with SimProp [19].

The all-particle spectrum of the Auger Observatory [16] is shown in Fig. 1.1 and compared
to two model calculations. The energy spectrum was obtained by combining the individual
energy spectra derived from the array with 1500 m spacing, the infill array of 750 m station
separation, and the hybrid data set. Both showers with zenith angles up to 60� and inclined
showers (q > 60�) have been used from the 1500 m array. The statistics at high energy is25

dominated by the surface detector array having reached, after quality cuts, an exposure of
about 32000 km2 sr yr by the end of 2012. The suppression of the flux at energies higher than
⇠5⇥1019 eV is established beyond any doubt. The low-energy part of the spectrum is driven
by data of the later built infill array with an exposure of 80 km2 sr yr. There are 4 events
above 1020 eV in this spectrum. The energy scale of the spectrum has an overall uncertainty30

of 14% [20].
The data are compared to two limiting model scenarios, namely continuously distributed

Measurements up to 2023 with 
upgraded detectors!



2.1. MASS COMPOSITION AND ANISOTROPY 17

showers [97, 100–102]. The concept can be extended to hadronic showers as well by intro-
ducing one additional parameter, the muon scale Nµ [96, 98, 103, 104]. The result is a model 335

that describes showers initiated by protons, nuclei up to iron as well as photon showers
using only three parameters: E, Xmax and Nµ. Based on the signal and timing information
in individual SD stations we have encouraging results on event-by-event determination of
the primary mass exploiting shower universality features to decompose the relative abun-
dances of shower components, e.g. the muon content. Nevertheless, these results are based 340

on Monte Carlo parameterizations only which eventuate in large systematic uncertainties
and call for a significant step forward in a direct measurement of individual components of
air-shower events.
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Figure 2.2: The 1-s contour of the number of muons at maximum of the muon shower development,
log10 Nµ

max, vs the depth of shower maximum, Xmax, for fixed energies, E = 1019 eV (left) and E =
5⇥1019 eV (right), and fixed zenith angle, q = 38�, is shown.

Figure 2.3: Number of muons at maximum of the muon shower development, log10 Nµ (left) and
depth of shower maximum, Xmax, for fixed energy, E = 1019 eV, and fixed zenith angle q = 38�, are
shown (EPOS-LHC as generator for hadronic interactions).

Already now one can use universality features of air showers to obtain an efficient para-
metrization of the electromagnetic shower component [98]. A fit of parametrized shower 345

components to the time traces of the surface detector signals of a high-energy shower yields

3

The importance of determining the muonic shower 
component

E=1019 eV, zenith angle θ=38º

New muonic variables are needed for disentangling mass 
composition scenarios from hadronic models!

1-sigma contours

<Nμ> and 
RMS, 

Xμmax, ...

However at fixed 
energy! Energy 

resolution ∼15% ...



RPCs under the tanks 

The concept  

PMT µ e
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• independent and precise 
measurements of Nµ (mean 
and  RMS) and E 

• Muon Transversal (LDF) and 
Longitudinal (Xµ

max) profiles 

• Control of Systematics 
(cross-calibrations)  

Add a second independent µ sensitive detector 
with good space and time resolution 
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The concept of MARTA
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The concept of MARTA
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• independent and precise 
measurements of Nµ (mean 
and  RMS) and E 

• Muon Transversal (LDF) and 
Longitudinal (Xµ

max) profiles 

• Control of Systematics 
(cross-calibrations)  

Add a second independent µ sensitive detector 
with good space and time resolution 

Absorption of the electromagnetic component in the tank, assessing 
the muonic component by digital counting of hits in the RPCs
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Baseline configuration  

800 stations covering an 
area of around 2800 km2: 

– 71 stations with 750 m 
spacing (27 km2 ) 

–380 stations with 1500 m 
spacing (750 km2 ) 

~350 stations with 2600 m 
spacing (2000 km2 ) 

  
       

