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5613 Malargüe, Argentina

14th-­‐16th	
  September	
  2015,	
  Gallipoli,	
  ITALY	
  

NIM	
  A	
  798	
  (2015)	
  172–213	
  



Outlook 

•  Key results 
•  New questions and open challenges 
•  Auger Upgrade program 
– Scintillator Surface Detector 
– Surface Detector Upgrade 
– Underground Muon Detector 
– Fluorescence Detector DAQ extension time 

•  AUGER PRIME performances 
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Present results from the Pierre Auger 
Observatory 

•  The suppression of the flux around 5x1019 eV 

•  Strong limits have been placed on the photon 
and neutrino components of the flux indicating 
that “top-down” source processes, such as the 
decay of super-heavy particles, cannot account 
for a significant part of the observed particle 
flux.  
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Figure 2.2: Comparison of the two flux measurements of the Auger Collaboration [5, 27] with that
of Telescope Array [38]. The differences of the spectra at the highest energies are intriguing but still
within the systematic uncertainties of the measurements.
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Figure 2.3: Limits on the flux of photons (left) [6–9] and neutrinos (right) [41] obtained from the Pierre
Auger Observatory. The data are shown together with the current limits from other experiments [42–
48] and some examples of predicted fluxes, see text.

2.1.2 Photon and neutrino limits

The latest limits on the fluxes of photons [6–9] and neutrinos [10, 11, 13, 41] obtained with
the Pierre Auger Observatory are shown in Fig. 2.3. Model scenarios for sources of UHE-
CRs, in which the observed particles are produced by the decay of other particles (top-down
models), lead to large secondary fluxes of photons and neutrinos [49]. In contrast, models
in which the production of photons and neutrinos originates from secondaries generated by
the propagation in the cosmic background (GZK effect) lead to much lower fluxes. Some
representative examples of predicted secondary fluxes of such models are shown in Fig. 2.3
(photons: GZK [50–52], top-down (TD), Z-burst, and super-heavy dark matter (SHDM) [53],
SHDM0 [54]; neutrinos: TD [55], Z-burst [56]). The neutrino flux limit of the Auger Observa-
tory is now lower than the Waxman-Bahcall flux [57, 58].

The current flux limits rule out, or strongly disfavor, that top-down models can account

(Highlights from the Pierre Auger Observatory  Prof. Stephane Coutu this conference) 

Auger 
I.Valino, 271 

50,000 km2 sr yr 

Toward the highest energies 

11"

P.Ghia, highlight 

  

Upper limit on the diEuse neutrino FuxUpper limit on the diEuse neutrino Fux

dN/dE = k E-2

→ k  ～ 6.4 x 10-9
 GeV cm-2 s-1

 sr-1 [0.1 – 25] EeV 

Auger limits constrains models with pure proton primaries 
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Average muon content per shower 

(inclined hybrid) Muon content vs predictions for 

proton and iron plus prediction for the 

mix that matches FD Xmax data

More muons in data than in simulation 

How well our hadronic models match data? 

Physical Review D 91, 032003 (2015)

post-LHC models

Pion interaction major uncertainty for muon discrepancy  [R. Engel @ ICRC 2015]

Not easy to reproduce data with current models

Present results from the Pierre Auger 
Observatory 

•  A large-scale dipole anisotropy of about 7% 
amplitude has been found for energies above 
8x1018 eV.  

•  In addition there is an indication a large scale 
anisotropy below the ankle.  

•  Unexpected mass composition or change of 
hadronic interactions for E > 1018.5 eV 

•  Air showers have surprisingly high number of 
muons respect the models. 

  

Sky survey with Auger and TA

TA

7 years, 109 Events (> 57 EeV) 

Auger 

10 years 157 events (> 57 EeV) 

Northern Hemisphere: hot spot 

seen by TA (3.4 σ) near the 

Ursa Major cluster 

Southern Hemisphere: hot 

spot seen by Auger 

(post-trial prob 1.4%) near 

to Cen A

The sky around Cen A

Auger and TA Collaborations @ ICRC 2015
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Motivation for the upgrade of the Pierre 
Auger Observatory 

•  Explain the mass composition and the origin 
of the flux suppression at the highest 
energies, (energy loss effects due to 
propagation vs the maximum energy of 
particles injected by astrophysical sources).  

•  We aim to reach a sensitivity to a 
contribution as small as 10% in the flux 
suppression region.  

•  Measurement of the fraction of protons is 
the decisive ingredient for estimating the 
physics potential of existing and future 
cosmic ray, neutrino, and gamma-ray 
detectors. 

  

Auger data (spectrum and X
max

 simultaneously) vs astrophysical scenarios

Several propagation models 

 cross sections for photo-disintegration and for background light spectrum

Post-LHC models for air shower propagation through the atmosphere 

Best fit  
Hard injection spectral index γ (~1)

Cutoff Energy E
log

~ Z X 4.5 EeV

Second scenario disfavored (~7σ)

Likelihood plot

Auger Collaboration @ ICRC 2015Key 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 and highlight talk by Piera Ghia)
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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

2
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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)
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Motivation for the upgrade of the Pierre Auger 
Observatory 

AUGER PRIME 
Primary cosmic Ray Identification with Muons and Electrons  

 •  Operation planned until 2024, event statistics will more than double 
compared with the existing Auger data set, with the critical added 
advantage that every event will now have mass information. 

•  Obtaining additional composition-sensitive information will not only help 
to better reconstruct the properties of the primary particles at the highest 
energies, but also improve the measurements in the important energy range 
just above the ankle .  

•  New detectors will help to reduce systematic uncertainties related to 
modeling hadronic showers and to limitations of reconstruction algorithms.  

•  This improve the knowledge on the air shower physics. 
6	
  



The upgrade of the Pierre Auger Observatory 

•  To obtain this sensitivity it’s necessary to discriminate the e.m. and the muonic components in 
the air shower.  

–  Installing  a Scintillator Surface Detector (SSD)  
–  Upgrading the Surface Detector Elettronics Upgrade  (SDEU)  

–  Installing a small PMT to increase the dynamic range 

–  Installing a sub array of Underground Muon Detector (UMD) to check the method. 

 

•  Increase the FD statistics. 

2.3. IMPORTANCE OF DETERMINING THE MUONIC SHOWER COMPONENT 19
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Figure 2.12: The 1s 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�.

• study hadronic interactions at high energy, understand the observed muon discrep-
ancy, and discriminate between different exotic interaction model scenarios. Further-
more, we could study systematic uncertainties by performing measurements with dif-
ferent observables and derive consistency checks on models.

• improve the current photon and neutrino sensitivity not only by collecting more statis-
tics, but also by having a much improved discrimination power.

