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Key results of the Auger Observatory

1. Very strong flux suppression

2. Top-down scenarios ruled out

3. Challenging level of isotropy 
    (but ~7% dipole at E > 8x1018 eV)

(see Auger contributions to ICRC2015, arXiv:1509.03732)
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Figure 2.5: Large scale anisotropy search. Left: 99% limits on the dipole anisotropy in the equatorial
plane for the collected statistics until end of 2014 (dashed line) and values of the dipole amplitude
d?. Right: estimated phase angles. The red points of the equatorial phase are from the analysis of the
750 m array. The data shown is an update of the analyses [15, 88], to be published at ICRC 2015.
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Figure 2.6: Regions of over-density observed after ⇠20�-smearing of the arrival directions of particles
with E > 5.5⇥1019 eV. The results from the northern hemisphere are from the TA Collaboration [91].

want to mention the 15� region of over-density observed around the direction of Centau-
rus A [21]. Although not being a statistically significant excess beyond 3s, it is interesting
to note that the TA Collaboration has recently reported a “hot spot” of similar intermediate
angular scale [91], see Fig. 2.6.

2.1.5 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 [92]. 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 [24]. Ap-
plying the Glauber approximation [93] this cross section can be converted to an equivalent
(inelastic) proton-proton cross section, see Fig. 2.7. The cross section is found to be consis-
tent with model extrapolations that describe the LHC data, which were becoming available
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Combined spectrum

Flux normalisations: SD-1500 m vertical: 5.7%; SD-1500 m inclined: -0.1%; SD-750 m: 1.8%; Hybrid: -5.8%  
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4. Unexpected mass composition or change  
    of hadronic interactions for E > 1018.5 eV

5. Air showers have surprisingly high number 
    of muons (not yet understood)



New questions and puzzles

1. Origin of flux suppression (GZK energy loss vs. maximum injection energy) 
2. Proton contribution at highest energies (E > 6x1019 eV), particle astronomy? 
3. New particle physics beyond the reach of LHC?

Interpretation: model scenario without GZK effect preferred, many alternative scenarios considered  
(neutron stars, photo-disintegration in sources, negative source evolution…)
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Auger Collab: maximum rigidity scenario

(Di Matteo, Auger, 
 ICRC 2015)

Xmax measurements above 1017 eV Alessio Porcelli

Figure 4: The mean (left) and standard deviation (right) of measured Xmax distributions of the two indepen-
dent datasets: HeCo (blue circles) and the standard FD (red squares).

Figure 5: The mean (left) and the standard deviation (right) of the measured Xmax distributions (combining
HeCo and standard datasets) as a function of energy compared to air-shower simulations for proton and iron
primaries.

2.4 Results and Interpretation

In Figure 4 the Xmax moments estimated using HeCo and the standard FD datasets are com-
pared. While hXmaxi differs by ⇠ 7 g cm�2 between datasets (within the uncorrelated systematics
of the two analyses), the second moments s(Xmax) are found to be in a good agreement. For the
combination of the datasets the HeCO hXmaxi is shifted by +7 g cm�2 and the resulting hXmaxi and
s(Xmax) are shown in Figure 5.

Between 1017.0 and 1018.3 eV hXmaxi increases by around 85 g cm�2 per decade of energy
(Figure 5, left). This value, being larger than the one expected for a constant mass composition
(⇠ 60 g cm�2/decade), indicates that the mean primary mass is getting lighter. Around ⇡ 1018.3 eV
the observed rate of change of hXmaxi becomes significantly smaller (⇠ 26 g cm�2/decade) indi-
cating that the composition is becoming heavier. The fluctuations of Xmax (Figure 5, right) start to
decrease at around the same energy ⇡ 1018.3 eV.

The mean value of lnA and its variance s

2(lnA), determined from Equations (1.1) and (1.2),

45



Auger Upgrade: composition sensitivity at E > 6x1019 eV
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Cherenkov light in water 

Scintillator (3.8 m2)

Complementarity of particle response used  
to discriminate em. and muonic components

100% duty cycle

Scintillation detector (SSD)

water-Cherenkov detector (WCD)

Sµ,WCD = aSWCD + bSSSD

Sem,WCD = cSWCD + d SSSD

(AugerPrime design report 1604.03637)



Matrix-based muon reconstruction
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Figure 3.10: Reconstruction bias (solid symbols) and resolution (open symbols) of the muonic signal
contribution for individual detector stations. The results for proton and iron showers are shown in
red and blue, respectively. The number of detector stations analyzed for the different lateral distance
intervals is also given.

pected that the resolution can be improved for large lateral distances by using the constraint
that the detector signal is dominated there by muons.

In the following we will use constant values for d and g. Including the dependence of
the coefficients on lateral distance and zenith angle, even if it is small, will help to improve
the results and is foreseen once enough data is available to characterize the SSD response to
the electromagnetic and muonic shower particles in more detail.

3.5.1 Event-based observables and merit factors

It is convenient to parameterize the discrimination power between the primary particles i
and j in terms of the merit factor, defined as

fMF =
|hSii � hSji|q
s(Si)2 + s(Sj)2

. (3.1)

Merit factors of 1.5 or higher allow a comfortable separation of the respective elements.

