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Abstract

It has been almost a century since cosmic rays were first discovered and yet
the origins, production and acceleration mechanisms of these particles at the
highest energies are not perfectly understood. Above 10?°eV, all possible
species of cosmic ray particles, except neutrinos, interact strongly with the
cosmic ray background and hence their flux should be strongly suppressed,
except for those whose sources are sufficiently close to the earth on a cos-
mological scale (distances smaller than 100 Mpc). Furthermore, the basic
requirements which must be met by astrophysical objects to accelerate par-
ticles to energies greater than 10%eV are not easily met. At present, no
conclusive source identification for these particles have been obtained.

Identifying the sources of high energy cosmic rays would be easier and
more efficient if we were to know the primary composition of these particles.
Considering models of the magnetic fields in our galaxy and its surrounding,
information on mass composition would allow for corrections in the arrival
directions of cosmic rays. However, composition of cosmic rays at the highest
energies is very poorly known. Therefore many techniques and studies have
been developed in the recent years. Using the asymmetry in the arrival time
distribution of particles at ground, the group of the National University of
La Plata (UNLP) has developed a novel and very promising technique for
mass composition estimations.

Applying this method to the Pierre Auger Observatory data, the ques-
tion wether the time distributions should be previously corrected from any
detector effects has been raised. In this work, we have tested the effects
of corrected time distributions on the asymmetry method, using a suitable
deconvolution procedure. It is shown that unexpected effects are observed
in the different steps of the analysis but that the final result on mass com-
position remains compatible, within errors, for the detected signals and the
corrected ones.
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Chapter 1

Ultrahigh Energy Cosmic Rays
at the Pierre Auger
Observatory

Ultra High Energy Cosmic Rays (UHECRSs) are known as those particles
that hit the earth’s atmosphere at energies above 10'® eV. Such energies
have opened the question of their sources and mechanisms of production.
After more then 80 years of research in cosmic ray physics, the answer to
these questions have not yet been given. This is known as the enigma of the
highest energy cosmic rays.

Even at energies of 10'eV, cosmic rays are too rare to be measured effi-
ciently by instruments carried by balloons or spacecrafts and their detection
relies on the extensive air showers (EAS) produced in the earth atmosphere.
The components of these EAS can be detected at ground level and features
such as the energy and the arrival direction of the primary cosmic ray can be
inferred. The detection of UHECRs implies using the largest detection areas
possible. With it’s final inauguration in november 2008, the Pierre Auger
Observatory (PAO) is now the largest detector in the world, with a detection
area spread over nearly 3000 km?.

In this chapter, we review briefly the main ingredients of cosmic ray
physics, concentrating on the enigma of UHECRs and the way the PAO
aims to address this issue. We also present the first results published by
the Pierre Auger Collaboration. We do not give here an introduction to
cosmic ray physics and its history. For more information on this subject, we
recommend the excellent review by M. Nagano and A. A. Watson [1] and the
very complete reference [2]. See also reference [3] for a detailed discussion of
high energy physics in the atmosphere.
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1.1 The Energy Spectrum of Cosmic Rays

One of the easiest way to summarize todays understanding of cosmic rays
is to discuss their well-known energy spectrum. Figure 1.1 shows one of
the latest result for this spectrum, obtained by grouping data from different
experiments.

Under 10 GeV, the flux is modulated by the solar wind. Above this
energy, the rest of the spectrum is well described by a power law of the form

dN (F)
dE
where N holds for the number of particles. The index v must change over
certain ranges of energy to represent correctly the features of the observed
flux. At 5 PeV, there is a steepening from v ~ 2.7 to v ~ 3.1 in the spectrum,
this feature being known as the first knee. A second knee appears around
400-500 PeV where the index reaches a value of ~3.3. However, at very
high energies of ~ 4 EeV, the spectrum flattens again, v being around 2.7,
a region called the ankle. These features of the spectrum have been studied
independently by several experiments. It is believed these changes are due
to differences in the production and propagation mechanisms involved at the
different energies. For instance, the steepening in the spectrum from v ~ 2.7
to v ~ 3.1 was studied by the KASKADE experiment [4] and it was found
that the change in spectral index is due to the progressive hardening in the
spectra of individual elements with mass below carbon.

x B (1.1)

The two great questions about the highest energy cosmic rays concern
their origin and acceleration mechanisms. Several explanations have been
put forward to try to describe where and how cosmic arrays above the knee
reach such energies. Some models predict other galactic sources to cosmic
rays than supernovae remanent (SNR), such as Type II supernovae or gamma
ray bursts. It is postulated that these events occur with a sufficiently high
frequency to create particles with energies up to the ankle. Above this limit,
the flux becomes dominated by its extragalactic component. Others think
this transition actually occurs at the second knee and the ankle characteristic
is the result of eTe™ pair production caused by a spectrum dominated by
protons interacting with the cosmic microwave background (CMBR):

p+ycmBr — p+e +e (1.2)

As the change in the average mass at the ankle should be different for the
two scenarios, it should be in principle possible to discriminate these two ri-
val explanations by using mass composition measurements . If the transition
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model is correct, the composition under the ankle is expected to be domi-
nated by iron. On the contrary, if the ankle is due to pair production from
interaction with the CMBR, then the flux should be dominated by protons.

Above the ankle (4 EeV), cosmic rays are most probably of extragalactic
origin. The flux being very low, direct measurements of the spectrum become
impossible. To get a better idea, the number of events are estimated of the
order of 100 km™2y~! for 1 EeV, 1 km 2y~ ! for 10 EeV and 1 km™2 per
century for 100 EeV.