• understand better, and reduce the systematic uncertainties of, many different measure-
ments including the all-particle flux and the cosmic ray composition measurement.

The key question is whether we can use additional information on the separation between
the electromagnetic and muonic shower components for improving the estimate of the mass
of the primary particles.

The simulated number of muons at maximum of the muon shower development,
log10 Nµ

max, versus the shower maximum Xmax at 1019 eV (5⇥1019 eV) and 38� of zenith angle,
as well as the marginal distributions are displayed in Figs. 2.12 and 2.13.

The difference in log10 Nµ
max and Xmax for the two most recent incarnations of LHC tuned

models (EPOS-LHC and QGSJetII.04) are of the order of D log10 Nµ
max ⇡ 0.1 and DXmax ⇡

15 g/cm2 independent of the primary. Within the frame of a single model, a clear separation
of light and heavy primaries seems possible. Even intermediate primaries like nitrogen can
be separated from protons and helium if the recorded statistics permit. Overall, the expecta-
tions from air shower simulations strongly indicate the feasibility of composition determina-
tion at the highest energies. It can be expected that, if the detector resolution is smaller or of
the order of the shower fluctuations, the primary mass can be inferred on an event-by-event
basis.

The fact that the average properties of the cascade can, to a large extent, be described in
terms of energy and shower age only is called shower universality, see [128] and Refs. therein.
To first approximation there is no direct dependence on the primary mass nor zenith angle.
This is a very remarkable result. Despite the vast number of interactions in an air shower,
its overall shape as well as the time profiles of particles reaching ground can be described
very well with very few measurable quantities. In the literature it has been described for the

E = 5 x 1019 eV 

Auger Upgrade: composition sensitivity at E > 6x1019 eV
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4

0 100 200 300 400 500 600 700
0

2

4

6

8

10

12

14

16

18

20

22

Sµ,WCD = aSWCD + bSSSD

]2 [g/cmmaxX
600 700 800 900 1000

)
m

ax
µ

(N
10

lo
g

8.4

8.5

8.6 p QGSjetII.04

He QGSjetII.04

N QGSjetII.04

Fe QGSjetII.04

600 700 800 900

8.6

8.5

8.4

Xmax   (g/cm2)

lo
g 1

0 N
µ

Fe

p

He
N

E = 5x1019 eV

QGSJet II.04

Cherenkov light in water 

Scintillator (3.8 m2)
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The Surface Scintillator Detectors (SSD): 
Methodology 

•  A complementary measurement of the shower 
particles will be provided by a plastic 
scintillator plane above the existing Water-
Cherenkov Detectors (WCD).  

•  This allows the sampling of the shower 
particles with two detectors having different 
responses to muons and electromagnetic 
particles.   

  

Auger upgrade program: Auger Prime

Equip each SD tank with a 4 m2 

(1 cm thick) scintillator layer on top 

Goal:  improve on the sensitivity to mass composition in the suppression region 

Scintillators sensitive to the 

electromagnetic content of the shower

Robust, not invasive, cost effective

Moreover
- Upgraded and faster electronics

- Extension of the dynamic range 

- Cross check with underground 

buried AMIGA detectors

- Extension of the FD duty cycle

Auger Collaboration @ ICRC 2015

Upgrade ready by 2018. DAQ till 2024Time Schedule

How?:have a further and independent measurement  

52"

Upgrade of PAO: AugerPrime scintillator 
R.Engel, 686 

scintillator  
faster electronic (120 MHz)  
 … 

mass sensitivity above the 
cut-off  (no FD ev.) 

M.Roth, 378 

Scintillator 3.8 m2 

WCD 

2018-2024 data taking 8	
  



The Surface Scintillator Detectors (SSD):  
The detector 

4.2. THE SCINTILLATOR DETECTOR 61

out from both ends. Figure 4.2 shows a sketch of two bars with the fiber readout. The two-
ended readout of the scintillator strips also provides a better longitudinal uniformity in light
response.

10 cm10�cm

1�cm

Figure 4.2: Sketch view of bars with the fiber readout.

Two companies, Kuraray and Saint Gobain, produce suitable WLS multi-clad optical
fibers for our application. The Kuraray fibers have a higher light yield and are more read-
ily available. They have also been used for optical read-out in most large area scintillator
counter experiments. For these reasons they were chosen as the baseline design option.
However the Saint Gobain WLS fiber may have a lower cost and the possibility to make use
of them is currently under investigation.

For the baseline design, the Kuraray Y11 WLS multi-clad optical fiber with 1 mm diam-
eter is chosen, with a concentration of fluorescent dye at either 200 or 300 parts per million.
As shown in Figure 4.3, the absorption spectrum of the K27 dye (Y11 fiber) matches per-
fectly the scintillator emission [145]. On the other hand, the WLS fiber emission is shifted
toward longer wavelengths than the absorption peak of a standard bialkali photocathode,
thus suggesting some caution during the selection of the read-out photodetector.

Figure 4.3: Left: emission and absorption spectra for Kuraray Y11 WLS fiber. Right: Reference emis-
sion spectrum of the chosen extruded scintillator.

The WLS fibers will be of S-Type to allow shorter bending diameter (Figure 4.4) and
minimize the risk of damage during the detector assembly. In fact, the S-type fiber core
has a molecular orientation along the drawing direction. This fiber is mechanically stronger
against cracking at the cost of transparency; the attenuation length of this type is nearly 10%
shorter than the standard type. Kuraray conservatively recommends a bend diameter 100
times the fiber diameter. Accordingly, the fiber routers have been designed with curvature
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Figure 4.5: Pictures of the extruded polystyrene manifold used in the prototype to route the WLS
fiber. Left: external side of each module with the “U” shape. Right: internal side of each module with
the “snake” shape.

187187�cm

12
4�
cm Left�Module Right�Module

Figure 4.6: Schematic view of the two modules in the extruded polystyrene foam vessel. The dimen-
sions of the vessel are quoted in the figure.

Figure 4.7). The signal of the photo-detector is then split in two: one is attenuated by a factor
of 4, while the other is amplified by a factor of 32 to achieve a sufficient dynamic range. The
power needed for operation is close to 1 W and can be taken directly from the current power
system without the need of an extra solar panel.