6

4 

Baseline configuration  

800 stations covering an 
area of around 2800 km2: 

– 71 stations with 750 m 
spacing (27 km2 ) 

–380 stations with 1500 m 
spacing (750 km2 ) 

~350 stations with 2600 m 
spacing (2000 km2 ) 

Baseline configuration 

Precast + 4 RPC modules below each tank
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Baseline configuration  

800 stations covering an 
area of around 2800 km2: 

– 71 stations with 750 m 
spacing (27 km2 ) 

–380 stations with 1500 m 
spacing (750 km2 ) 

~350 stations with 2600 m 
spacing (2000 km2 ) 

MARTA in the Auger map

800 stations covering an area 
of around 2800 km2:

•71 stations with 750 m 
spacing (27 km2)

•380 stations with 1500 m 
spacing (750 km2)

•350 stations with 2600 m 
spacing (2000 km2)
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Segmentation

g/cm2
256 segments per MARTA station!

Segmentation allows for:

• digital muon counting (with 
high time resolution) 

• definition of fiducial areas (with 
reduced e.m bkg) 

• Definition of control regions 
(with increased e.m. bkg) 

• Powerful methods of calibration 
and cross-calibration

5 

Segmentation 

fiducial area  

Segmentation allows for: 

• digital muon counting (with high 
time resolution) 

• definition of fidutial areas (with 
reduced e.m bkg) 

• Definition of control regions (with 
increased e.m. bkg) 

• Powerful methods of calibration and 
cross-calibration 

• the “dreams” of future PhD students! 

The amount of material crossed can be 
accurately computed for each pad and each 
shower geometry  
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Segmentation 

fiducial area  

Segmentation allows for: 

• digital muon counting (with high 
time resolution) 

• definition of fiducial areas (with 
reduced e.m bkg) 

• Definition of control regions (with 
increased e.m. bkg) 

• Powerful methods of calibration and 
cross-calibration 

• Assess the EAS muon low energy 
spectrum 

The amount of material crossed can be 
accurately computed for each pad and each 
shower geometry  

ϴ  =  400 

The amount of material crossed can be accurately 
computed for each pad and each shower geometry
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NMARTAF(i) 
Number of hits in the fiducial area of the RPCs of the station i 

For  500m < r < 2000m :  
~20% e.m signal (as foreseen) 

  

E = 1019 eV 

E = 1019.8 eV 
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 ϴ  =  380 

Resolutions between 10% and 25% 

8

Expected performance

Station level: digitally 
counting the number of 

muons Resolutions between 10% and 25%

For 500m < r < 2000m :
~20% e.m signal (as foreseen)
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MARTA ultimate saturation   

Saturation with analogic mode for E= 1019.5 eV θ=40º , Rsat=100 -150 m     

Physics near the Core! 

E = 1019.5 eV 

ϴ  =  400 

Proton QGSJETII 

Nb particles in 
the fiducial area 

100 m 
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MARTA ultimate saturation   

Saturation with analogic mode for E= 1019.5 eV θ=40º , Rsat=100 -150 m     

Physics near the Core! 

E = 1019.5 eV 

ϴ  =  400 

Proton QGSJETII 

Nb particles in 
the fiducial area 

100 m 

9

MARTA ultimate saturation:
analogic mode for first 100 ns
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Calibration with atmospheric muons 

It is possible to follow the  number of 
hits in each pad (ε and flux variations) 
at 1% level every 30 m  

Particles per pad per min  Tank signal  

The usual tank calibration can be 
improved requiring a coincidence with 
the MARTA RPCs 

Assess the EAS muon low 
energy spectrum 

Use a MPD like algorithm to reconstruct 
shower muon trajectories in the tank 
thanks to a fine segmentation Tank 

RPC   

 μ 

Sim Rec 

26 
Muon energy spectrum (< 1 GeV) 

10

Calibration, cross-calibration and assessing the EAS 
muon low energy spectrum

         