1.2 The GZK Cut-Off

There are many processes that can degrade the energy of particles as they
travel through the cosmos [5]. In addition to energy losses caused by the
interaction with the CMBR and the production of electron/positron pairs,
UHE protons undergo other processes such as Hubbles expansion and inter-
action with dust. Still, for proton primaries, the most important process of
energy loss is the mechanism of photo-pion production by interaction with

the CMBR:

p+ycmpr — AT —p+a’ or n4a’ (1.3)

This interaction is expected to provoke a steepening of the spectrum be-
tween 40 and 70 EeV if the flux is dominated by protons, corresponding to
the well-known GZK cutoff, from its co-discoverers Greisen, Zatsepin and
Kuz'min. This limits the average propagation distance of the protonic com-
ponent of UHECR above ~ 50 EeV to 100 Mpc. On this basis, the “GZK
horizon” is defined as the radius of a sphere containing all the sources produc-
ing 90% of the UHECRs arriving above a certain energy threshold. Assuming
an isotropic distribution of the sources with same intensities and spectral in-
dex, the GZK horizon is 200 Mpc and 80 Mpc for energies of 60 EeV and
80 EeV respectively. If the GZK modulation was to be observed, this would
thus suggest that the sources of UHECRs observed on earth are localized
between 80 and 200Mpc, a distance cosmologically close to earth.

For heavier elements than protons, where the constituent nucleons share
the energy of the primary, the essential mechanism of energy loss at energies
above 10%V is photodesintegration by interaction with the “Extragalactic
Background Light” (EBL) or the CMBR:

NA —+ YCMBR —— NAil +p or n (14)
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The typical energy loss distance of an iron nucleus at 10*°eV via this pro-
cess is 100 Mpc, thus similar to the one for protons. Therefore, if a steepening
in the spectrum is observed at 50EeV, this would not necessarily indicate a
change in mass composition of particles accelerated by sources between 10'°
and 10%°eV, i.e., changes in the spectrum at the highest energies may not be
an indication of changes in the mass composition. Further, if iron contributes
significantly to the flux at 102V, it would be expected that the sources be
inside a 100 Mpc region of the solar system. In the range 10'8-10'%V, the
energy losses are equally shared between photodesintegration and the Hub-
ble expansion with a constant rate. Thus, if the flux of cosmic rays at these
energies is dominated by iron, accelerated by a unique group of sources, i.e.,
there is no galactic to extragalactic transition, we would not expect to ob-
serve the ankle.

With its unprecedented level of statistics at the highest energies, the
Pierre Auger collaboration has recently published a paper claiming the ob-
servation of the GZK cutoff [6]. Figure 1.2 shows the results for the differen-
tial flux as a function of energy (upper panel) and the fractional differences
between Auger and HiRes data [7] with a spectrum with an index of 2.69
(lower panel). These results rely on 661 measured UHE events. We see that
around 10'%%eV, a steepening of the spectrum occurs, as expected from the
predictions for the GZK cutoff (this cutoff being theoretically estimated at
5x101 eV).

1.3 The Fermi Acceleration and the Origin of
UHECRSs

Where and how the highest energy cosmic rays are produced are the main
questions of todays cosmic ray physics. The existence of cosmic rays at ex-
treme energies is indisputable and the observed GZK suppression implies the
sources of these particles are nearby on a cosmological scale. But even be-
fore addressing the question of the origin of UHECRS, the question of the
physical mechanisms involved for the acceleration to such energies must be
discussed. At the time of the discovery of the most energetic cosmic rays,
very few astrophysical mechanisms were known to be able to explain such
energies. This unknown led to a very abundant literature of more or less
exotic theories. An exhaustive list is given in [8]. The solution proposed by
Fermi remained the most convincing and probable explanation.
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In 1949 [9], Fermi developed a model where particles could achieve very
high energies through repeated encounters with moving magnetized plas-
mas (through a head on collision). The idea is that considering the geome-
try of dynamic plasma clouds, a particle always gets a positive gain of en-
ergy through each encounter, this gain being proportional to its own energy,
AFE = aF. If the initial energy of the particle is Fjy, then after k encounter
we have £ = Fy(1+a)*. What is most interesting is that, considering the es-
cape probability of the accelerated particles, the Fermi mechanism naturally
produces a power-law spectrum for the energies of cosmic rays. Furthermore,
the Fermi mechanism has already been observed for protons accelerated by
the solar wind in the heliosphere [10].

The maximum energy that can be achieved this way usually depends on
the time length particles interact with the plasma, which depends on the
escape probability of the particle but also on the life time of such plasmas.
Very simple models of Fermi acceleration by shock waves [5, 11, 12] show the
maximum energy is given by:

Eraw = Bec X Ze x B x L, (1.5)

where (¢ represents the shock velocity, L the characteristic size of the
acceleration region, B the magnetic field embedded in the plasma and Ze
the charge of the accelerated particle. Equation 1.5 essentially states that
the gyromagnetic radius of a Fermi accelerated particle is contained within
the acceleration region. Considering a more detailed approach of the shock
mechanism and the magnetic environment, it was shown the maximum en-
ergy should be reduced by a factor of ten compared to equation 1.5. However,
equation 1.5 allows to constraint the possible astrophysical candidates capa-
ble of accelerating a particle to such extreme energies of 102°eV through Fermi
acceleration. This is shown is Figure 1.3 where the candidates are selected in
terms of their magnetic and size properties. Objects below all the diagonal
lines are not appropriate to accelerate particles to extreme energies through
a Fermi acceleration process. These diagonal lines hold for different cases,
the dashed one being for iron nuclei and the solid one for protons. However
they correspond to predictions using a § = 1 value which is extreme. The
shaded region above the solid line represents a 3 = 1/300 case for protons.