As will be discussed in more detail in section 4.2.5, the external detector enclosure is
made from aluminum to guarantee light tightness, robustness for 10 years of operation in
the field, and enough rigidity for transportation. The access to the PMT is obtained with a
mobile door in one side of the detector box. A double aluminum roof is installed, separated
by 2 cm, to allow air flow and therefore reduce the temperature changes. This design for
temperature has been checked with previous prototypes named ASCII as can be seen in Fig-
ure 4.8. The temperature control is of extreme importance not only for the correct behavior
of the electronics but also with respect to the aging of the detector. Extensive studies have

Schema4c	
  view	
  of	
  the	
  two	
  modules	
  in	
  the	
  extruded	
  polystyrene	
  foam	
  vessel.	
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Figure 4.7: The photo-detector that collects the light produced by the two bundles of fibers.

been made for the MINOS detector [143], and the aging was found to be directly related to
the temperature. Using the results from the MINOS team, which have been validated dur-
ing 10 years of operation of their detector, and using the temperatures observed in 2014 from
Figure 4.8, we obtain an expected light loss due to aging of 2.8% per year. For the design we
will therefore assume a 30% light loss over 10 years of operation. While the MINOS team
reports no effect during tests of temperature cycling, different groups in the collaboration
are repeating these cycling measurements given the sometimes-strong 30 degree day-night
temperature variations observed in Malargüe.

The total weight of one SSD unit is about 150 kg.

Figure 4.8: Left: one year of temperature measurements inside a 2 m2 prototype of SSD in operation
in the Pampa. The double roof keeps the detector below 40�C, even under the harsh direct sun of
Malargüe. Right: temperature for the first week of December 2014 compared to the temperature of
the WCD PMTs and of the electronics enclosure. The small peak in the SSD temperature in some
mornings is due to direct sunlight reaching the PMT box which was exposed in the prototype design.

Hamamatsu	
  R9420,	
  head-­‐on	
  type,	
  8-­‐stage	
  PMT	
  with	
  a	
  38	
  mm	
  bialkali	
  

photocathode.	
  	
  (Q.E.	
  20%,	
  good	
  linearity)	
  

P
o
S
(
I
C
R
C
2
0
1
5
)
6
8
6

Upgrade of the Auger Observatory Ralph Engel

 0

 500

 1000

 1500

 2000

 2500

 3000

 3500

 4000

 0  100  200  300  400  500

C
ou

nt
s

Charge [ADC.bin]

Real data (scaled)
Simulation

Figure 1: Left panel: 3D view of a SSD mounted on a WCD. A double roof, with the upper layer being
corrugated aluminum (here shown partially cut away for clarity), is used to reduce the temperature variations.
Right panel: MIP histogram taken with a 2m2 prototype installed in the Auger array. The data correspond
to one minute of data taking and are well reproduced by the detector simulation based on Geant 4.

detector will provide a complementary measurement of the shower particles: they will be sampled
with two detectors having different responses to muons and electromagnetic particles, allowing the
reconstruction of the different components. The design of the surface scintillator detectors (SSD)
is simple, reliable and they can be easily deployed over the full 3000 km2 area of the overall Auger
Surface Detector (SD). An SSD unit will consist of a box of 3.8m⇥1.3m, housing two scintillator
modules, each covering an area of 1.9m2, see Fig. 1 (left). The 1cm thick scintillators are read
out by wavelength-shifting fibers guiding the light of the two modules to a PMT. The deviations
from a uniform detector response over the area of the scintillator are smaller than 5%. The SSD is
triggered by the larger WCD, resulting in a clean separation of the MIP signal from the background,
see Fig. 1 (right). An engineering array of 10 detectors will be installed at the Auger site in 2016.

The SD stations will be upgraded with new electronics that will process both WCD and SSD
signals. Use of the new electronics also aims to increase the data quality (with faster sampling
of ADC traces, better timing accuracy, increased dynamic range), to enhance the local trigger and
processing capabilities (with a more powerful local station processor and FPGA) and to improve
calibration and monitoring capabilities of the surface detector stations. The signals of the WCDs
and SSDs will be sampled synchronously at a rate of 120MHz (previously 40MHz) and the GPS
timing accuracy will be better than 5ns. The dynamic range of the WCDs will be enhanced by a
factor of 32 due to the new electronics and an additional small 100 PMT that will be inserted in one
of the filling ports. First prototypes of the new electronics have been built and are being tested.
Both the SSDs and the electronics upgrade can be easily deployed, and will have only minimal
impact on the continuous data taking of the Observatory.

A network of underground muon detectors, part of the AMIGA [1,11] system, is now being de-
ployed in the existing SD infill area of 23.5km2. This will provide important direct measurements
of the shower muon content and its time structure, while serving as verification and fine-tuning of
the methods used to extract muon information with the SSD and WCD measurements.

In parallel with the SD upgrade, the operation mode of the Fluorescence Detector (FD) [12]
will be changed to extend measurements into periods with higher night sky background. This will

3
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Matrix-based muon reconstruction

5

40 CHAPTER 3. EXPECTED PHYSICS PERFORMANCE

18

Proton
Iron

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
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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
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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,
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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
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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
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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.
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parameterization,
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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,
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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
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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
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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,
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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,
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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
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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 =
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. (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
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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.
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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,
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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.
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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
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The Surface Scintillator Detectors (SSD): 
LDFSSD + the matrix method 

•  A parameterization of the LDF for the SSD was 
done using simulation. 

•  Simulated Fe LDFs fit for WCD and SSD  

•  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. 

•  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 
for example at E =1019.8 eV and θ = 38 o:  

Using Sµ(800) as composition estimator, 

the merit factors for distinguishing 

between proton and iron primaries are 

above 1.5 at energies E > 1019.5 eV and 

small zenith angles. 
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The Surface Scintillator Detectors (SSD): 
Universality 
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Air shower universality
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Dependence on mass and UHE models

accounted for scaling by Nμ
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The Surface Scintillator Detectors (SSD): 
Universality 

•  The shower universality method predicts for the 
entire range of primary masses the air-shower 
characteristics on the ground using only three 
parameters: E, Xmax and Nµ  

•  The parameters could be estimated from the 
integrated signal and the temporal structure of the 
signal measured in the individual stations . Event-by-
event basis. 
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The Surface Scintillator Detectors (SSD): 
Universality 

•  Applying the Universality method it’s possible to take in to account the correlation between the 
WCD and the SSD. The parameters now are more (Xµ

max ,Xmax, Nµ) in the model.	



•  This allow a measurements of the number of muons event by event basis and the relation 
bewteen Xµ

max ,Xmax and Nµ
rel coul be calibrated. 

•  The resolutions of the method are obtained from parameterizations and interpolations of EPOS-
LHC simulations at fixed energies and zenith angles and are shown for events up to 60o.  
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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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The upgrade of the Water-Cherenkov 
Detectors (WCD): SDEU 

•  The surface detector stations will be upgraded 
with new electronics that will process both WCD 
and SSD signals.  

•  Increase the data quality (with faster sampling of 
ADC traces, better timing accuracy).  