Assess the EAS muon low 
energy spectrum 

Use a MPD like algorithm to reconstruct 
shower muon trajectories in the tank 
thanks to a fine segmentation Tank 

RPC   

 μ 

Sim Rec 

26 
Muon energy spectrum (< 1 GeV) 
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E=1019.8 
ϴ=380      

r >700 m 

MARTA 
MPD 

Geometrical reconstruction 
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The MARTA Muon 
Production Depth 

(MPD) for determining 
Xμmax

Xμmax
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Combined Marta/tank  LDFs 

Sµ1000 and Sem1000 

Event  by  event  (β  fixed) 

Preliminary resolutions of the order 15% both for Sµ1000 and Sem1000 

  

1019.8 eV 

1019. eV 

All RPC 

Tank 

RPC Fid 

Time information not yet used 
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Combined Marta/tank  LDFs 
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RPC Fid 

Time information not yet used 
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Combined MARTA and Tank
Lateral Distribution Functions (LDFs)
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Marta LDFs 

Mean over 300 events 

Two parameters : normalization (S1000)  ;;  Shape  (β) 

One event 
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ρMF1000 vs βMF1000  

βmean may be a powerful 
variable to assess the beam 
composition  

Mean LDF (ρ  and β  free!) 

Can we disproof the composition scenario 
suggested by our XMAX data? 

MARTA LDFs

Normalization ρ1000 and shape β parameters of the muon 
LDFs: additional for assessing the beam composition!
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MARTA @ Malargue
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Events taken asking coincidence of scintillators: 

MARTA@ Malargue 
RPC 
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Scint 
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Acquisition with trigger from tank running! 

Toy Monte-Carlo Data - preliminary 
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RPC telescope in test tank
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Status current design: 
The Precast 

• Engineer design composed of 7 pieces 

• Easy to manufacture 

• Can be deployed using small crane 

• First Precast unit already deployed! 

15

Next steps:
•Continue with data taking and analysis 
•Install 2 more MARTA stations to measure muon LDFs
•Move to integrated electronics

MARTA @ Malargue Precast + RPC modules 
installed on the field

MARROC 3



Thanks for your attention!
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•Increase the sensitivity to primary photons!

2.2. PHYSICS OF AIR SHOWERS AND HADRONIC INTERACTIONS 19

2.2 Physics of air showers and hadronic interactions

Having direct muon information will also greatly enhance our capabilities of studying had- 375

ronic interactions. In particular the shower-by-shower correlation of the depth of shower
maximum with the number of muons at ground has proven to be a very powerful observ-
able to distinguish different exotic or conventional interaction scenarios [57]. This can be
understood by realizing that the depth of shower maximum is mainly determined by the
secondary particles of high energy produced in the first few interactions of the cascade. In 380

contrast, muons are produced only if pions decay, which is only the case at low energy.
A simulation study for different modifications of hadronic interaction models is shown in
Fig. 2.4. Already the comparison of the mean depth of shower maximum with the mean
muon number provides strong constraints on the interaction model. The simulations also
demonstrate how different scenarios of modified hadronic interactions can be distinguished 385

if the event-by-event correlation of Nµ and Xmax can be measured. For details see [57, 95].
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Figure 2.5: Expected limits on the flux of photons and neutrinos assuming no signal shower is iden-
tified. The calculation is based on the assumption of being able to reject hadronic background events
in the data set taken after 2016.

2.3 Upper limits on photon and neutrino fluxes

The photon and neutrino limits will improve relative to the current ones for several reasons

• The statistics of the events available for determining the limits will triple relative to the
data collected by end of 2012, on which our current limits are based. 390

• In 2013 two new trigger algorithms (ToTd and MoPS) have been added to the local
station software of the SD to lower the trigger threshold. As a result there will be
more stations contributing to the typical shower footprint, improving the reconstruc-
tion and, for example, photon/hadron separation. New station electronics, as foreseen
for the upgrade (see Sec. 3.2), will allow us to improve the triggering algorithms fur- 395

ther.