It is very interesting to note that the most powerful accelerators seem to
have a maximum energy limit around the GZK cutoff. On another hand, as
for any dynamic plasma and magnetic configuration, the maximum energy
that is achieved for a nuclei is Z times higher than for a proton, measure-
ments of cosmic rays at the highest energies (above 10%eV) should be most
revealing on the potential astrophysical sources. It was shown that large
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Figure 1.3: The plot shows which astrophysical candidates have the basic size
and magnetic field strength requirements for accelerating particles to extreme
energies through Fermi acceleration (see text for more details). Picture is
taken from [13]

astrophysical structures such as galaxies or group of galaxies respect the
criteria of size and field strength required, and thus merit consideration as
potential acceleration sites. It must be said that the extreme energies we are
looking for are almost impossible for most of the astrophysical objects pre-
sented in Figure 1.3 if we consider the simple model of equation 1.5. Many
processes of energy loss must be considered, such as synchrotron radiation,
photo-production interactions, etc. Detailed studies showed that compact
objects with large magnetic fields, such as neutron stars or Active Galactic
Nuclei (AGNs) are the most promising candidates allowing accelerations up
to energies greater than 10?° eV. More exotic mechanisms (so-called “topo-
logical defects”) involving unknown and unconventional objects have also
been considered. If they were to contribute to the production of cosmic rays,
then measurements of UHECRs would have the potential to teach us about
new physics. However, recent results have constrained very tightly the lim-
its on the neutrino and photon [14, 15] contributions at ultra-high energies,
excluding at the same time most exotic scenarios.

The PAO has recently reported a correlation of the highest energy cosmic
rays with AGNs [16]. The main plot illustrating this result is presented in
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Figure 1.4: Projection of the 27 highest energy events (> 56 EeV) used for
establishing a correlation with AGNs (red dots). The events are represented
by the black circles, defining a 3.2° field around each event. Dashed lines
indicate the super-galactic plane and the shading represents the exposure of
different regions of the sky to the PAO. The picture is taken from [18]

Figure 1.4. The 27 events with energies above 56 EeV used here are repre-
sented by the black circles which define a 3.2° field around the reconstructed
location of these events. The red dots represent a catalogue of 442 AGNs.
The anisotropy of events with these extreme energies is clear and considering
a 3.2° angular field for each events, a correlation with AGNs at distances
closer than 75 Mpc seems to appear. It was calculated that assuming an
isotropic distribution of events in the sky, the probability of observing the
correlation by chance is of the order of 1.7 x 1073. The statistical and proba-
bilistic interpretation of this result is very complex and still subject to many
cross-checks using the data from previous experiments'. For more informa-
tion we recommend the main paper [16] and reference [18].

1.4 Mass Composition of Cosmic Rays

The observation of the flux suppression at the energy predicted for the GZK-
effect (Figure 1.2), combined to the AGN correlation measurement, suggests
that the sources of events with energies above 56 EeV are located within

'For example the re-analysis of the HiRes data [17]
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the GZK horizon for protons. Recalling the discussion from section 1.2,
this would suggest that the GZK modulation is indeed present and proton
dominated. But it is was shown [19] that predictions for composed fluxes
of He, CNO, Si and iron nuclei can also fit well the data. However such
a composition would be in disagreement with the anisotropy present in the
upper end of the spectrum of cosmic rays.

Although the origin and production mechanisms of UHECRs are the main
issues of cosmic ray physics, it has become evident that the answers to these
questions also require a deeper understanding of the nature of cosmic rays.
In the recent years, strong efforts have been made to develop methods to
measure the mass composition of cosmic rays at the highest energies. As we
have seen, resolving this unknown would strongly support (or not) the first
results on the AGN correlation observed at the PAO. If the mass composition
of cosmic rays at the highest energies could be determined, then it would
also offer a possibility for correcting the reconstructed arrival directions of
UHECRs from the deflections the particles undergo when traveling through
galactic and extragalactic magnetic fields (assuming the models describing
these fields are sufficiently accurate).



Chapter 2

Detection Techniques at the
Pierre Auger Observatory

Currently, two methods are used to detect extensive air showers at ground
level. The most common one consists in using a set of particle counters
spread across a large area to detect directly the secondary particles of the
EAS which survive to the detection level. From the recorded densities of par-
ticles, information on the energy and arrival direction of the primary particle
can be extracted. The second method exploits the fluorescence emission of
light in the 300-400nm band induced in the excitation of nitrogen molecules
by particles of the shower. The profile of the shower can then be inferred
rather directly from the detected light. In this chapter we will review the ba-
sic description of these methods considering the specific arrangement of the
Pierre Auger Observatory. The particularity of the PAO is that it uses for
the first time both detection techniques, enabling measurements in a hybrid
mode, improving considerably the accuracy of the reconstructed energy and
arrival direction of the primary cosmic particle.

2.1 Detection with Ground Arrays

2.1.1 The Pierre Auger Surface Array

A cosmic ray entering the atmosphere produces a large number of secondary
particles spread over a considerable area at the detection level. Surface arrays
of detectors are the most common experimental set-up to detect these sec-
ondary particles. For ultra high energy cosmic rays, the fluxes are extremely
low and only increasing the detection area can improve statistics. With an
array of 1600 surface detectors spread over approximately 3000km?m, the
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Pierre Auger Observatory is at present the largest detector ever built. Lo-
cated around the town of Malargiie, in the province of Mendoza, Argentina,
the PAO views the southern hemisphere of our galaxy. A second Pierre
Auger Observatory is already under construction in the northern hemisphere
(Lamar, Colorado) allowing soon a complete cover of the sky. A schematic of
the whole set-up of the southern site is shown in Figure 2.1. The surface sta-
tions are separated by 1.5 km and 4 fluorescence detector stations are located
at the edges of the array, each of them consisting in six mirrors with different
fields of view. To detect cosmic rays above 10'%eV, arrays are usually built
between 800 g.cm~2 depth of atmosphere and sea level. This is because the
average maximum depth of showers induced by primaries with such energies
is about 750 g.cm ™2 and it is more usefull to study showers close to or beyond
the shower maximum (see Chapter 3). The surface array of the PAO is at
an average altitude of 1400m which is equivalent to an atmospheric depth of
870 g.cm™2.