Single station estimate

The simplest, but at the same time least powerful method for distinguishing different pri-
maries is the use of the muon density measured in individual detectors in a given lateral dis-
tance range. Due to the limited resolution of the matrix inversion method the corresponding
merit factors for distinguishing between proton and iron primaries are only about 0.9 for
stations at a lateral distance of 800 m from the core and shower energies E > 1019.5 eV.

Muon lateral distribution

Fitting first a lateral distribution function (LDF) to the signals of the scintillator detectors in
an event allows the estimate of the muon density at a given distance with very much reduced

Sµ,WCD = aSWCD + bSSSD

(i) Single station analysis (ii) Lateral distribution analysis
3.5. PRIMARY PARTICLE IDENTIFICATION WITH SURFACE DETECTOR 41

Figure 3.11: Left: Simulated showers for deriving the mean lateral distribution of the scintillator
detectors. Right: Example of the LDFs of one iron shower using the shape parameters derived before.
Both the results for the WCD and the SSD are shown. The horizontal dashed line indicates the single
station trigger threshold and the vertical line the range up to which stations are used in the LDF fit.

statistical uncertainty. In the following we have used simulated showers (50% proton and
iron primaries) to first derive a parameterization of the LDF for the SSD. The slope of this
parameterization,

LDF(r) = C
⇣ r

800 m

⌘b
✓

r + 700 m
800 m + 700 m

◆g

, (3.2)

is kept fixed in the subsequent analysis of another, independent set of Monte Carlo gener-
ated showers. Only the normalization is fitted on an event-by-event basis. The showers were
selected from a sample simulated with a continuous energy distribution and the energy de-
rived from S(1000) using the standard energy conversion of the Auger Observatory. The
Monte Carlo data for deriving the LDF for SSD and its application to one example event are
shown in Fig. 3.11.

The matrix inversion algorithm is then applied to the LDF values for the WCD and SSD
to calculate the muonic signal expected in a water-Cherenkov detector at 800 m core distance,
Sµ(800). A reconstruction resolution of the muonic signal of, for example,

s[Sµ(800)]

hSµ(800)i

����
proton

⇡ 22% and
s[Sµ(800)]

hSµ(800)i

����
iron

⇡ 14% (3.3)

is reached at E ⇡ 1019.8 eV and q = 38�. Using Sµ(800) as composition estimator, the ob-
tained merit factors for distinguishing between proton and iron primaries are above 1.5 at
high shower energies (E > 1019.5 eV) and small zenith angles.

Universality and multivariate analyses

A universality-based analysis, or a sophisticated multivariate analysis, allows one to corre-
late the detector signals at different lateral distances and also takes advantage of the arrival
time (shower front curvature) and temporal structure of the signal measured in the detec-
tors. At this stage we are only at the beginning of developing a reconstruction using all these
observables. Nevertheless, some results are given in the following, but it should be kept in

Figure of merit

s[Sµ(800)]

hSµ(800)i

����
proton

⇡ 22%

s[Sµ(800)]

hSµ(800)i

����
iron

⇡ 14%

Resolution at 1019.8 eV

fp,Fe =
|hSFei�hSpi|p
s(SFe)2 +s(Sp)2

⇠ 1.5

Model-independent: average muon number

(AugerPrime design report 1604.03637)



Universality-based event reconstruction w/o FD data
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(F. Schmidt et al., Astropart. Phys. 29, 2008;  
Ave et al. ICRC2011 #1025, Roth et al. ICRC 2015)
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Figure 3.5: Xµ
max distribution reconstructed at 10 EeV for proton and iron showers simulated with

EPOS-LHC and QGSJetII-04 (left), and Xmax-Xµ
max correlation obtained using SSD reconstructed val-

ues of Xµ
max (right). Some small systematics can be seen for low Xmax (corresponding to lower energy

EAS).
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Figure 3.6: Left panel: The reconstructed Xmax compared with the true Xmax as a function of energy.
Error bars represent the RMS of the distributions. Right panel: The reconstructed Nµ compared with
the true Nµ as a function of energy. Error bars represent the RMS of the distributions. The resolutions
are obtained from parameterizations and interpolations of EPOS-LHC simulations at fixed energies
and zenith angles and are shown for events up to 60�.

Once the Xµ
max-Xmax relationship is determined from the calibration described in the pre-

vious section, the remaining composition sensitive parameters to fit are just Xmax and Nµ.
In order to properly determine the resolution of the SSD, the Monte Carlo simulations were
treated as real data, and the Xµ

max-Xmax relationship determined with reconstructed values.
The events were then reconstructed again using this calibration and the resolution on Xmax
and Nµ, and systematic biases, were derived. Figure 3.6 shows both resolution and bias for
both variables as a function of composition and energy. Biases are small, below 15 g/cm2 for
Xmax and 5% for Nµ, and the resolution is about 40 g/cm2 at 10 EeV, down to 25 g/cm2 at
100 EeV for Xmax, and 15% at 10 EeV down to 8% at 100 EeV for Nµ. Of interest is also the
energy resolution for the reconstruction of around 10% at 10 EeV down to 7% at 100 EeV.
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Table 3.3: Fisher discriminant merit factor f F
MF for fixed energy simulations. In addition, merit factors

f Rec
MF are shown after accounting for the degradation due to the resolution of the energy reconstruc-

tion.

