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1 Introduction

This report covers the progress during the period April 15th, 2011 through April 30th, 2014.
The principal investigator is Professor David Nitz. Professor Brian Fick is the Co-PI.

Other members include researcher Johana Chirinos Diaz, and PhD students Tolga Yapici
and Niraj Dhital. The focus of the group is the study of the highest energy cosmic rays using
the Pierre Auger Observatory.

The major goals of the Pierre Auger Observatory are to discover and understand the
source or sources of cosmic rays with energies exceeding 1019eV , to identify the particle
type(s), and to investigate the interactions of those cosmic particles both in space and in
the Earth's atmosphere. The Pierre Auger Observatory in Argentina was completed in June
2008 with 1660 surface detector stations (SD)1 and 24 �uorescence telescopes arranged in 4
stations (FD) [3]. It has a collecting area of 3,000 km2, yielding an aperture of 7,000 km2 ·sr.
Plans are underway for a possible upgrade of the Observatory.

A major science result from the Auger Observatory has been the discovery that the
arrival directions of the highest energy cosmic rays (above 55 EeV) are not isotropic. The
in-homogeneous distribution of matter in the local universe appears to be imprinted in the
anisotropy of their arrival directions [4].

These particles are above the energy threshold where interactions with photons of the
cosmic microwave background (CMB) are expected to limit the range of cosmic rays. Energy
loss by pion photo-production was predicted by Greisen [5] and by Zatsepin and Kuzmin
[6] shortly after the discovery of the CMB in 1965 [7]. Photo-disintegration of nuclei can
produce a similar e�ect on the cosmic ray energy spectrum [8]. The steepening of the energy
spectrum near 40 EeV, measured with the High Resolution Fly's Eye (HiRes) [9, 10] as well as
the Auger Observatory [11, 12], is consistent with the expected energy loss due to the CMB.
However, it could be attributed to a feature of the average particle injection spectrum instead
of energy losses during propagation. The correlation of arrival directions with the large-scale
matter distribution inside the GZK sphere of 75 Mpc con�rms that cosmic rays from the
nearly isotropic visible universe beyond the GZK sphere are indeed strongly suppressed.

Fluorescence measurements of the depth of shower maximum (Xmax) for energies up to
35 EeV, the maximum that can be reached with the aperture of the Auger Observatory,
show striking trends [13]. These results, when analyzed using current hadronic interaction
models, suggest an increasingly heavy (iron-rich) composition, but this interpretation is
astrophysically di�cult to explain, especially in view of the anisotropy that becomes apparent
at somewhat higher energy. Furthermore, when the details of the Xmax distribution are
included in the analysis (rather than just the average), a 2 component transition from light
to heavy composition is disfavored. Addition of the measured muon component of the
showers, which shows a constant relative excess compared to model calculations, independent
of energy, further enriches this puzzle.

1There is an in�ll [1] enhancement which locates 46 of the 1660 stations on a smaller grid. Coupled
with an associated extension of the �uorescence telescopes [2], this provides hybrid measurements down to
1017eV .

1



Figure 1: Verilog simulation of the actual PLD con�guration of the deconvolution of the
signal for the ToTd trigger. The top trace shows the input signal to the trigger, illustrating
three muons above a smoother electromagnetic background. The bottom trace shows the
deconvolved trace upon which the pulse height window is applied. The muon signal has been
concentrated in one or two bins, while the shape and amplitude electromagnetic portion of
the signal remains unaltered. The vertical scale is in units of FADC counts, while each
horizontal bin is 25 ns.

2 Research Activities during 2013/14

Activities during the past year included operation of the Auger Observatory, advances in
atmospheric monitoring techniques, improvements to the surface array trigger, and analysis
e�orts aimed at both interpretation of the data and improved monitoring.

2.1 SD Trigger

During the past year, we (Nitz) have completed work on additional Auger Observatory Sur-
face Detector level 1 triggers in conjunction with primarily our French colleagues at the
University of Paris VI. The MTU group coordinated the e�ort, and performed the imple-
mentation of the triggers in the SD front-end electronics �rmware. The new triggers have
been installed on the full array and the data stream now includes the new triggers. The new
triggers have been added to the monitoring database, and additional monitoring displays
have been implemented.