The surface detectors were chosen to be water Cerenkov detectors. Each
detector consists of a 1.55 meters high and 3.6m in diameter tank for a
surface area of approximately 10 m2. The tank is filled with 12 tonnes of
highly purified water. An advantage of the deep water Cerenkov technique
lies in its ability to respond to the large number of photons of relatively low
energy (less than 10 MeV) present in the shower. Furthermore, the assembly
cost is lower compared to scintillators although they are more difficult to
deploy over large areas. The exposure is also increased for the Cerenkov
detectors as the zenith angles that can be monitored increase from 60° to
80°, allowing specific neutrino studies for very inclined showers. The interior
of each tank is covered with a highly reflective TYVEX surface. The light
produced by particles traversing the tanks are collected by three 9-inches
photomultipliers (PMTs), the output signal of a station being usually an
average of the signals measured by each PMT.

At the detection level, most particles of the shower are photons, electrons
and muons. The two charged components create Cerenkov light when they
enter the tanks with velocities greater than the speed of the light in the
water. The Cerenkov photons are reflected on the highly-reflective interior
covering and collected by the PMTs. As for photons of the shower, they are
observed indirectly by the secondary electrons produced via pair-production
and Compton scattering, which produce the necessary Cerenkov light for
their detection.
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Figure 2.1: Schematic picture of the whole Pierre Auger Observatory instru-
ment. The colored dots represent the surface detectors, at present at the
number of 1600. However, the color is applied to differentiate operating sta-
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stations already deployed but not yet equipped with the radio communication
system and not yet filled with water. The grey “huts” represent the different
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2.1.2 Calibration of the Surface Detectors

The surface detectors of the Pierre Auger Observatory are calibrated using
the abundant muonic background. The chosen unit of reference (normaliza-
tion) is the energy deposited by a muon traversing the centre of a tank verti-
cally. This unit is called Vertical Equivalent Muon (VEM) and corresponds
to an energy deposit of 240 MeV. In each detector there is an automatic
conversion from the signals in the FADC channels to signals in VEM. The
calibration then consists on verifying that a 1VEM signal is associated to
the same deposit in energy for each detector. The signal for a given station
is the resulting average of the output signals of the three PMTs converted
in units of VEM. This calibration is carried out constantly on a minute scale.

The triggering system of the surface detectors of the array corresponds to
a five-stage trigger criteria. The two first levels, the T1 and T2 criteria, are
performed locally in each station of the array. They mainly use adjustments
in the chosen gain for the PMTs in order to assure a constant trigger rate and
establish signal thresholds to identify inclined showers with Signal Threshold
Cuts (STCs) and cases of saturated stations with a Time-over-Threshold
(ToT) trigger criteria. Nearly half of the showers with energies above 30 EeV
induce saturated signals in stations close to the core of the shower (<600m).
Many methods have then been successfully developed to estimate the true
signal, extending the possible measurements from 1000 VEM to 10° VEM.

The remaining trigger levels are executed from the Central Data Acqui-
sition System (CDAS) located in the main control center of the observatory.
The T3 level selects correlated signals (at least 3 T2 stations), both in space
in time, from a detected shower. CDAS records the data of the whole array
for an event passing this criteria. Further cuts are applied offline, mainly to
select events suitable for an accurate reconstruction of the shower parame-
ters: the core location of the shower (and thus the arrival direction of the
primary), the S(1000) parameter and the energy (see 2.1.3) . The T4 trigger
level for vertical events requires that at least 3 ToT stations are arranged
in one of the configurations shown in Figure 2.2. For inclined events which
are a combination of SCTs and ToTs, at least 4 stations must pass the T4
criteria and correspond to one of the configuration shown in Figure 2.3.

Finally we have the T5 trigger criteria, which was most important during
the construction of the surface array as it rejected events recorded in regions
of the array that were not yet completed or with non-operating stations. Now
the array is complete, this criteria still applies to stations on the edges of the
array or when technical support needs to be brought to some stations.
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Figure 2.2: The T4 criteria for vertical events basically requires the three
neighbor stations to form a triangular grid.

Figure 2.3: 4C1 configurations obeying T/ criteria for inclined events.
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2.1.3 Shower Parameters Reconstruction with SD Mea-
surements

The three essential informations one wants to recover when measuring a EAS
is the arrival direction of the primary particle, its energy and the primary
composition. Measuring the composition of the primary particle using ter-
restrial detectors is very difficult, far more than energies and directions. This
question being the center of this work, we discuss in detail the problem of
mass composition measurements in Chapter 3. We concentrate here on the
energy and the arrival direction.

By measuring the relative arrival times of signals at a minimum of three
non-collinear detectors, the direction of the shower axis and hence of the
primary cosmic ray can be deduced. The arrival times are assigned to the
signals by the GPS units of each station. As a first approximation the shower
front is assumed to be planar and an initial estimation of the shower direction
is made by fitting this planar front which is assumed to be traveling at the
velocity of light. Estimating the shower axis is the first step towards finding
the core location of the shower at ground. This one is estimated using a
maximum likelihood procedure in the fit of an assumed Lateral Distribution
Function (LDF). The LDF consists in a formal description of the fall-off of
particle densities (or alternatively the corresponding signal sizes) of a shower
at the detection level with the distance from the shower core. The LDF
function must be assumed in this procedure and strong uncertainties on the
core location estimation result from uncertainties in the form of the LDF and
intrinsic fluctuations in the development of air showers. However, Hillas [20]
proposed a solution to this problem, using the signal at a specific distance
from the shower core to classify the size of the shower and hence its primary
energy. He showed that at an optimum core distance, r,,;, the fluctuations
in the expected signal, S(r,,) are minimized. At the PAO, a NKG-type'
function is used for the LDF:

5y, 8) = k(L5 (g 4 T (2.0)

[ is the characteristic steepness of the function and r the distance from
the shower core. For a triangular configuration of detectors separated by 1500
m, the optimum distance was found to be close to 1000m. One must know
that this optimum parameter must be evaluated precisely for each individual
shower. Furthermore, the presence of saturated tanks in an event was shown

I'From its authors Nishimura, Kamata and Greisen.
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Figure 2.4: Figure a) shows the reconstruction of an event using the LDF of
equation 2.1, using 50 different values of the slope parameter 3. We see that
the fluctuations are the smallest around 1000m from the core which is chosen
as the optimum distance ro,. b) shows the behavior of Ty, as a function of
the spacing between the stations of an array. This spacing is of 1500 m for
the PAO. Plots are taken from [18]

to have a significant effect on the r,, parameter and a special treatment
is adopted for these cases, see [21]. The results of this study are shown in
Figure 2.4. The signal size at 1000 m from the core, S(1000), was establish
as the best estimator of the shower size measured with the array of the PAO.
With the S(1000) parameter and the core location of a given shower, the
assumption of a planar shower front can be modified and a more precise
estimation of the arrival direction obtained. Showers with a spherical front
with a radius of several kilometers are found to reproduce well the measured
densities.