Model Energy Composition Zenith angle f F
MF f Rec

MF

QGSJetII-04 10 EeV Proton-Iron All 1.49 1.31
QGSJetII-04 10 EeV Proton-Helium All 0.47 0.34
QGSJetII-04 10 EeV Nitrogen-Iron All 0.6 0.46

QGSJetII-04 63 EeV Proton-Iron All 1.86 1.59
QGSJetII-04 63 EeV Proton-Helium All 0.46 0.38
QGSJetII-04 63 EeV Nitrogen-Iron All 0.94 0.66

EPOS-LHC 10 EeV Proton-Iron All 1.59 1.35
EPOS-LHC 10 EeV Proton-Helium All 0.4 0.29
EPOS-LHC 10 EeV Nitrogen-Iron All 0.75 0.62

EPOS-LHC 63 EeV Proton-Iron All 1.82 1.45
EPOS-LHC 63 EeV Proton-Helium All 0.38 0.23
EPOS-LHC 63 EeV Nitrogen-Iron All 1.07 0.79

QGSJetII-04 10 EeV Proton-Iron 21� 1.52 1.15
QGSJetII-04 10 EeV Proton-Iron 38� 1.55 1.43
QGSJetII-04 10 EeV Proton-Iron 56� 1.5 1.43

QGSJetII-04 63 EeV Proton-Iron 21� 2.08 1.56
QGSJetII-04 63 EeV Proton-Iron 38� 1.97 1.67
QGSJetII-04 63 EeV Proton-Iron 56� 2.14 2.1

mind that the corresponding merit factors should be considered as lower limits to what will
be reached after having a better understanding of the detectors.

The universality-based reconstruction provides the depth of shower maximum with a
resolution of about 35 g/cm2. If one were to use only the Xmax derived from universality
one would obtain a merit factor of 1.2 for the separation of proton and iron primaries over
a wide range in energy and zenith angle. Conversely, if one would use only the relative
muon number from the universality reconstruction the merit factor would be just above
1.4. The merit factors derived from the LDF fit are larger because of the different energy
reconstructions used. In the case of the universality reconstruction the energy is obtained
together with Xmax and Nrel

µ . The current implementation of the universality reconstruction
exhibits a composition-dependent bias in the energy reconstruction that reduces the merit
factors. Work is ongoing to reduce this bias and correspondingly increase the merit factors.

A summary of merit factors for the separation of different primary particles at different
energies and zenith angles is given in Tabs. 3.3 and 3.4. The merit factors are consistently
higher for showers simulated with EPOS-LHC in comparison to QGSJET II-04. This is re-
lated to the higher muon multiplicity of EPOS showers. As even EPOS predictions of the
muon number are lower than those observed in data, the merit factors will be higher when
applying universality to real data. Finally it should be mentioned that advanced multivari-
ate analysis methods are expected to reach similar merit factors as shown here.
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higher for showers simulated with EPOS-LHC in comparison to QGSJET II-04. This is re-
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Performance of Xmax and muon number reconstruction (simulated)

Note: Xmax and Nµ reconstructed from surface detector data only!

(iii) Full event reconstruction



Physics reach: mass sensitivity & discrimination of scenarios

Illustration with two 
benchmark scenarios 

(note: these are not 
 physics models)
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
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this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Photon and neutrino flux limits
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Expected improvements compared to current limits (ICRC 2015)

• increased exposure 
• improved low-energy trigger (low-energy threshold) 
• improved separation power (needs still to be evaluated)

(AugerPrime 1604.03637)
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Physics reach: composition-enhanced anisotropy

Modified Auger data set 
(E > 4x1019 eV, 454 events,  
ApJ 804 (2015)15 ) 

Xmax assignment according to  
maximum rigidity scenario 

10% protons added, half of 
which from within 3° of AGNs

10

52 CHAPTER 3. EXPECTED PHYSICS PERFORMANCE

Figure 3.20: Arrival distribution and angular correlation of cosmic rays of the modified Auger
data set (black circles) with AGNs of the Swift-BAT catalog [141] (stars). Shown are events with
E > 4⇥1019 eV. The top row of plots show the complete data set (454 events), the middle row the
selection deprived of light elements (326 events), and the bottom row the proton-enriched selection
(128 events).

all 454 events

proton depleted 
data set (326)

proton enhanced 
data set (128)
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Physics reach: generic composition-enhanced anisotropy

Generic source correlation study: 75% of the protons in the data correlate 
with sources, sources+correlation radius cover piso of sky (folded with exposure)

11

3.8. APPLICATION TO PHYSICS GOALS 51
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Figure 3.19: Expected correlation of the observed arrival direction distribution with a source catalog
and selection criteria characterized by piso (see text) to a given proton fraction in the data. The upper
row shows the scenario in which 100% of all protons are correlated with the sources of the catalog.
The middle and lower rows are calculated for 75% and 50%, respectively. The plots on the left hand
side are showing the correlation expected for the current surface array, and the ones on the right hand
side for the upgraded array, both calculated for the same exposure. The white lines show the 1s to
9s thresholds from left to right.
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Particle physics with the upgraded Auger Observatory
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2.1. SCIENTIFIC RESULTS FROM THE PIERRE AUGER OBSERVATORY 11
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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 a 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, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s

2
i, j = s

2
rec,i +s

2
sim,i, j +s

2
shwr,i, j.

sshwr 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. sshwr 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.

srec 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; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in S

µ

and SEM from the S(1000)�w
µ

fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, 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 si, j are present in this comparison
except for sshwr 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 sshwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and R
µ

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 sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and R
µ

are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE � R

µ

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 R
µ

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 ssim, srec and sshwr 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 2.8: Left: Mean number of muons Rµ relative to that of proton reference showers, and depth
of shower maximum at 1019 eV. The Auger data point [26], where the muon number is derived from
inclined showers, is compared with predictions obtained from different interaction models. Right:
Muon discrepancy [25] observed in showers of 1019 eV. 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.

at the same time as the Auger measurement was published. An unexpected, rapid increase
of the cross section directly above the LHC energy is not evident.