The signals from each of the 3 9� PMTs in each SD water Cerenkov detector are recorded
at a 40 MHz rate by �ash ADCs (FADCs). Programmable logic devices (PLDs) on the
front-end board in the surface detector electronics generate the lowest level surface detector
triggers using these FADC traces. Until recently, two main triggers have been employed: 1)
a simple threshold trigger on the amplitude of the signal in at least 2 of the 3 PMTs, and 2)
a time-over-threshold (ToT) which requires that 13 or more of the 25 ns time bins within a
3µs sliding window be above a signal of 0.2 vertical equivalent muons (VEM) in 2 of the 3
PMTs [14, 15]. This latter trigger has proved to be extremely powerful and pure. In June
2013, the Auger Observatory installed across the entire array two additional SD triggers
implemented by Nitz. These triggers build upon the ToT trigger in two directions, applying
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Figure 2: Concept of the MoPS trigger.

more sophisticated analysis to the FADC traces.
The time-over-threshold-deconvolved (ToTd) trigger deconvolves the the exponential tail

of the di�usely re�ected Cerenkov light pulses before applying the ToT condition. This has
the e�ect of reducing the in�uence of muons in the trigger, since the typical signal from a
muon, with fast rise time and ≈ 60 ns decay constant, is compressed into one or 2 time bins.
This is illustrated in Fig. 1

The multiplicity-of-positive-steps trigger (MoPS), on the other hand, counts the number
of positive going signal steps in 2 of 3 PMTs within the 3µs sliding window (see Fig. 2).
The steps are required to be above a small FADC value (≈ 5 times RMS noise) and below a
moderate value (≈ 1

2
vertical muon step). This reduces the in�uence of muons in the trigger.

Both the ToTd and MoPS triggers also require the integrated signal to be above ≈ 0.5 VEM.
Because these triggers minimize the in�uence of single muons, they reduce the energy

threshold of the array, while keeping random triggers at an acceptable level. Thus they
improve the energy reach of the SD, as well as improve the trigger e�ciency for photon and
neutrino showers. The increased e�ciency for a single station trigger from the new triggers
for small signals is shown in Fig. 3.

2.2 Atmospheric Monitoring

The Auger Observatory employs a number of instruments, the Central Laser Facility (CLF)
[17], the eXtended Laser Facility (XLF), LIDARs [18], and IR cameras [19], to identify clouds
over the array. The MTU group (Chirinos) developed a complementary cloud identi�cation
system based on infrared measurements performed by geosynchronous satellites. The system
provides cloud probabilities for a 360-element grid of 2.5 km×5.2 km regions encompassing
the area of the observatory, twice per hour (see Fig. 4). The MTU group is in charge of
collecting this information from the NOAA website, processing it, and placing it into a
database for use by the rest of the collaboration.

Two important features of this work are 1) the raw data is freely available for the entire
running period of the Auger Observatory, and 2) the Auger Central Laser Facility (CLF)
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Figure 3: Single station trigger probability for various triggers versus the integrated signal
size in units of �vertical equivalent muons� [16].

provides a unique ability to ground-truth the cloud detection algorithm developed at MTU,
quantifying the accuracy of the method and demonstrating an improvement over previously
available algorithms.

All the data obtained since early 2004 (for FD running periods) have been processed and
loaded into the GOESDB portion (developed at MTU) of the Auger atmospheric monitor-
ing database. In collaboration with Northeastern University, we implemented the database
handler for the GOESDB, to fully incorporate it into the Auger OffLine analysis structure.
As an example of the use of this information we created a map of clear fraction observations
for each ground pixel covering the observatory for FD running periods between 2007 and
late 2011 (See Fig. 4).

The MTU group was in charge of publishing this work as a full author list Auger Col-
laboration paper [20].

We have started to expand this work to include a comparison of the method with cloud
identi�cations made by the four LiDAR devices at the FD sites.

2.3 Exotic Search

Ultra High Energy Cosmic Rays (UHECR) provide us an opportunity to explore the unprece-
dented aspect of particle physics. With various proposed models of particle interactions and
possible extension of Standard Model (SM) to Supersymmetric Models (SSM), the UHECR
air showers open up new windows to study physics of particle interactions at energies much
higher than that in the Large Hadron Collider (LHC) experiment. Many of these proposed
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Figure 4: Left - Clear fraction map between 2007 and 2011. Right - Clear fraction frequency
for all pixels between 2007 and 2011.

models predict the production of heavy particles with lifetimes which may be of the order
of picoseconds to about a nanosecond[21]. As an example, gravity-mediated supersymme-
try with R-parity violation allows the decay of lightest supersymmetric particle within the
lifetime of this range [22]. In gauge-mediated supersymmetry models, next-to-lightest su-
persymmetric particle may exhibit this property [23]. There are several other models which
predict such particles [24, 25, 26, 27]. Fig. 5(left) illustrates a scenario where an unknown
weakly interacting massive particle is produced in the �rst interaction of primary parti-
cle with air nucleus at an atmospheric depth X1, which travels invisibly for a distance L
and decays at an atmospheric depth X ′1 producing a second shower superimposed to the
�rst(double-bump pro�le). For such situations, the longitudinal shower pro�le has two max-
ima, separation and amplitude of which are determined mainly by lifetime and energy of the
particle created. It is trivial to estimate the ratio of two fundamental properties, mass(m)
and lifetime(τ) of the particle, if one can measure energy and the separation between the
production position and decay position of the exotic particle. Fig. 5(right) shows the con-
tours of m