Finally, the size parameter is linked to the energy of the primary parti-
cle. Most interesting is the fact that, whereas previous experiments could
only calibrate the size estimator of the showers to Monte Carlo simulations,
introducing important systematic uncertainties due to the choice of the in-
teraction model, the PAO performs a much more efficient calibration using
the calorimetric energy measurement from the fluorescence detectors for a
small number of hybrid events. The systematic uncertainties are reduced by
22% and a more precise estimation of the energy of the shower can be made.
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2.2 Detection with Fluorescence Detectors

2.2.1 Fluorescence Detectors in the PAO

When the secondary particles of an EAS traverse the atmosphere, they in-
teract with atmospheric nitrogen which emits fluorescence light in the wave
lenght band of 300-400 nm. Fluorescence light is emitted isotropically along
the trajectory of the shower and specific detectors can thus follow this tra-
jectory and measure the energy dissipated by the particles of the shower, the
air of the atmosphere being a natural calorimeter of more than 10'° tons.
The fluorescence technique is the most efficient way to estimate the energy
of the primary particle, the amount of fluorescence light emitted along the
axis of the shower being proportional to the number of charged particles and
allowing a direct measurement of the longitudinal development of the EAS
in the atmosphere. The most important disadvantage of the fluorescence
technique is its limited duty cycle of 10% as fluorescence light can only be
observed during clear and moonless nights.

An air fluorescence detector, also called an “eye”, consists in series of
light collectors which view different regions of the sky, projecting the incom-
ing light on specific light sensitive devices. The setup for the Pierre Auger
Observatory consists of 4 stations located at the edges of the surface array
(see Figure 2.1). Each eye groups 6 telescopes pointing towards different
fields of view of the sky. The six telescope alignment allows a 180° cover of
the sky in azimuthal angle. For each telescope, the light is reflected on a
spherical mirror onto a camera of 440 hexagonal PMTs.

A precise calibration of the fluorescence detectors is essential to achieve
precise estimations of the shower energy. At the PAQO, uncertainties of less
than 15% in the reconstructed energy can in principle be achieved. An ab-
solute calibration of the FDs is made 4 times a year using specific sources of
light [22]. Many relative calibrations are performed before, after and during
data taking in order to control constantly the conditions appropriate for FD
measurements.

2.2.2 Shower Parameters Reconstruction with FD Mea-
surements

When a FD detects a cosmic ray cascade, it sees a spot of ultraviolet light
moving rapidly in a circle path across the night sky. At the detection level,
this is reproduced by a time sequence of light recorded by the photomulti-
pliers making up the camera device, this sequence often spreading over two
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Figure 2.5: Ezample of a sequence of triggered pixels of a fluorescence detect-
ing device. The color code indicates the temporal order (blue to red).

or more telescopes of an eye. An example of FD measurement is shown
in Figure 2.5. Each grey dot corresponds to a pixel (one of the 440 PMs
of the camera). The color code applied to the pixels defines the temporal
order in which the pixels were triggered by the light emitted from the shower.

The first stage in finding the trajectory of a shower consists in determining
the shower-detector plane (SDP). This is done using a fit to the eye’s hit
tube directions, where each point is weighted by the recorded amplitude of
the light signals. The plane normal vector used to construct the SDP can be
at present estimated with an accuracy of 0.2°. The geometry of a shower as
seen by an eye is shown in Figure 2.6. As can be seen, the SDP is described
in terms of three parameters and the arrival time of light from the shower at
each triggered pixel (PMT) in the camera can be expressed as:

R ~ Xi
c 2

R, is the impact parameter for the intersection of the shower with the

detector. xq is the orientation angle of the shower in the SDP and y; is the

ith PMT’s elevation angle in the SDP?2. Finally, T} is the time at which the

2The speed of light is of course denoted by c.
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Figure 2.6: Geometry of an extensive air shower a seen by a fluorescence
detector.

shower front is closest to the eye (i.e. at a distance R, of the detector). The
shower parameters can then be found using a minimization procedure of the
x? function,

=3 (t: = tobs,i)® (2.3)

2
ok
i=1 v

where 245, is the observed trigger time and o; the estimated uncertainty
on the measurement of ¢;. The minimization procedure can be difficult de-
pending on the type of sequences recorded. For monocular detection (only
one eye FD detected shower), the resolutions achieved are of the order of 1°
and 600m for the arrival direction and the core position respectively. Using
two eyes for the fluorescence measurements, the resolution on the arrival di-
rection estimation can be improved up to 100m. However, one of the interest
of the hybrid nature of the PAO is that the same accuracy can be achieved
using the timing information of a single SD station combined to a unique FD
measurement.

Once the geometry of a shower is determined, the shower energy esti-
mation is almost straightforward. As already mentioned, the light signal
registered in a pixel is not constant but through each individual PMT, the
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signal rises, levels off and falls again. This information is used to obtain a
relation of the fluorescence light generated by the shower particles as a func-
tion of atmospheric depth. Such reconstructions of shower profiles require
the use of complex models to correct from any background effects: starlight,
atmospheric airglow, man-made light pollution and also the Cerenkov contri-
butions from the shower particles. A model describing the relation between
the light scattered at the detection level and the light produced at the shower
front must also be taken into account. The obtained longitudinal profiles
are then used to estimate the total energy of the shower by integrating the
function describing the profiles over the atmospheric depth traversed by the
shower. In fact, the fluorescence light emitted by the shower particles is
proportional to the energy deposited in the volume (here the atmosphere as
a calorimeter), itself proportional to the number of charged particles in the
medium. A final correction using simulations for the energy carried out by
neutrinos and high energy muons is applied.