The muonic component of air showers is sensitive to hadronic particle interactions at
all stages in the air shower cascade, and to many properties of hadronic interactions such
as the multiplicity, elasticity, fraction of neutral secondary pions, and the baryon-to-pion
ratio [71, 94]. Currently the number of muons can only be measured indirectly [95] except
at very large lateral distances [68, 96] and in very inclined showers [26, 97], where muons
dominate the shower signal at ground level, and for which the electromagnetic component
due to muon decay and interaction is understood [98].

Results on muon number of showers  
still not understood, important effect 
missing in models?

(Auger Collab. Phys. Rev. D91, 2015 & ICRC 2015)

Example of power of upgraded detectors
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Figure 2.16: Expected sensitivity on the flux of photons and neutrinos. In addition to the conservative
estimates based on the increase of statistics, also the projected photon sensitivity for the ideal case of
being able to reject any hadronic background due to the upgraded surface detector array is shown.

• The statistics of the events available for determining the limits will triple relative to the
data collected by the end of 2012.

• In 2013 two new trigger algorithms (ToTd and MoPS) have been added to the local sta-
tion software of the water-Cherenkov stations to lower the trigger threshold, in partic-
ular for signals dominated by the electromagnetic component. As a result, there will be
more stations contributing to the typical shower footprint, improving the reconstruc-
tion and, for example, photon/hadron separation at low energies in particular. New
station electronics, as foreseen for the upgrade (see Sec. 4.3), will allow us to improve
the triggering algorithms further.
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restoration, PPS – pion production suppression, PDS – pion decay suppression, and PPS-HE – pion
production suppression at high energy [122].
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Figure 2.16: Expected sensitivity on the flux of photons and neutrinos. In addition to the conservative
estimates based on the increase of statistics, also the projected photon sensitivity for the ideal case of
being able to reject any hadronic background due to the upgraded surface detector array is shown.

• The statistics of the events available for determining the limits will triple relative to the
data collected by the end of 2012.

• In 2013 two new trigger algorithms (ToTd and MoPS) have been added to the local sta-
tion software of the water-Cherenkov stations to lower the trigger threshold, in partic-
ular for signals dominated by the electromagnetic component. As a result, there will be
more stations contributing to the typical shower footprint, improving the reconstruc-
tion and, for example, photon/hadron separation at low energies in particular. New
station electronics, as foreseen for the upgrade (see Sec. 4.3), will allow us to improve
the triggering algorithms further.

Correlations between 
Xmax and muon density

(Allen & Farrar, 1307.7131)
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3. Installation of small PMT in water-Cherenkov  
    detectors for increasing dynamic range: 
    typical lateral distance of saturation reduced  
    from ~500 m (E > 1019.5 eV) to 300 m
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Figure 3.3: Resolution of Xmax reconstructed from data of the water-Cherenkov detectors only. The
same simulated events have been reconstructed using the signal trace without saturation effects (un-
saturated traces) and with saturation (saturated traces). If the saturated station is at a distance of more
than 300 m the resolution of the reconstructed Xmax can be improved considerably by increasing the
dynamic range of the detectors.

will increase the dynamic range from about 600 VEM to more than 30,000 VEM (for details
see Sec. 4.4.1). With the new configuration we expect less than 2% of saturated events at
the highest energies. The distribution of the expected signals as a function of the distance
between the shower axis and the closest station is shown in Fig. 3.2 (right). The predicted
measured signals for the current PMTs (colored filled circles) and for the SPMT (black circles)
were obtained from CORSIKA simulations of air-showers induced by primary protons with
an energy between 3 and 100 EeV. The increased dynamic range will allow measurement of
complete signals at a distance as close as 300 m from the core. The signal variance in the
extended dynamic range interval will be reduced significantly, being dominated by the cal-
ibration uncertainties of 6%. Event selections based on cuts in energy will be more accurate
and flux corrections of the energy spectrum due to resolution-dependent migrations will be
smaller.

Another example of the importance of measuring the signal traces close to the shower
core is shown in Fig. 3.3. In this simulation study the resolution of the universality recon-
structed Xmax is shown reconstructing the same events twice, once with saturated stations as
one would have with the current surface detector, and once with increased dynamic range
preventing any saturation of the time traces. The resolution of the reconstructed Xmax is sig-
nificantly worse for showers with a saturated station close to the core. It should be noted
that the gain of information by having non-saturated traces is, however, limited to distances
larger than 300 m. At smaller distances the uncertainty of the core position limits the useful-
ness of the measured signal.