• Already now the photon limits are no longer background free. Improved muon dis-
crimination will help to reduce the background due to hadronic events in our photon
candidate sample or to identify photons and neutrinos.
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B.5.3 Performance

Prototype test results and MARTA unit performance 1720

Four RPC engineering prototypes have been produced and tested at LIP Coimbra. Efficiency
maps have shown a good uniformity and efficiencies well above 90%. Tests with small scale
prototypes point to a flow lower than 1 kg/year of tetrafluorethane, indicating that low gas
flow operation is feasible. Efficiency measurements at low gas flux in flux scale prototypes
are ongoing in Coimbra and will allow for a more consistent estimate of the gas consumption 1725

in large chambers. Measurements show that the background current is very well correlated
with temperature, as expected. Preliminary thermal simulations show that daily variations
are effectively quenched by the thermal inertia of the system16. Remote adjustment of the
high voltage should be enough to compensate for seasonal variations of the response due to
temperature change, ensuring a high stability of the RPC performance. 1730

The baseline design of MARTA allows the measurement of muons with a position resolu-
tion of 15-20 cm (driven by the pad size), a time resolution of 5 ns (driven by the electronics
and the GPS) and a very high efficiency. To assess the performance of MARTA, a GEANT4
based simulation of the RPC unit has been developed and included in the Auger Offline
software. With the digital read-out only, the number of muons in each station can be directly 1735

measured down to about 400 m from the core and pile up corrections allow to recover down
to 200 m from the core (for 1019.5 eV at 40� zenith angle). With the analog read-out (charge
integration in about 100 ns for each pad) each station will accurately measure from 1 to at
least 10000 muons per detector unit with no saturation. Punch through estimations yield
30% (15%) at 500 m (1200 m) from the core and 40� zenith angle. 1740

MARTA array performance and the Auger upgrade physics objectives

Figures B.17 and B.18 summarise some key aspects of the MARTA array performance.
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Figure B.17: (Left) Resolution on the number of muons as a function of the energy for different spacings of the
array units; (Right) Number of events as a function of the energy - the total expected number of events and the
individual contributions from the regions of the array with different spacings are shown.

The resolution on the number of muons Nµ in the shower at ground (integrated from 500 to
2000 m) as a function of the energy is shown (left) for the different spacings of the array units.

16 Thermal simulation of MARTA, GAP-2013-015.
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2.1. MASS COMPOSITION AND ANISOTROPY 17

showers [97, 100–102]. The concept can be extended to hadronic showers as well by intro-
ducing one additional parameter, the muon scale Nµ [96, 98, 103, 104]. The result is a model 335

that describes showers initiated by protons, nuclei up to iron as well as photon showers
using only three parameters: E, Xmax and Nµ. Based on the signal and timing information
in individual SD stations we have encouraging results on event-by-event determination of
the primary mass exploiting shower universality features to decompose the relative abun-
dances of shower components, e.g. the muon content. Nevertheless, these results are based 340

on Monte Carlo parameterizations only which eventuate in large systematic uncertainties
and call for a significant step forward in a direct measurement of individual components of
air-shower events.
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Figure 2.2: The 1-s contour of the number of muons at maximum of the muon shower development,
log10 Nµ

max, vs the depth of shower maximum, Xmax, for fixed energies, E = 1019 eV (left) and E =
5⇥1019 eV (right), and fixed zenith angle, q = 38�, is shown.
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Figure 2.3: Number of muons at maximum of the muon shower development, log10 Nµ (left) and
depth of shower maximum, Xmax, for fixed energy, E = 1019 eV, and fixed zenith angle q = 38�, are
shown (EPOS-LHC as generator for hadronic interactions).

Already now one can use universality features of air showers to obtain an efficient para-
metrization of the electromagnetic shower component [98]. A fit of parametrized shower 345

components to the time traces of the surface detector signals of a high-energy shower yields

EPOS-LHC