•  Increased dynamic range, to enhance the local 
trigger and processing capabilities (with a more 
powerful local station processor and FPGA)   

•  To improve calibration and monitoring 
capabilities of the surface detector stations.  

•  The surface detector electronics upgrade (SDEU) 
can be easily deployed, and will have only 
minimal impact on the continuous data taking of 
the Surface Detector.  

Prototype development and testing 

13

 

SDE Report   1 June 2015        2 

 
 
Figure 2: UUB prototype. 
 
The goal is to fabricate another batch of 20 boards after these first prototypes have been 
validated. These boards should be ready early next year for the Engineering Array (10 detector 
stations), which is planned for March 2016. 

Electronics 
prototypes (120 MHz)
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Figure 4.7: The photo-detector that collects the light produced by the two bundles of fibers.

been made for the MINOS detector [143], and the aging was found to be directly related to
the temperature. Using the results from the MINOS team, which have been validated dur-
ing 10 years of operation of their detector, and using the temperatures observed in 2014 from
Figure 4.8, we obtain an expected light loss due to aging of 2.8% per year. For the design we
will therefore assume a 30% light loss over 10 years of operation. While the MINOS team
reports no effect during tests of temperature cycling, different groups in the collaboration
are repeating these cycling measurements given the sometimes-strong 30 degree day-night
temperature variations observed in Malargüe.

The total weight of one SSD unit is about 150 kg.

Figure 4.8: Left: one year of temperature measurements inside a 2 m2 prototype of SSD in operation
in the Pampa. The double roof keeps the detector below 40�C, even under the harsh direct sun of
Malargüe. Right: temperature for the first week of December 2014 compared to the temperature of
the WCD PMTs and of the electronics enclosure. The small peak in the SSD temperature in some
mornings is due to direct sunlight reaching the PMT box which was exposed in the prototype design.
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Figure 4.13: MIP histogram of a 2 m2 prototype running in the Pampa, together with VEM calibration
histograms of the WCD over which it is installed (left), and comparison to a simplified simulation
(right). These histograms correspond to one minute of data taking. Given the clean separation of
the MIP from the low energy background, no calibration issue is foreseen. These results were con-
firmed with the detailed codes discussed in section 8, including a Geant4 [147] based simulation of
the response of the SSD and WCD to low energy showers simulated with CORSIKA [148].

Non-uniformity is very well controlled with the U-shape for the fibers and the “snake” rout-
ing of the fiber up to 6% [146]. The total width expected after 10 years of operation is 40%,
assuring a MIP determination at better than 1.5% statistical accuracy. The expected MIP
histogram can be seen in figure 4.14.
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Figure 4.14: MIP histogram obtained from simulation and extrapolation of its shape after 10 years of
aging. The MIP can still be easily determined with a foreseen 1.5% statistical accuracy.

In addition to these calibration histograms, which are taken in real time but used only
offline, a rate-based method will be developed to get an estimate of the value of the MIP at
the level of the local station controller. The advantage of a rate based algorithm, stabilized
with a sigma-delta method, is that it is extremely robust. It is the same algorithm that has
been running in the WCD for more than 10 years.

Finally, extra calibration information will also be determined for the SSD as is done for
the WCD: high gain/low gain ratio, baseline noise and average pulse shape. In addition
to these calibration data, monitoring values will also be sent to the central data acquisition
system together with the WCD monitoring block (every 400 seconds). These monitoring data
will include for the SSD unit the DAC settings for the HV supply of the PMT, the effective

MIP calibration curve Temperature variation one year
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Figure 3.7: Results for the prototype SSD detectors (ASCII). Top left, ASCII signal compared to the
WCD. The signal of a 2 m2 SSD is roughly half the signal of the WCD. Non-linearity of the prototypes
detectors can be seen for large WCD signals. Top right: comparison of measured signal with expected
one from universality and average Xmax and Nµ at the reconstructed energy. The agreement is very
good. The profile of the data points is also indicated. The non-linearity at large signals is again visi-
ble. Bottom left: LDF from WCD (scaled ⇥10) and SSD for low energy events from 25 to 30 degrees of
zenith angle, normalized to reconstructed energy, compared to prediction from simulations. Bottom
right: measured signals in SSD and WCD compared to predicted ones from the universality param-
eterization, changing Nµ or the energy scale. A similar study, once systematics are understood, will
allow to determine the muon numbers of real data and any systematic in the FD-based energy scale.

3.4 Underground Muon Detector performance considerations

The AMIGA muon detectors are buried scintillator counters optimized to perform a direct
measurement of the air shower muon component at energies of ⇠1017.5 eV and higher. The
detectors will be co-located with the WCDs of the 750 m array, i.e. at 750 m spacing and
covering an area of 23.5 km2. A single station will have an area of 30 m2 and consist of 3
modules of 10 m2. One key element for this direct measurement is the absorption of the
electromagnetic shower component by the overburden. Results of a detailed simulation
study of the punch-through are given in table 3.2. The optimal depth is found to be in the
range 110 � 150 cm. The detectors will be deployed at a depth of 1.3 m. At this depth the
effective energy threshold for muons is 600 MeV/ cos qµ with qµ being the zenith angle of
the muon. As an important cross-check of the absolute efficiency and threshold energy of
detected muons, a small precision muon-counter with several threshold energies will be
installed on the surface at the Observatory, to monitor reference rates of unaccompanied
atmospheric muons.

To validate this design, a Unitary Cell of AMIGA was built, consisting of a full 7 station

Rescaled lateral 
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been made for the MINOS detector [143], and the aging was found to be directly related to
the temperature. Using the results from the MINOS team, which have been validated dur-
ing 10 years of operation of their detector, and using the temperatures observed in 2014 from
Figure 4.8, we obtain an expected light loss due to aging of 2.8% per year. For the design we
will therefore assume a 30% light loss over 10 years of operation. While the MINOS team
reports no effect during tests of temperature cycling, different groups in the collaboration
are repeating these cycling measurements given the sometimes-strong 30 degree day-night
temperature variations observed in Malargüe.

The total weight of one SSD unit is about 150 kg.

Figure 4.8: Left: one year of temperature measurements inside a 2 m2 prototype of SSD in operation
in the Pampa. The double roof keeps the detector below 40�C, even under the harsh direct sun of
Malargüe. Right: temperature for the first week of December 2014 compared to the temperature of
the WCD PMTs and of the electronics enclosure. The small peak in the SSD temperature in some
mornings is due to direct sunlight reaching the PMT box which was exposed in the prototype design.
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histograms of the WCD over which it is installed (left), and comparison to a simplified simulation
(right). These histograms correspond to one minute of data taking. Given the clean separation of
the MIP from the low energy background, no calibration issue is foreseen. These results were con-
firmed with the detailed codes discussed in section 8, including a Geant4 [147] based simulation of
the response of the SSD and WCD to low energy showers simulated with CORSIKA [148].