τ
for exotic particle as a function of its energy and decay position, for a zenith

angle of 70◦.
Motivated by relatively larger volume of SD data and its reconstruction being independent

on atmospheric and weather conditions we are performing a search for such exotic particles
using the SD data. We simulate double-bump air showers for such scenarios using CORSIKA
[28]. Two sets of showers are simulated, �rst set comprising of normal proton showers,
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Figure 5: Left: Schematic of production depth pro�le of secondary particles for air shower

in which weakly interacting massive particle decays later Right: Contours of m
τ
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)

for exotic particle as a function of its energy and decay position, assuming that the zenith
angle of primary particle is 70◦.

and the second set comprising of the proton showers with deeper injection depths. A �nal
distribution of particles at ground is obtained by combining the two CORSIKA generated
showers adjusting the time of injection of the second set to match that of �rst. We used
zenith angles of 60°, 65°, 70° and 75° for the simulations.

Starting from the arrival times and positions of particles at the ground we reconstruct
the production depths of the particles that arrive to the ground, assuming that the particles
travel with the speed of light. In reality, muons in the cosmic ray air showers tend to
arrive earlier than the electromagnetic component which su�ers from multiple scattering.
Moreover, signi�cant fraction of particles from the earlier part of the shower is lost on its
way to ground compared to the later part of the shower. This further enhances the later
part of the shower, making the contribution of the exotic particle more apparent. In Fig.
6(left), production depth of particles from the normal shower (25 EeV, 70◦) is shown in green,
production depth of particles from the deeper shower (8 EeV, injection depth 1500 g/cm2)
is shown in blue, and that from the combined shower is shown in red. These are obtained
using the output from CORSIKA without performing a detector simulation. Fig. 6(right)
shows the distribution after a full detector simulation of the combined shower.

This work is the basis of Niraj Dhital's thesis.
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Figure 6: Left: Production depth of particles that arrive to the ground obtained from the
ground particles information of CORSIKA output (without detector simulation). Right:
Production depth for the same shower after performing SD simulation.

2.4 Hadronic Interactions

The extensive air shower development depends on the primary particle initiating the shower.
The distribution of the �rst interaction length of the primary particle is one of the main rea-
sons for the large �uctuation in shower observables [29]. Embedded information in the shower
development can be extracted using di�erent methods. Our group employed an Arti�cial
Neural Network (ANN) prediction model which incorporates the shape of the shower devel-
opment, particularly muon production depth pro�le. In addition to event-by-event based
predictions, cumulatively the results yield the distributions of �rst interaction lengths (see
Fig. 7). These distributions provide information about the mean-free paths, and in return
the cross-sections, of the primary particles in the mixture.

According to the hypothesis of a transition from light primary particles to heavier ones at
high energies (E>1018.5 eV), cosmic rays may be composed of multiple primaries at di�erent
energy intervals. Thus, solely, the results of the prediction model cannot be interpreted
for �nding the cross-section of the cosmic rays. Due to the fact that heavier cosmic rays
have a shorter tail in their �rst interaction length distributions, segmenting the distribution
makes it possible to identify the mean-free paths of the cosmic rays in the mixture. Through
Monte-Carlo simulations of p→CNO→Fe at di�erent mixing rates, our group computed two
breaking points to divide the distributions.

The statistical and systematic errors of using breaking points on calculation of mean-free
paths at di�erent compositions are being carried out. In addition, detector simulations are
being carried out for the application of the prediction model and its interpretation.

This work is the basis of Tolga Yapici's thesis.
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3 Research Activities during 2012/13 and 2011/2012

Activities during these years included operation of the Auger Observatory, advances in at-
mospheric monitoring techniques, improvements to the surface array trigger, and analysis
e�orts aimed at both interpretation of the data and improved monitoring.

3.1 SD Trigger

During these years, we (Nitz) worked on developing additional Auger Observatory Surface
Detector level 1 triggers in conjunction with primarily our French colleagues at the University
of Paris VI.

Based upon results of testing in 2011, we requested and were granted permission in
November, 2011 to install the ToTd trigger, along with associated modi�cations to the
monitoring and production analysis packages, in one communications sector of the standard
array.