2.3 Detection in Hybrid Mode

Not only because it is the largest detector ever build, the PAO is also unique
because it offers for the first time two independent ways of detecting a cosmic
ray. We have seen these two conjoined techniques are the typical surface
array arrangement and the fluorescence detection. With these two methods,
the PAO offers the possibility of obtaining very precise calibrations using the
reconstructed parameters, obtained simultaneously with both techniques, for
a small number of showers seen by both devices. In the hybrid mode, the
Pierre Auger Observatory can achieve, in principle, a 6% energy resolution
and an angular precision of 0.5° at 10**eV. The uncertainty on the energy
estimation remains at present of the order of 22%.
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Chapter 3

Properties of Extensive Air
Showers

From Chapter 1, it is evident that the mass composition of UHECRs is a key
towards understanding the origins of these particles. Measuring the compo-
sition of cosmic rays is however a very difficult challenge as one must infer
the nature of the primary particles from the billions of secondary particles
produced in the shower. The determination of mass for UHECRs is thus al-
ways indirect and must exploit features of the development of EAS correlated
to the mass of the primary. In this chapter we describe the main properties
of the development of EAS in the atmosphere that can be used to estimate
mass composition of primaries. The relation with the measured experimental
parameters is rather indirect and must be correlated to the EAS properties.
We do not give here a complete description of EAS but rather the essential
material needed for the understanding of this work.

3.1 The Longitudinal Development of Exten-
sive Air Showers and the X,,,, Parameter

The main observable describing the longitudinal development of EAS is the
depth of shower maximum, X,,q.., defined as the atmospheric depth at which
the number of charged particles in a shower reaches a maximum.. The atmo-
spheric depth is a distance measured from the top of the atmosphere in units
of g.cm™2 1. For a given energy, showers are more penetrating (larger X,,..)
for photon primaries than protons or more heavy particles. As the energy of

IThe number of interactions a cosmic ray undergoes while it’s journey to earth is
proportional to the density, in g.cm™3, times the path length, in cm.
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Figure 3.1: Average development of a EAS of 10Y¥eV for different primaries
and using different Monte Carlo simulations. The vertical axis N, is the total
number of electrons. Fach curve results from an average of 50 proton and
wron stmulated showers.

the primary increases, showers also penetrate deeper in the atmosphere and
produce larger values of X ..

An example is given in Figure 3.1, taken from [1]. We see that even con-
sidering different interaction models in the simulations, the position of X,
is different for proton and iron primaries, with a difference of about 90 ~ 100
g.cm~2. The fact different interaction models don’t give the same predictions
is a source of systematic uncertainties inherent to mass composition studies.
Here the discrepancy between the models is of the order of 25 g.cm™2 which
means the disentanglement between the two species is still possible.

The correlation of the X,,,, parameter with the mass composition of the
primary specy can be explained using the simplified Heitler model, describing
the development in the atmosphere of EAS. First we use the model to describe
electromagnetic showers and then we apply the same arguments to the case
of hadronic showers.

3.1.1 X,,,, for Electromagnetic Showers

Photonic showers induce photon and electrons as secondaries via radiative
process. Photon undergo pair-production while electrons loose energy via
Bremsstrahlung. For pair production, the photon gives birth to an electron-
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Figure 3.2: Schematic picture of the development of FAS using the sim-
ple arguments of the Heitler model for (a) electromagnetic showers and (b)
hadronic showers. Picture taken from [18].

positron pair. It is assumed that after a spread distance d, a photon is emitted
through a Bremsstrahlung process, taking half of the energy of the parent
electron. Figure 3.2 (a) illustrates the development of an electromagnetic
shower using these simple arguments. The average splitting length d is related
to the radiation length of the electron, \., by:

d= \-1n(2) [g.cm™2] (3.1)

The actual probability that a photon of a given energy is emitted via
Bremsstrahlung is inversely proportional to the photon’s energy and d is
the average length for which half of the energy of the electron is converted
in photons via a radiative process. For simplicity, we keep the assumption
of the equal energy distribution between an electron and a photon after a
distance d.

The pair-production cross-section is related to the one for Bremsstrahlung
from electrons by a simple formula:

7

Opair = §Ubrem (32)

Considering the similarity between these two cross-sections, we assume
photons undergo pair-production after the same splitting length d. Thus,
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after n splitting length, the number of particles in a electromagnetic shower
is 2" and their energy is given by E/2" where E is the energy of the primary
photon.

The number of particles in the shower continues growing until they reach
a critical energy, €., for which the loss rate of energy due to radiative pro-
cesses becomes lower than the one from ionization. At this point the shower
reaches a maximum and the number of particles in the shower starts to de-
crease with the remaining particles still dissipating energy by ionization in
the atmosphere. The particles produced at each step share the energy of the
parent equally. We have for the particles at shower maximum, N,,.. = F/e,,
and for the depth of maximum, X,,,, = nd = A, In(N,,4,). Combining both
equations and getting rid of N,,.., we obtain:

Xnaz = 2.3\, 1og10(€§) [g.cm™?] (3.3)
The simplifications used here do lead to some uncertainties: the N,
number predicted by the model is larger than the one measured in experi-
mental data. This is explained by the fact the model neglects the attenuation
lengths of photons and electrons. The production of multiple photons in the
Bremsstrahlung also affects the value of N,,,,. However, the model remains
appropriate for describing the development of showers in terms of X,