3.2.2 Angular and energy resolution

The energy resolution of the surface detector can be retrieved from the events used for the
energy cross-calibration, i.e. events with coincident measurements by the FD and the SD [32,
139]. It is illustrated in Fig. 3.4 (left) for different energy thresholds. Above 10 EeV the energy
resolution is 12%, with contributions from the detector resolution, reconstruction algorithms

2. Installation of new electronics (additional channels, 40 MHz -> 120 MHz, better GPS timing)

5. Increase of FD exposure by ~50% 
   (lowering HV of PMTs)

4. Cross checks of upgraded detectors with  
    direct muon detectors shielded by 2.3 m 
    of soil (AMIGA, 750 m spacing,  
    61 detectors of 30 m2, 23.4 km2)

1. Installation of 1700 scintillation detectors (3.8 m2, 1cm thick)

(AugerPrime 1604.03637)
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1. Scintillation Surface Detector (SSD)

Two modules in one box per station, 
readout by one PMT, area ~3.8 m2
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10 cm10 cm

1 cm

Read-out of scintillators 
with WLS fibers

Simple and robust 
construction of 
detector module 
and mounting frame, 
double roof for 
thermal insulation

Both WCD and SSD to be 
connected to new 120 MHz 
electronics

Water-Cherenkov detector (WCD)



1. Scintillation Surface Detector: construction
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Two LED 
flashers

 HAMAMATSU 
 PMT 1.5” R9420

 Kuraray Y11 (300) BSJ 1mm 

2 x 24 scintillator bars 
with two holes,  5x1x160 cm3

Al profile with 
corner inserts 

 2 SiPMs 
 (5x5 mm2, 
  25 µm)

Glued cookie



1. Scintillation Surface Detector: performance
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2. Upgraded unified board (UUB) and 3. Small PMT (sPMT)
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Processes signals from WCD and SSD 
(now 10 ADC channels) 
Increased the data quality  

Faster sampling of ADC traces, 40 ->120 MHz 
 Better timing accuracy, from 12 ns to 4 ns 
 Increased dynamic range 

Enhanced the local trigger and processing 
capabilities (with a more powerful local station 
processor, FPGA)  

Improved calibration and monitoring capabilities 
of the surface detector stations. 

Small PMT installed 
in un-used filling port 

4.3. SURFACE DETECTOR ELECTRONICS 71

sponding maximum signal in the WCD before saturation, for an operating gain of 3⇥105

and a single VEM peak signal of ⇠100 photoelectrons, is ⇠600 VEM. This is well matched
via standard 50 W termination resistors to the 2V input range of the Front End digitizers. In
the upgraded WCD, the dynode signal is replaced by the anode, amplified by a factor of 32.
The full WCD signal range of 600 VEM is then conveniently mapped into a full 17-bits digital
range by the two WCD signals, namely the amplified anode, for single VEM resolution, and
the direct anode signal, each spanning the 12 bits available in the new electronics and with
7 bits overlap. In such a configuration a single bit is worth ⇠0.3µA. The WCD dynamics is
further extended by other 5 bits using the SPMT signal, the gain of which is tuned to have
a signal 32 times smaller with respect to the anode, corresponding to 600 ⇥ 32 ⇠ 19 kVEM.
As discussed in Sec. 4.1.1, the SPMT gain and its overlap with the LPMT signals can be
modified, and the overall dynamic range can comfortably exceed 40 kVEM.

The global dynamic range for the WCD PMT signals is shown in Fig. 4.17. The signal
from the large PMT, operated at the current gain of 3 ⇥ 105, is split into an amplified LowGain
range for single muon resolution and a HighGain range for measurements of shower signals.
Events closer to the core have a larger signal that is collected by the small PMT and input into
a dedicated VeryHighGain range. The dynamic range scheme will allow moving the trigger
threshold two bits higher and increasing the current dynamic range by a factor of 32 and up
to 20 kVEM. The muon peak will be in channel 200.

Intent Dynamic Range

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

VEM AnodeX32

Showers Anode

Cores SPMT

Figure 4.17: WCD dynamic range. The maximum signal before saturation corresponds to 20k parti-
cles with the operating settings specified in the text.

The anode signal from the SSD PMT will be split into two ranges (LowGain and HighGain),
filtered and sampled in a similar way to the signals from the WCD PMTs. Like with the
WCD, the SSD dynamic range is determined by the maximum peak current of the readout
PMT, the number of bits available and the amplification factor of each channel. Assuming
a peak current of 160 mA, as measured for the proposed R9420 PMT, we plan to match this
to the 2 V input range of the ADCs by reducing the signal by a factor of 4. Reducing the
overlap of the low and high SSD gain ranges to 5 bits, we can count on a full 19 bits range,

Use of ADC channels: 
2 x 3 for 9” PMTs, 2 x 1 for SSD PMT, 1 for small PMT, 1 spare

Photonis 9” XP1805
HAMAMATSU 
1” R8619

A.Castellina Karlsruhe Analysis Meeting,  June 2016 3

SPMT installation in the EA - April 2016
The EA stations have been equipped with LEDs                                          
as the old ones were found without

The HV power supply is provided by the new A7501PB CAEN modules   
operated by the UB through the slow control port of PMT1 

3 types of PMTs and 2 types of mechanical holders/enclosures are tested     
R8619, R6094, ET9107B.   