Non-uniformity is very well controlled with the U-shape for the fibers and the “snake” rout-
ing of the fiber up to 6% [146]. The total width expected after 10 years of operation is 40%,
assuring a MIP determination at better than 1.5% statistical accuracy. The expected MIP
histogram can be seen in figure 4.14.
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Figure 4.14: MIP histogram obtained from simulation and extrapolation of its shape after 10 years of
aging. The MIP can still be easily determined with a foreseen 1.5% statistical accuracy.

In addition to these calibration histograms, which are taken in real time but used only
offline, a rate-based method will be developed to get an estimate of the value of the MIP at
the level of the local station controller. The advantage of a rate based algorithm, stabilized
with a sigma-delta method, is that it is extremely robust. It is the same algorithm that has
been running in the WCD for more than 10 years.

Finally, extra calibration information will also be determined for the SSD as is done for
the WCD: high gain/low gain ratio, baseline noise and average pulse shape. In addition
to these calibration data, monitoring values will also be sent to the central data acquisition
system together with the WCD monitoring block (every 400 seconds). These monitoring data
will include for the SSD unit the DAC settings for the HV supply of the PMT, the effective
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Figure 3.7: Results for the prototype SSD detectors (ASCII). Top left, ASCII signal compared to the
WCD. The signal of a 2 m2 SSD is roughly half the signal of the WCD. Non-linearity of the prototypes
detectors can be seen for large WCD signals. Top right: comparison of measured signal with expected
one from universality and average Xmax and Nµ at the reconstructed energy. The agreement is very
good. The profile of the data points is also indicated. The non-linearity at large signals is again visi-
ble. Bottom left: LDF from WCD (scaled ⇥10) and SSD for low energy events from 25 to 30 degrees of
zenith angle, normalized to reconstructed energy, compared to prediction from simulations. Bottom
right: measured signals in SSD and WCD compared to predicted ones from the universality param-
eterization, changing Nµ or the energy scale. A similar study, once systematics are understood, will
allow to determine the muon numbers of real data and any systematic in the FD-based energy scale.

3.4 Underground Muon Detector performance considerations

The AMIGA muon detectors are buried scintillator counters optimized to perform a direct
measurement of the air shower muon component at energies of ⇠1017.5 eV and higher. The
detectors will be co-located with the WCDs of the 750 m array, i.e. at 750 m spacing and
covering an area of 23.5 km2. A single station will have an area of 30 m2 and consist of 3
modules of 10 m2. One key element for this direct measurement is the absorption of the
electromagnetic shower component by the overburden. Results of a detailed simulation
study of the punch-through are given in table 3.2. The optimal depth is found to be in the
range 110 � 150 cm. The detectors will be deployed at a depth of 1.3 m. At this depth the
effective energy threshold for muons is 600 MeV/ cos qµ with qµ being the zenith angle of
the muon. As an important cross-check of the absolute efficiency and threshold energy of
detected muons, a small precision muon-counter with several threshold energies will be
installed on the surface at the Observatory, to monitor reference rates of unaccompanied
atmospheric muons.

To validate this design, a Unitary Cell of AMIGA was built, consisting of a full 7 station
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Estensione del range dinamico

Universality Reconstruction

D.�Martello CSN2�Ͳ GSSI

The upgrade of the Water-Cherenkov 
Detectors (WCD): SPMT 

•  The new electronics allow to install a 
small PMT in the tank. 

•  Installed in water-Cherenkov detectors for 
increasing dynamic range. 

•  Typical lateral distance of saturation ~500 
m (E > 1019.5 eV) reduced to 300 m. 

 

16	
  

Universality	
   Universality	
  

Topics not presented due to lack of time

15

2. Installation of small PMT in water-Cherenkov detectors for increasing dynamic range: 
    typical lateral distance of saturation ~500 m (E > 1019.5 eV) reduced 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

1. Installation of new electronics (transition from 40 MHz to 120 MHz, better timing, increased dynamic range)

4. Increase of exposure of fluorescence  
    telescopes by ~50% (lowering HV of PMTs)

3. Cross checks of upgraded detectors with  
    direct muon detectors shielded by 1.3 m  
    of soil (AMIGA, 750 m spacing,  
    63 detectors of 30 m2, 23.4 km2)

5. Reduction of systematic uncertainties of energy and composition-sensitive observables



The Underground Muon Detector (UMD) 
•  An Underground Muon Detector (UMD) is 

required in the existing SD infill area of 23.5 
km2.  

•  The UMD will provide important direct 
measurements of the shower muon content 
and its time structure.  

•  UMD serving as verification and fine-tuning of 
the methods used to extract muon information 
with the SSD and WCD measurements.  

•  The performance and characteristics of the 
AMIGA match these requirements, and thus the 
completed AMIGA array will serve as the UMD.  

•  Muon detectors shielded by 1.3 m of soil 
(AMIGA, 750 m spacing, 63 detectors of 30 m2)  Karl-Heinz Kampert – University Wuppertal UHECR2014, Springdale (Utah), Oct. 2014

High Precision Array

29

AMIGA GRANDE Electronics: Closer to 
the Core 

Integrator%
board%

10%

Scintillators shielded by 
tank and concrete…

… or by 1.5 m soil

Two options 
considered
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The Fluorescence Detector Operation Upgrade  

•  Safety limits on the long and short term 
illumination of PMTs by the NSB, and 
particularly scattered moonlight, define the 
data taking period of the current FD operation.  

 

•  The extension of the FD operation to times at 
which a large fraction of the moon in the sky is 
illuminated is possible  

•  Reducing the PMT gain by lowering the 
supplied high voltage (HV) to avoid an 
excessively high anode current leading to an 
irreversible deterioration of the PMT 
sensitivity. 

•  The HV power supplies installed in the FD 
buildings allow switching between two high 
voltage levels and the PMTs can be operated 
at the nominal gain and a lower gain.  

This Upgrade will allow an increase in the current 
15% duty cycle of the FD to over 20%  
 

NIM	
  A	
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TheHVdividerkeepsthePMTphotocathodeatgroundand
suppliespositiveHVtotheanode.Todissipateminimumpower
inthedensepackageofHEunits,thebleederisoperatedat
currentsoflessthan170mA.StabilizationoftheHVpotentialfor
largepulsesandinpresenceofarelativelystronglightback-
groundisthusrealizedbyemployinganactivenetwork[25]that
usesbipolartransistorsinthelastthreestagesofthePMT.Thisis
necessaryforafluorescencetelescope,whichisexposedtothe
darkskybackgroundandinsomecasesalsotoafractionofmoon
light.Thenormaldarkskybackgroundinmoonlessnightsinduces
ananodecurrentofabout0:8mAoneachPMT.Theactivedivider
ensuresthatthegainshiftduetothedividerchainislessthan1%
foranodecurrentsuptoabout10mA.