Subsequently, the triggers were tested as previously planned in several di�erent sectors
of the array with progressively larger numbers of stations involved in each test. This testing
over progressively larger and more diverse areas of the array uncovered some de�ciencies
with regard to the new triggers and noisy stations As a result, an additional constraint on
the integrated signal was added to the new triggers.
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3.2 Auger Observatory Communications System

The MTU group (Nitz, Yapici, Kieckhafer) also worked on developing a common commu-
nications platform for the Auger Observatory surface instruments, in collaboration with
colleagues at KIT (Germany) and KVI (Netherlands).

3.3 Atmospheric Monitoring

We (Chirinos, Yapici, Dhital, and Fick) have provided cloud-cover probability maps for the
region of the array and duration of the experiment (see Section 2.2) Initial reports of this
work were published as conference proceedings [30, 19].

3.4 Data checks

The AGN correlation at high cosmic ray energies has fallen since the original publication.
Between January, 2004 and August, 2007 the AGN correlation rate is remarkably steady
at 70% whereupon it abruptly changes to an equally steady 30% (still not consistent with
isotropy). We felt it prudent to investigate whether a change in the performance of the
instrument was responsible for this behavior. As the anisotropy measurement depends only
on shower energy and absolute arrival direction we looked for evidence of changes in the
data, between the early and late epoch, that would a�ect these quantities in such a way as
to produce the observed reduction in anisotropy.

We have not been able to reproduce the e�ect in simulation with plausible shifts in
energy calibration, energy resolution, or angular resolution. Additionally, event-by-event
comparisons between SD and FD energies for hybrid events showed no change in either
scale, variance, or direction resolution, between the two epochs. However, led by initial work
at MTU, further studies have veri�ed that there have been small time dependent energy
scale changes between the FD and SD. The cause for these drifts is not yet understood, and
sorting out how much of the drift is due to the FD and how much to the SD is a work in
progress.

There are also hints that there may be a correlation between the apparent change in
behavior and two especially cold periods during the austral winters of 2007 and 2010, when
ice was observed in the SD stations. One manifestation in the monitoring data is a sharp
(over a few weeks) change in the area to peak ratio (A/P) of through-going muon signals.
These changes are not yet understood.

When the CLF issues a laser pulse into the atmosphere for FD monitoring, it also both
records the energy of the laser with a probe, and sends some of the light to the neighboring
SD station (Celeste) over a �ber optic cable. In the hope that this might provide a stable
reference, we performed a study of the long term time dependence of the signal measured in
Celeste versus the energy measured by the laser probe.

We studied the behavior of the total signal in the tank, the signal in each PMT, the
A/P of each PMT and the recovered saturated total signal in the tank in data since 2006.
We observed a decrease in the signal coinciding with the drop of A/P during the 2007 and
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2010 freezing events. We also see some evidence of a long term decay of the observed laser
initiated signal in Celeste (corrected for measured laser energy in the probe), as well as aging
of the laser (a decrease in the energy measured by the probe for the same laser voltage).

We also performed simulation studies to try to understand the long term performance of
the surface detector array and possible e�ects on energy reconstruction. We studied both
uniform and non-uniform degradation of the liner, and decreases in the water absorption
length. None of the studied types of degradation, except for one, produced a reconstructed
shower energy shift when the A/P shift was constrained to be consistent with measurements.
However, vertically strati�ed degradation of the water attenuation length could both produce
a reconstructed energy shift and keep A/P shifts consistent with measured performance. In
situ veri�cation is di�cult, and has not yet been performed. This work has been documented
in a technical note [31].

3.5 Exotic Search

It has long been conjectured that certain exotic weakly interacting elementary particles could
be produced in ultra-high-energy collisions. These particles, once produced, travel invisibly
with the normally developing shower cascade until it decays and produces a second shower
superimposed on the �rst (double-bump pro�le). Other Auger Collaboration groups are
actively searching the FD data using this signature. The cloud probability maps produced
by MTU (discussed in section 2.2) are important for this work, helping to ensure that any
double-bump pro�les that might be observed are not simply due to clouds.

We (Fick, Dhital) began a program to perform a more sensitive search using the more
voluminous SD data, looking for manifestation in the temporal and spatial structure of the
SD events. This is discussed in section 2.3.

3.6 Hadronic Interactions

Our Xmax results, taken by themselves can be interpreted as either a radical change in
chemical composition with rising energy or an equally radical change in hadronic interaction
physics. To sort out these possibilities, we (Fick and Yapici) have set out to try to �nd a
means of directly measuring the �rst interaction depth (X1) and thus separate composition
e�ects from those of the total cross-section. This is discussed in section 2.4.
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