3.1.2 X,,,; for Hadronic Showers

The Heitler model can also be used to describe the longitudinal develop-
ment of hadronic showers. The main difference lies in the description of the
firsts interactions of the cosmic ray with the atmosphere. Considering for
instance a proton primary with energy F and an interaction length A7, the
first interaction of the proton with an nucleus of the atmosphere takes place
after a distance Xo = A\;In2. This inelastic process creates a certain num-
ber of pions, denoted N, and known as the multiplicity of pion production.
The fraction of energy of the primary used in the formation of the shower
is called the inelasticity parameter, denoted x. The energy directed into a
shower through the pion production process is therefore kE. The variables
N, and k are both poorly known at the highest energies and need to be ex-
trapolated from our knowledge at lower energy. As thus, they are the main
source of systematic uncertainties in the simulation of extensive air showers
and hence on the mass estimations. Future results from the LHC should
however constraint these parameters at a higher level of accuracy.
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In the first interactions with the atmosphere, the proton produces a vari-
ety of hadrons (protons, neutrons, kaons, pions, etc.). The main contribution
is the one of pions. The proton produces a neutral combination of pions. This
means a 70 : 77 : 7 ratio of 1 : 1 : 1. Pions then initiate other hadronic
sub-showers or decay into muons. This is illustrated in Figure 3.2 (b). The
sub-showers are neglected in our simplified model. We are left with charged
pions decaying into muons and neutral pions forming pair of photons, thus
initiating electromagnetic showers. 7y being 1/3 of the pion production ratio,
each photon will then initiate a shower of energy xE/(6N;). Inserting this
in equation 3.3, we obtain:

kE
Xmaac = XO + 23)\7” 10g10 (m) [g Cm_z] (34)

For the case of heaver nuclei, we consider a superposition model which
essentially states that for a nucleus of energy F and atomic mass A, each
nucleon shares equally the energy of the nuclei and initiates independent
showers developing along each others. This means we can use the same
arguments as for proton initiated showers with each proton having a energy
of E/A. Using equation 3.4, we have:

E
Xmae = Xo + 2.3\, logy, (”—) [g em™?] (3.5)

6AN €.

Equations 3.4 and 3.5 describe longitudinal profiles from which the X,
values obtained agree well with the more complex simulations used in Fig-
ure 3.1. As already mentioned, we find that high energy protons penetrate
deeper in the atmosphere and thus produce larger values of X,,,.,.. A fact that
cannot be accounted by the Heitler model is that the interaction length of a
nuclei decreases with the atomic mass A and thus the first interactions with
the atmosphere appear at smaller atmospheric depths. Therefore, showers
initiated by heavier nuclei develop faster in the atmosphere and the shower
maximum is reached sooner.

3.1.3 The Elongation Rate

The average rate of change of X, as a function of energy is called the
elongation rate, D.. This concept was first introduced by John Linsley [23]
who demonstrated that D, could be used as a measure of the rate of change
of composition with energy. If the mass composition of cosmic rays was to be
constant over a certain range of energies, then we can expect a constant value
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of the elongation rate. Reciprocally, measuring changes in the elongation rate
is an indication of changes in the mass spectrum of cosmic rays. One usually
considers the rate of change per decade D,

aXmaac

Dig = ———
10 8lOgloE

[g.cm™2 /ded]. (3.6)
From equation 3.3, we have for electromagnetic showers:

aXmax

Dyy = —Amaz_
10 8l0g10E

=23\ [g.cm™?/dec] (3.7)

This expression of Djg gives a good description of the change in X,
when compared to more complex analysis. The radiation length of electrons
in the air is of 37 g.cm™?2 and the critical energy is 85 MeV. the Heitler
model then predicts an increase in X,,,, of 85 g.cm™2 per decade of energy
for electromagnetic showers, a value close to the one obtain with simulations.

For the hadronic case, our lack of knowledge in the pion multiplicity N
and inelasticity constant x of the first interactions leads to less accurate
estimations. However, an good estimation is given by:

Do 0 (2.3>\r logyg (%)) — 97 g.em™ (3.8)

~ o log,o & €e

This expression gives an elongation rate for hadronic nuclei of Dyq ~
58g.cm ™2,

The relation of the elongation rate to mass composition is clear when con-
sidering an example. Figure 3.3 presents results from hybrid data measured
at the Pierre Auger Observatory (black dots). The red and blue lines are the
simulated elongation rates for proton and iron primaries respectively, using
different interaction models. It appears from these results that a change in
composition of cosmic rays is observed at an energy of 2 x 10'® eV, which
coincides with the ankle feature of the energy spectrum of cosmic rays (see
section 1.1). Over this energy, a heavier composition of cosmic rays is sug-
gested by the data. However, we must again stress the fact that such a
conclusion and a precise estimation of the composition depends strongly on
the interaction model used. These methods expect a lot from the future re-
sults from accelerator experiments to reduce the discrepancies between the
different model predictions.
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Figure 3.3: Ezxample of the simulated elongation rates for proton and iron
primaries (red and blue lines respectively). The black dots represent data
from hybrid events measured at the Pierre Auger Observatory. A change in
the mass composition of cosmic rays is observed around 2 x 10'8 eV. The
picture is taken from [18].

3.1.4 The Fluctuations in X,

From the discussion of the previous sections, we understood that the depth
of maximum of a shower, X,,.., is correlated with the mass of the primary
particle initiating the shower. The development of a shower is a statistical
process and the position of X,,,, for the same primary fluctuates from a
shower to another. Also, these fluctuations in X4, 0x,,.., can be correlated
to the mass of the primary. This can be understood by the fact that for
heavy nuclei (heavier than proton), each nucleon initiates independently his
own sub-shower using a part of the energy of the parent particle, equally
spread with the other nucleons. This reduces the Poisson fluctuations in the
development of the shower and thus in X,,,.. In a more accurate model,
it must be taken into account that not all nucleons actually initiate sub-
showers in the first interactions. The original nuclei usually disintegrates
in several fragments inducing further sub-showers. Again, this reduces the
fluctuations in the later development of the shower compared to a proton
shower. In conclusion, showers initiated by heavier particles fluctuate less in
their development than proton initiated showers. In other terms, measuring
the fluctuations in the X,,,, parameter, ox, ,_ , offers a possibility of making
mass composition measurements. Typically, the measured ox, . are plotted
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as a function of energy. Sudden changes in ox, . are then indicative of mass
changes in the cosmic ray flux at the different energies (in the same manner
it is done for the elongation rate, see previous section).