Thedriverlocatedontheintermediateceramicsboardofthe
HEreceivestheAC-coupledanodesignalthroughadifferential
input.Theanodepulseflowsthroughaloadresistorandreaches
onelegofthedifferentialinputofthelinedriver,whiletheother
legonlypicksupthecommon-modenoise.Acommon-mode
rejectionratioof28dBisobtainedbetween1and100kHz.The
integratedlaser-trimmedhybridcircuitsuppliesabalanced
outputmatchingthe120Ocharacteristicimpedanceofthe
twistedpaircableconnectingtheHEtothefront-endanalog
boardofthereadoutelectronics(seeSection4.1.1).

Extensivequalificationandacceptancetests[26]wereperformed
onthefullPMTunit,i.e.thePMTwiththeHEattached,using
automatictestsystems.Amongthetestsweremeasurementsofthe
HVdependenceofthegain,whichareneededforapropergroupingof
thePMTswithsimilargain.Therelativephotocathodesensitivityat
differentwavelengths,thelinearityofthePMTunit,andthe
photocathodeuniformitywerealsomeasured.Detailsaregivenin
Ref.[26].Beforeandafterinstallation,therelevantinformationfor
eachindividualPMTunitiscollectedintoadatabasewhichtracksthe
PMTcharacteristics,includingcalibrationmeasurementsperformed
insitu.

Toreducethecostofthepowersupplies,thephotomultipliersof
eachcameraareorganizedinto10groupsof44units.Eachgrouphas
similargaincharacteristics,andispoweredbyasingleHVchannel.
Thespreadofthegainswithinagroupisabout710%.

CablesaredistributedtothePMTelectronicsthrough
distributionboardspositionedbehindthecameraandwithinits
shadow,i.e.,withoutcausingadditionalobscuration.Theseboards
servegroupsof44PMTsofthecamera,supplyingHVandLVand
receivingthedifferentialsignalsfromthedriversintwistedpair
cables.AfuseforaovercurrentprotectionofeachLVlineis
providedontheboard.Fromtheboards,roundshieldedcables
carrythePMTsignalsontwistedpairwirestothefront-endcrate,
locatedatthebaseofthecamerasupport.

4.Electronicsanddataacquisitionsystem

TheFDtelescopesareusedtorecordfluorescencesignalsof
widelyvaryingintensityatopasizeable,andcontinuously
changing,lightbackground.Thispresentsasignificantchallenge

forthedesignoftheelectronicsanddataacquisitionsystem
(DAQ),whichmustprovidealargedynamicrangeandstrong
backgroundrejection,whileacceptinganyphysicallyplausibleair
shower.TheDAQmustalsoallowfortherobust,low-cost,remote
operationoftheFDtelescopes.Andfinally,theabsoluteFD-SD
timingoffsetmustbesufficientlyaccuratetoenablereliable
hybridreconstruction.

TheFDelectronicsareresponsibleforanti-aliasfiltering,
digitizing,andstoringsignalsfromthePMTs.AsthePMTdata
areprocessed,theyarepassedthroughaflexiblethree-stage
triggersystemimplementedinfirmwareandsoftware.The
remaininghigh-qualityshowercandidatesarepackagedbyan
eventbuilderforofflineshowerreconstruction.Foreachshower
candidateatriggerissentonlinetotheObservatoryCentralData
AcquisitionSystem(CDAS)inMalargüe.Ifatleastonetriggered
surfacedetectorstationisfoundincoincidencebyCDAS,ahybrid
triggerisgeneratedanddataofevenasinglestationisreadout.An
overviewofthecompleteispresentedinTable1.

TheorganizationoftheelectronicsandDAQishierarchical,
reflectingthephysicallayoutoftheFDbuildings.Fig.19shows
thereadoutschemeofoneFDsite,dividedintofourlogical
units:headelectronicsfor440PMTs!6telescopes,which
providelowandhighvoltage;front-end(FE)sub-racks,where
thesignalsareshapedanddigitized,andwherethresholdand
geometrytriggersaregenerated;theDAQsubnet,inwhichsix
telescopePCs(MirrorPCs)readoutthestoreddataandperform
additionalsoftware-basedbackgroundrejection;andanFDsite
network,inwhichasinglecomputer(namedEyePC)merges
triggersfromthesixtelescopesandtransfersthemtotheCDASin
Malargüe.TheFDsitenetworkalsocontainsaSlowControlPCto
allowforremoteoperationofthebuilding.Thecameraelectronics
andPCsaresynchronizedbyaclockmodulebasedonthe
MotorolaOncoreUT+GPSreceiver,thesamereceiverusedinthe
SDarray.

4.1.Front-endelectronics

EachFDcameraisreadoutbyonefront-endsub-rackandan
associatedMirrorPC.Thefront-endelectronicscontain20Analog
Boards(ABs),andeachABreceivesdatafromacolumnof22PMT
channels.Theboardsaredesignedtohandlethelargedynamic
rangerequiredforairfluorescencemeasurements;attheenergies
ofinterestforthePierreAugerObservatory,thismeansarangeof
15bitsand100nstiming[28].Thesub-racksalsocontain
dedicatedboardsforhardwaretriggers:20FirstLevelTrigger
(FLT)boardsforpixeltriggers,andoneSecondLevelTrigger(SLT)
boardfortrackidentificationwithinthecameraimage.

Fig.18.PictureofaPMTunit.

Table1
TriggersequenceforFDevents.

TriggerlevelLocationPurposeEventrate

FDTriggersequence
1FEsub-racksPixelthreshold100Hzpixel"1

(FLT)(FLTboards)trigger
2FEsub-racksTrackshape0.1–10Hztelescope"1

(SLT)(SLTboard)identification
3MirrorPCsLightning0.01Hztelescope"1

(TLT)(software)rejection
T3EyePCEventbuilder,0.02Hzbuilding"1

(software)hybridtrigger

Ateachtelescope,eventsareselectedbasedonchannelthresholds(FLT),track
shape(SLT),andlightningrejection(TLT).EventspassingtheTLTaremergedbyan
eventbuilderontheFDEyePC.Iftheeventpassesfurtherqualitycutsforasimple
reconstruction,ahybridtrigger(T3)issenttoCDAS.