 Dividers  prototyped in Torino and finalised in IPN-Orsay used for 9 SPMTs. One 
alternative divider from the INFN-Naples group also tested

The SPMTs have been inserted replacing the PMT1 anode signal                   
to exploit the old UBs.       <30 min total time



4. Direct muon measurement – underground muon detectors (UMD)

18

2016 JINST 11 P02012

Auger Observatory) allowing for combined analyses [3]. The UC has aided in the debugging of
engineering issues and the understanding of the counting uncertainties, in order to attain a stable
detector and final design for the production of AMIGA. Additionally, one of the most important
tasks of the given prototype of muon detectors is to minimize muon-number counting uncertainties
stemming from mechanical design.

The MCs have a modular design in which the 30 m2 detection area is divided in two modules
with 5 m2 and two with 10 m2 detection area. Each of the detector modules has its own acquisition
system triggered by the SD station (figure 2). Currently, two of the UC position have twin muon
detectors, which consist of two 30 m2 MCs separated by approximately 10 m. The purpose of these
detectors is to study counting fluctuations.

2 Requirements for the AMIGA muon detectors

Among the many requirements for the MCs, only those a�ecting the mechanical design of the
detectors are mentioned here:

• Number of detectors: AMIGA is designed to have at least 61 MCs. Therefore, MCs must be
easy and fast to manufacture in order to complete the project in a reasonable time period.

• Muon sensitivity: the MCs must be sensitive only to the muon content of the particle showers
produced by incident cosmic rays. Simulations show that a vertical shielding of 540 g
cm�2 clearly su�ces to reduce the electromagnetic punch-through to a negligible level at
core distances of interest. This shielding is equivalent to burying the detectors ⇠ 2.25 m
underground (considering an average local soil density of 2.38 ± 0.05 g cm�2 [5]).

• Detection area and segmentation: based on simulations, the detection area was chosen to
be 30 m2 divided in 192 segments (see [6] for details about detection area and segmentation

Figure 2. Schematics of a Muon Counter (MC) and Surface Detector (SD) of the AMIGA Unitary Cell
together with the AMIGA electronics.

– 3 –
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Figure 8. Scintillator module manifold used to route the fibers to the optical connector.

therefore irradiating each one of the 32 bars on each side of the detector at the same distance from
the bottom edge of the detector. However, the distances along the fiber from the radiating point in
the bar to the PMT are not identical due to the routing manifold that guides the fibers from the bar
to the optical connector which is located at the center of the module. As can be seen in figure 8, the
bars closer to the side edges of the detector will have a longer routing distance along the manifold
than the ones located in the center positions.

Concerning the electrical uncertainties, it is important to mention that we record voltage values
as a way of measuring current. Therefore there are uncertainties that might affect the measurement,
such as the accuracy of the resistors used to transform current into voltage, the resolution of the
ADC and its stability and the temperature drift of all these components. Of all these factors, the
most critical one is the accuracy of the resistor used, which in our case was 1%. The most criti-
cal contribution to temperature drift is the temperature dependence of the PMT. This is forcing us
to develop an online calibration method that can be repeated once the scintillator module and the
PMT are deployed in the field, where temperature and humidity conditions might affect the initial
calibration performed as described in this paper. This work is reserved for the future as it is out of
the scope of the present paper.

6 Measurement results and discussion

The scanning was performed in a 9 m long by 1.4 m wide scintillator module that was built at the
Centro Atómico Constituyentes, that is one of the two kinds of modules that are part of the AMIGA
engineering array. The PMT used was the same one for both the muon telescope and the scanner
measurements. The gain of every pixel was measured as shown in figure 3, and these values were
taken into account for the displayed values of voltage obtained from the scanning. The variations
in gain between electrical channels of the current to voltage converter hardware were also taken
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Figure 1. A scintillator bar being excited by a muon. Highlighted are the trajectories of the impinging cosmic
particle (or muon, in red) and the photons produced within the bar (blue photon generated by fluorescence
in the bar) and in the fiber (green photon generated by fluorescence in the fiber). Figure adapted from [14].

test a calibration method to measure the amount of light generated in the scintillator bars for each
impinging muon using a muon telescope. And finally we describe an implemented testing method
for the scintillator modules that includes a primary calibration using measurements taken with the
muon telescope and a “scanner” that moves a 5 mCi 137Cs radioactive source over the module
taking data at fixed locations.

2 Components of the AMIGA scintillator modules

Each AMIGA muon counter (MC) consists of three scintillator modules each one having an area
of 10 m2. Each scintillator module is composed of 64 extruded plastic scintillator bars with a 41
mm ⇥ 10 mm rectangular cross section and a 4 m length. Figure 1 (adapted from “The OPERA
Target Tracker Technical Design Report” [14]) shows in detail a section of a scintillator and the
trajectories of the impinging muon and the photons generated within the bar. The bars have a white
reflective outer layer of titanium dioxide (TiO2, commonly refereed to as rutile), and a groove, with-
out the TiO2 layer, into which a wavelength-shifting fiber is installed for operation. The substrate
for the extruded scintillator bars is Dow Styron 663W polystyrene. This base material is doped
with fluorescent chemicals PPO -[2,5-diphenyloxazole]- and POPOP -[1,4-bis(5-phenyloxazole-2-
yl)benzene]-, (see [13], chapter 7) in the following proportions: 1% PPO and 0.03% POPOP, both
by weight of base material. Each dopant has concentration variations of no more than ±10%. The
outer layer consists of 15% TiO2 by weight of the substrate with TiO2 concentration variations of
no more than±10%. The scintillation light output uniformity is constant up to±5%. The extruded
scintillator bars were manufactured at the Fermi National Accelerator Laboratory in an in-line,
continuous extrusion process using a twin-screw extruder. The TiO2 layer was added via material
injected from a second extrusion machine. The raw materials were purged with dry nitrogen or dry
argon before and during insertion into the extruder. Polystyrene pellets were purged to complete
dryness before their use in the extruder. The attenuation length of the extruded scintillator bars is
⇠ (55± 5) mm (with the TiO2 layer), therefore the light must be transported to a photomultiplier
tube (PMT) using an optical fiber.