J.Abrahametal./NuclearInstrumentsandMethodsinPhysicsResearchA620(2010)227–251237
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6.2. Background conditions

The presence of the moon above the horizon increases the
background light level, which has to be monitored. The direct
current induced by the background is eliminated by the AC coupling
of the PMT base, but it is possible to determine background levels
using the direct relation between the fluctuations of the sky
background and the photon flux. The analysis of the fluctuations in
the ADC signal (variance analysis) performed for each night of data
taking is used to monitor the FD background signal and data taking
conditions. Thus the amount of light is derived from ADC variance
value and it is given in units (ADC counts)2.

The total background signal is the sum of the electronics
background (photomultiplier and electronics noise) and the sky
brightness (airglow, moonlight, stars and planet light, zodiacal
light, twilight and artificial light) [33]. The typical values of
background signals are: 3–5 (ADC counts)2 for electronics back-
ground, around 20 (ADC counts)2 for cloudy nights, and between
25 and 60 (ADC counts)2 for clear moonless nights. During nights
when the moon is above the horizon, the light background level
can reach several hundred (ADC counts)2.

The optimal background conditions for observation range from
25 to 60 (ADC counts)2 which corresponds to photon background
flux from approximately 100 to 250 photons m!2 deg!2 ms!1.
Under such conditions, one event per 2 h is recorded for which
the energy is determined with reconstruction uncertainty smaller
than 20% and the depth of maximum measured with an
uncertainty of better than 40 g/cm2. These high-quality events
are the ones used for physics analysis.

6.3. Standard operation

The FD operation is not fully automated and at present the
assistance of a shift crew of at least two people per night is
necessary. Their responsibilities consist of several activities
before, during and after measurement each night. These include
relative calibration of the cameras and optical components before
and after observation, starting and stopping data taking according
to weather conditions, prompt correction of software or hardware
defects, etc. The operation of the FD is still evolving, and the
software development is steadily transferring the responsibility of
the human crew to automatic operation. The ultimate aim is to
operate FD telescopes in fully automatic and remotely supervised
mode.

FD is operated in nights with moon fraction below 60%
beginning at the end of the astronomical twilight till the
beginning of the next astronomical twilight. These criteria have
evolved over time; before January 2005 the maximal illuminated
moon fraction was 50%, and hence data taking period was 2 days
shorter per month. The observation period lasts 16 days per
month, with an average observational time of about 10 h (ranging
from about 14 h in June to 5 h in December).

6.4. Slow control system

The fluorescence detectors are operated from the central
campus in Malargüe, and are not operated directly from the FD
buildings. Therefore, the main task of the Slow Control System
(SCS) is to ensure a secure remote operation of the FD system. The
SCS works autonomously and continuously monitors detector and
weather conditions. Commands from the remote operator are
accepted only if they do not violate safety rules that depend on
the actual experimental conditions: high-voltage, wind speed,
rain, light levels inside/outside the buildings, etc. In case of
external problems such as power failures or communication
breakdowns the SCS performs an orderly shutdown, and also a
subsequent startup of the fluorescence detector system if the
conditions have changed. If parts of the SCS itself fail, the system
automatically reverts to a secure mode as all potentially critical
system states (open shutters, high-voltage on, etc.) have to be
actively maintained.

To ensure reliable supervision and to allow for high flexibility
and stability, the SCS is based on industrial PROFIBUS compo-
nents. This bus system consists of several bus terminals with
specific functions, such as analog input, digital output, relays, etc.
The terminals make up a modular bus-system which is addressed
and controlled from a PC. The slow control PC is the central
instance of the SCS in each FD building and runs the main control
software under a Windows operating system. The system for one
of the fluorescence detector buildings is sketched in Fig. 30.

The shift crew interacts with the control-system via web-
browsers. One central webserver communicates via OPC-XML
gateways with 4Control OPC-servers on the control-PCs. Several
views with different levels of detail display the status, from an
overview of the whole fluorescence detector of the Observatory
down to single telescopes (see Fig. 31).

For the further automation of the data taking, an interface
between the Slow Control and the Data Acquisition systems is
under development. The final goal is an automatic, scheduled
operation where the shifters have to react only to malfunctions of
the system.

6.5. Monitoring

FD data-taking can only take place under specific environ-
mental conditions. The light-sensitive cameras must be operated
on dark nights with low wind and without rain. This makes the
operation a full task for the shifters, who judge the suitability of
operations on the basis of the information given by the SCS. The
telescope performance must be monitored constantly to assure
the quality of the recorded data, as well as guarantee the safe
operation of all detector components. A user-friendly monitoring
tool has been developed to support the shifters in judging and
supervising the status of the detector components, the electronics,
and the data-acquisition.

The monitoring tool [45] is built upon online MySQL databases,
organized by FD building. The databases record data from regular
FD measurements and from calibrations and atmospheric surveys.
The data are transferred to a central server at the Malargüe
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Fig. 29. Uptime fraction for fluorescence telescopes. Telescopes are numbered as
follows: Los Leones (south) site 1–6, Los Morados (east) site 7–12, Loma Amarilla
(north) site 13–18, Coihueco (west) site 19–24.
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Potenzialità dell’upgrade

La�possibilità�di�determinare�la�massa�

All

del�primario�sulla�base�del�singolo�
evento�con�SD�permetterebbe�di�fare�
analisi�di�anisotropia�utilizzano�
campioni di dati selezionati in massacampioni�di�dati�selezionati�in�massa.

454 eventi rivelati E>4X1019 eV

Heavy

454�eventi�rivelati�E>4X10 eV
Xmax secondo�scenario�1
10�%�protoni���di�cui�metà�correlati�
con AGN vicine (<100 Mpc)con�AGN�vicine�(<100�Mpc)

Light

Fattore�di�merito�assunto�per�la�
discriminazione�1.5

D.�Martello CSN2�Ͳ GSSI

 
•  Event-by-Event primary 

mass identification could 
provide the possibility to 
do the anisotropy analysis 
with data sample selected 
by the mass of the primary 

 

•  Example 454 events with  

 E > 4x1019eV  

 Xmax Scenario 1 

 

10% protons and half correlate 
with near AGN (<100 Mpc) 



Summary 

•  A brief summary of the precise Pierre Auger Observatory results that call for an 
AUGER Upgrade are shown. 

•  The Primary Mass Identification using the electronic and muonic componets it was 
described and different metodologies are discussed. 

•  The complete upgrade program of the Pierre Auger Observatory it was shown and 
the expected performances are briefly discussed. 

•  The upgraded observatory will take data until 2024 

•  We will show in CRIS 2025 the results obtained by the upgrade. 
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Prototype development and testing 
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Figure 2: UUB prototype. 
 
The goal is to fabricate another batch of 20 boards after these first prototypes have been 
validated. These boards should be ready early next year for the Engineering Array (10 detector 
stations), which is planned for March 2016. 

Electronics 
prototypes (120 MHz)

64 CHAPTER 4. THE SURFACE DETECTOR

TOP�VIEW

L RFiFiber�bundlesL R

10�c

bers

Light Mixer 7�cm

PM
T

25�cm

m Light�Mixer

Scintillator

2�cm

20�cm

38�cm

Figure 4.7: The photo-detector that collects the light produced by the two bundles of fibers.

been made for the MINOS detector [143], and the aging was found to be directly related to
the temperature. Using the results from the MINOS team, which have been validated dur-
ing 10 years of operation of their detector, and using the temperatures observed in 2014 from
Figure 4.8, we obtain an expected light loss due to aging of 2.8% per year. For the design we
will therefore assume a 30% light loss over 10 years of operation. While the MINOS team
reports no effect during tests of temperature cycling, different groups in the collaboration
are repeating these cycling measurements given the sometimes-strong 30 degree day-night
temperature variations observed in Malargüe.

The total weight of one SSD unit is about 150 kg.
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Figure 4.8: Left: one year of temperature measurements inside a 2 m2 prototype of SSD in operation
in the Pampa. The double roof keeps the detector below 40�C, even under the harsh direct sun of
Malargüe. Right: temperature for the first week of December 2014 compared to the temperature of
the WCD PMTs and of the electronics enclosure. The small peak in the SSD temperature in some
mornings is due to direct sunlight reaching the PMT box which was exposed in the prototype design.
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Figure 4.13: MIP histogram of a 2 m2 prototype running in the Pampa, together with VEM calibration
histograms of the WCD over which it is installed (left), and comparison to a simplified simulation
(right). These histograms correspond to one minute of data taking. Given the clean separation of
the MIP from the low energy background, no calibration issue is foreseen. These results were con-
firmed with the detailed codes discussed in section 8, including a Geant4 [147] based simulation of
the response of the SSD and WCD to low energy showers simulated with CORSIKA [148].

Non-uniformity is very well controlled with the U-shape for the fibers and the “snake” rout-
ing of the fiber up to 6% [146]. The total width expected after 10 years of operation is 40%,
assuring a MIP determination at better than 1.5% statistical accuracy. The expected MIP
histogram can be seen in figure 4.14.
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Figure 4.14: MIP histogram obtained from simulation and extrapolation of its shape after 10 years of
aging. The MIP can still be easily determined with a foreseen 1.5% statistical accuracy.

In addition to these calibration histograms, which are taken in real time but used only
offline, a rate-based method will be developed to get an estimate of the value of the MIP at
the level of the local station controller. The advantage of a rate based algorithm, stabilized
with a sigma-delta method, is that it is extremely robust. It is the same algorithm that has
been running in the WCD for more than 10 years.

Finally, extra calibration information will also be determined for the SSD as is done for
the WCD: high gain/low gain ratio, baseline noise and average pulse shape. In addition
to these calibration data, monitoring values will also be sent to the central data acquisition
system together with the WCD monitoring block (every 400 seconds). These monitoring data
will include for the SSD unit the DAC settings for the HV supply of the PMT, the effective

MIP calibration curve Temperature variation one year

3.4. UNDERGROUND MUON DETECTOR PERFORMANCE CONSIDERATIONS 37

Figure 3.7: Results for the prototype SSD detectors (ASCII). Top left, ASCII signal compared to the
WCD. The signal of a 2 m2 SSD is roughly half the signal of the WCD. Non-linearity of the prototypes
detectors can be seen for large WCD signals. Top right: comparison of measured signal with expected
one from universality and average Xmax and Nµ at the reconstructed energy. The agreement is very
good. The profile of the data points is also indicated. The non-linearity at large signals is again visi-
ble. Bottom left: LDF from WCD (scaled ⇥10) and SSD for low energy events from 25 to 30 degrees of
zenith angle, normalized to reconstructed energy, compared to prediction from simulations. Bottom
right: measured signals in SSD and WCD compared to predicted ones from the universality param-
eterization, changing Nµ or the energy scale. A similar study, once systematics are understood, will
allow to determine the muon numbers of real data and any systematic in the FD-based energy scale.

3.4 Underground Muon Detector performance considerations

The AMIGA muon detectors are buried scintillator counters optimized to perform a direct
measurement of the air shower muon component at energies of ⇠1017.5 eV and higher. The
detectors will be co-located with the WCDs of the 750 m array, i.e. at 750 m spacing and
covering an area of 23.5 km2. A single station will have an area of 30 m2 and consist of 3
modules of 10 m2. One key element for this direct measurement is the absorption of the
electromagnetic shower component by the overburden. Results of a detailed simulation
study of the punch-through are given in table 3.2. The optimal depth is found to be in the
range 110 � 150 cm. The detectors will be deployed at a depth of 1.3 m. At this depth the
effective energy threshold for muons is 600 MeV/ cos qµ with qµ being the zenith angle of
the muon. As an important cross-check of the absolute efficiency and threshold energy of
detected muons, a small precision muon-counter with several threshold energies will be
installed on the surface at the Observatory, to monitor reference rates of unaccompanied
atmospheric muons.

To validate this design, a Unitary Cell of AMIGA was built, consisting of a full 7 station

Rescaled lateral 
distribution
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The upgrade of the Pierre Auger Observatory 

•  A complementary measurement of the shower particles will be provided by a plastic scintillator plane above the existing 
Water-Cherenkov Detectors (WCD).  

•  The surface detector stations will be upgraded with new electronics that will process both WCD and SSD signals. Use of the 
new electronics also aims to increase the data quality (with faster sampling of ADC traces, better timing accuracy, increased 
dynamic range), to enhance the local trigger and processing capabilities (with a more powerful local station processor and 
FPGA) and to improve calibration and monitoring capabil- ities of the surface detector stations. The surface detector 
electronics upgrade (SDEU) can be easily deployed, and will have only minimal impact on the continuous data taking of the 
Surface Detector.  

•  An Underground Muon Detector (UMD) is required in the existing SD infill area of 23.5 km2. The UMD will provide 
important direct measurements of the shower muon content and its time structure, while serving as verification and fine-
tuning of the meth- ods used to extract muon information with the SSD and WCD measurements. The per- formance and 
characteristics of the AMIGA underground muon detectors, now being deployed, match these requirements, and thus the 
completed AMIGA array will serve as the UMD.  

•  In parallel with the Surface Detector upgrade, the operation mode of the Fluorescence Detector (FD) will be changed to 
extend measurements into periods with higher night sky background. This will allow an increase in the current 15% duty 
cycle of the FD to over 20%  

•  Auger upgrade will not affect the continuous data taking and maintenance of the existing detectors.  

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

Increasing the FD statistics  
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