The fibers chosen for the AMIGA modules were Saint-Gobain BCF-99-29AMC multi-clad.
They have the same dopant as the BCF-92 fibers (the standard model catalogued by Saint-Gobain)

– 2 –

Trigger from surface detector (WCD) 

Muon peak counting plus 
one channel integrated signal (320 MHz) 

Readout by 64-anode PMT or SiPM

Module sizes: 
10 m2 and 5 m2

Simplified Electronics

New electronics stack
3 board system:
• Acquisitionl Board
• Analog front end board
• SiPM board (bottom of

the stack. Shown in next
slide)

Current installed 
electronics 11 board 
stack

New setup -> 
simpler, cheaper 
& more reliable

13

12 11

MINOS type scintillator



5. Extended duty cycle of fluorescence telescopes
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Extended FD operation
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15% duty cycle

Clear sky, no moonlight          40 times higher NSB (90% moon)

E = 7x1019 eV

Increase by 50%
by measurement 
during high night 
sky background

10x reduced PMT gain by 
reducing supplied HV.

Successful test has been 
done last year.

E = 1019 eV

  

Standard FD operation

Radomír Šmída  – AugerPrime 10

FD provides exceptional information (e.g. model-independent
energy reconstruction & mass composition measurement). 

The main limitation of the FD is its duty cycle (15% nowadays).

The current criteria for FD measurement:
       1. The sun more than 18° below the horizon
       2. The moon remains below horizon for
           longer than 3 hours
       3. The illuminated fraction of the moon must
           be below 70%

Measurement periods (~17 nights long),
limit on the PMT illumination (i.e. no rapid aging),
and the PMT response stays linear.

By relaxing criteria #2 and #3 the FD duty cycle can be 
increased by 50%, while keeping very high selection 

efficiency and reconstruction.

Pierre Auger Coll., NIMA 798 (2015)

T

Extended Measurement Time of

Fluorescence Telescopes

International School of Cosmic Ray Astrophysics 2016, Erice

Joachim Debatin, R. Smida, M. Unger, R. Engel, for the Pierre Auger Collaboration

Pierre Auger Observatory: hybrid
approach for detecting cosmic rays

100 % duty cycle with ground
array consisting of water
cherenkov tanks
(⇠ 15 % with the fluorescence
detector)
High accuracy in energy
reconstruction with
fluorescence telescopes
Hybrid events used to calibrate
and for composition studies
Low statistics at high energies

Auger ICRC 2015
(arXiv: 1509.03732)

Take data up to an illuminated moon fraction of 90 % to enlarge the duty cycle of the
fluorescence telescopes (arXiv: 1604.03637)
Ideal duty cycle would then be ⇠ 29 %
Lower gain in the telescope needed to limit aging of PMTs
Expected aging compatible with lifetime of observatory

Justus Zorn, master thesis

Duty cycle increases by 50 %
Larger exposure for air showers of high energies
Test measurements successfully done, implementation in progress

Event display from test measurements at low gain:

Energy: 2.5 ⇥ 1018 eV
Distance: 6.15 km
Azimuth: 185.6 �

Zenith: 12.0 �

Date: 16th June 2016

For this measurement the high voltage was switched from 850
to 550 V, reducing the gain by a factor of 10.

Simulations are used to estimate the gain in aperture at
high energies
The plot below shows the reconstruction efficiency at
E = 1019eV for different levels of background light
The worst case here would be an aperture during extended
data taking of about one third of that at nominal gain

Distance to Telescope (m)
0 10000 20000 30000 40000 50000 60000

ge
n

/N
re

c
N

0

0.2

0.4

0.6

0.8

1 standard

2Variance = 100 adc

2Variance = 500 adc

2Variance = 1000 adc

T
KIT – Universität des Landes Baden-Württemberg und
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measured with FD of great importance 

Extend measurement time by reducing  
PMT HV (gain by factor 10 lowered) 

Increase of uptime by 50%  
(FD shifts operated remotely)
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Figure 15. First analysis of a sample event detected in coincidence by the SD and AMIGA. Top: lateral
distribution functions fitted from data recorded by each detector. Bottom: muon arrival times for the MC at
420 m from the shower core.

11 Conclusions

The design of the UC muon counters has been shown to function successfully within expecta-
tions. The mechanical design of the modules has shown quality results regarding mechanical
and functional stability, performance of the couplings with PMTs, light and water tightness, and
temperature stability.

No major mechanical damage or module losses were su�ered during the construction and
deployment of the 38 modules of the UC, the twin detectors, and other prototypes.

First longitudinal and lateral muon profiles have been reconstructed and are currently under
further analysis. The stable and quality performance of the AMIGA muon counters is reflected
in the analysis of events recorded thus far. Important advances in the engineering of the muon
counters’ logistics (i.e., fabrication procedures, transportation, and deployment techniques) have
been achieved, which have allowed for much progress during the re-design phase for module mass-
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Figure 15. First analysis of a sample event detected in coincidence by the SD and AMIGA. Top: lateral
distribution functions fitted from data recorded by each detector. Bottom: muon arrival times for the MC at
420 m from the shower core.
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Unitary cell existing 
already for some time 

2.3 m of soil 
(550 g/cm2, 
 Eµ > 1 GeV)

(Auger, JINST 11(2016) P02012)
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Putting things together – SSD Engineering Array (i)

SSD w. SiPM

Generalife

Perú

Svenja

Ruca Malén

Granada

Jaco Le Qui Doi

Kathy Turner

Didi @Assembly Building

Regular SD w/o SSD

SSD w. PMT & CAEN HV
(SSD EA Layout - 2016-09-20)

CristianNuria Peteroa

Pichi Peñi Hue

Clais

Trak

Regular SD w/frame but w/o SSD

SSD w. PMT & Iseg base

2016-09-15: first station in field

Deployment fast: ~ 5 -10 stations per day

Engineering Array: 12 stations
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Putting things together – SSD Engineering Array (ii)
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SSD peak distribution

Photomultiplier

Ham. R9420-100 Ham. R8619
Size 1.5” 1”
Photocathode super-bialkali
min. E�ective Area [mm] ?34 ?22
Dynode Structure/Stages lin. focused/ 8 lin. focused/ 10
Gain 3.7 ◊ 105 2.6 ◊ 106

Supply Voltage [V] typ. 1300 1000
max. 1500 1500

Dark Current [nA] typ. 10 2
max. 100 15

Cathode Sens. [mA/W] 110 90?
Q.E.at peak wavelength 35% 27%?
Rise Time [ns] 1.6 2.5

J.Rautenberg (Uni Wuppertal) PMT Candidates for SSD 25.09.2015 2 / 21
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Putting things together – SSD Engineering Array (ii)

SSD peak distribution

Photomultiplier

Ham. R9420-100 Ham. R8619
Size 1.5” 1”
Photocathode super-bialkali
min. E�ective Area [mm] ?34 ?22
Dynode Structure/Stages lin. focused/ 8 lin. focused/ 10
Gain 3.7 ◊ 105 2.6 ◊ 106

Supply Voltage [V] typ. 1300 1000
max. 1500 1500

Dark Current [nA] typ. 10 2
max. 100 15

Cathode Sens. [mA/W] 110 90?
Q.E.at peak wavelength 35% 27%?
Rise Time [ns] 1.6 2.5

J.Rautenberg (Uni Wuppertal) PMT Candidates for SSD 25.09.2015 2 / 21
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Summary and outlook

24

30 CHAPTER 3. EXPECTED PHYSICS PERFORMANCE

Table 3.1: Expected number of events per year and cumulative number of events for a data taking
period from 2018 until 2024 for events up to zenith angles of q = 60�. Horizontal air showers (60� <
q < 80�) add about 30 % to the exposure. Moreover, the new trigger scheme implemented in 2013
will allow us to significantly lower the energy threshold of both the 750 m and 1500 m arrays.

log10(E/eV) dN/dt|infill dN/dt|SD N|infill N|SD

[yr�1] [yr�1] [2018-2024] [2018-2024]

17.5 11500 - 80700 -
18.0 900 - 6400 -
18.5 80 12000 530 83200
19.0 8 1500 50 10200
19.5 ⇠1 100 7 700
19.8 - 9 - 60
20.0 - ⇠1 - ⇠9

Figure 3.1: Left panel: Lateral distribution of the signal sizes recorded in the water-Cherenkov de-
tectors. The two stations closest to the shower core are saturated (filled red circles). A procedure
to recover the signal is applied (filled blue circles). Right panel: Probability of having at least one
saturated station in an event as function of energy, obtained from simulations, for the standard PMT
configuration (red) and for the small PMT option (black).

muon energy spectrum and serve as a cross-check of the muon estimation techniques.

3.2 Water Cherenkov Detector global performance parameters

Air-showers produced by cosmic rays with energies above 10 EeV produce a footprint on
the ground extending over more than 20 km2. The surface detector samples the arrival times
and the signals produced by the particles reaching the ground. The reconstruction of the
energy of the primary cosmic ray is based on the determination of the shower size, the signal
interpolated at a certain distance to the air shower axis. In case of the 1500 m array the
shower size is defined at 1000 m. An example of the lateral distribution of an event produced
by a cosmic ray with an energy of 100 EeV is illustrated in Fig. 3.1 (left).

Similar event statistics as collected so far will be reached with upgraded detectors

April 2015: preliminary design report 
Fall 2016: engineering array 
Spring 2017-18: deployment 
2019-25: data taking (40,000 km2 sr yr) 

Total cost (WBS):  $ 15M

Main aims of Auger Upgrade
1. Origin of flux suppression and mass composition in suppression region 
2. Proton contribution of more than 10%  at E > 6x1019 eV, particle astronomy? 
3. New particle physics beyond the reach of LHC?

Timeline and exposure

AugerPrime well-suited to
address these questions