3.2 Mass Composition Measurements

A great advantage of the fluorescence detection technique is the fact it allows
to measure directly X,,q., on a shower-by-shower basis. The resulting X,
distributions can then be used to extract information on the primary species
by comparison with simulations, using the elongation rate discussed in the
previous section. However, we have seen that the duty cycle of the FDs is
limited (10%) and a technique using the detectors of the surface array is
desirable. This is done finding new observables that can be correlated to
the depth of shower maximum and thus to the primary composition. The
principal measurement for this, using surface detectors, is the arrival time
distributions of the shower particles. We also mention the interest of the ratio
of muon to electrons as a mass correlated parameter. Other techniques exist
but have not yet been proven entirely successful. Among others, there is the
lateral distribution of particles, the radius of curvature of the shower front
or the Zatsepin-Gerisamova effect, using the photo-disintegration of heavy
nuclei in the radiation field of the sun. We do not discuss these methods
here. Reference [18] gives a short overview.

3.2.1 Shower Components at Ground and the Muon
to Electromagnetic Ratio

An array of particle detectors such as the one of the Auger Observatory is
sensitive to the lateral distribution of particles. Considering hadronic inter-
acting showers, the principal components at the detection level are photons,
electrons and muons?. For proton and iron primaries, the density of photons
and electrons is almost identical over a wide region of distances from the
core and cannot be used to distinguish the two primaries. Even though iron
cascades develop higher in the atmosphere and should therefore induce par-
ticles spread more broadly at ground, the particles also have to travel greater
distances compared to proton showers and the fact there is more attenuation
for these particles explains why the two effects compensate at the end. Of
course, electromagnetic gamma-ray showers show very distinctive properties

2A very small contribution of hadrons is found close to the shower core but is rapidly
negligible at distances larger than 100m
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as they penetrate much deeper in the atmosphere and induce steeper lateral
distributions with very fewer number of muons.

As for muons, their densities are different for proton and iron primaries,
not by a large amount but enough to distinguish them by precise measure-
ments. On average, iron showers produce 1.45 times more muons than proton
ones [24]. This is because showers initiated by heavier nuclei are composed
of sub-showers initiated by the nucleons which share equally the energy of
the primary ®. The energy of the pions produced in the early stages of the
development is therefore reduced compared to a proton shower of the same
energy. This implies that more muons are produced. As the number of elec-
trons remains the same, we can expect the muon to electromagnetic ratio to
increase with the atomic number. The ratio for the number of muons to the
number of electrons can thus be used as a mass estimator. This was done and
proved successful for the first time in the KASCADE experiment [4]. How-
ever, the ratio is difficult to determine precisely with the surface detectors
of the Auger Observatory. In fact, with the Cerenkov detection technique
employed, the two muon and electromagnetic components cannot be easily
separated. Alternative methods using the ratio of interest have however been
developed and used with success. The main difficulty then remains the use of
interaction models for the simulations of the electromagnetic and muon com-
ponent at the detection level. These predictions always suffer the inherent
uncertainties coming from the choice of the interaction model ( essentially
pion multiplicity N, ). Such a method has been the object of this work and
will be described in all details in Chapter 4.

3.2.2 Arrival Time Distributions of Shower Particles

The time structure of shower particles arriving at ground can be used to ex-
tract information on the longitudinal profile of the shower an thus on X,,4..
This can be understood using some simple geometrical arguments. In Fig-
ure 3.4 are drawn two showers of the same inclination (same angle 6) but
with different depths of maximum X4, (b) showing a shower penetrating
deeper in the atmosphere than (a). The path lengths differences between
the distances d3 and d4 are smaller than for the distances ps3 and py (i.e. for
the two distances d; and dy compared to p; and py). This means the path
lengths differences travelled by particles emitted in the early and late part
of the shower increase with X,,,. and the spread in arrival time is greater
for deeper showers. The time distribution of particles is therefore correlated

3This is the case in the simple superposition model we have considered until now, see
section 3.1.2
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Figure 3.4: Geometrical representation of two extensive air showers with the
same inclination but different X,,4.. (a) shows a shower developing earlier

in the atmosphere than (b). This example can hold for a iron primary, (a),
and a proton, (b).
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to Xiae and thus to the primary composition. Further, the path lengths
differences also increase with the distance to the core r and the spread in
arrival time therefore increases with 7, from a geometrical point of view?.
With increasing values of the zenith angles, it is clear the effect also grows as
the differences in path lengths increase. The temporal spread in particles is
also affected by velocity differences of the particles, Coulomb scattering and
deflections in the magnetic field. These effects typically induce a increased
broadening of the spread in arrival times. For zenith angles under 60°, the

geometrical effect was shown [25] to dominate.

When measuring the spread in arrival times of shower particles in a sta-
tion, no difference is made between the type of particles detected. Also, the
features of the temporal distributions cannot be understood without con-
sidering the fact that muons and electrons, for instance, are not affected
in the same way by the effects mentioned above. In [26], it was observed
that the time spreads at large core distances were greater than what was
expected from the simple geometrical arguments. This was explained by the
fact that electronic component is delayed by scattering processes while the
muonic component basically travels through the atmosphere without inter-
acting. This effect can easily be understood to increase with the distance to
the core as larger distances must be travelled by the particles. The temporal
distributions are therefore further spread in time. However, one must ob-
serve that the electromagnetic component also undergoes absorption and for
very inclined showers with small X,,,., far from the core, the electromagnetic
component almost completely disappears. The detected signal is therefore
dominated by the muons which arrive faster and less delayed in time. The
resulting time distributions are then much less spread in time.

Finally, we must mention a last effect observed in the time distributions.
For a vertical shower, we expect the spread in the distributions to be the
same for stations at the same distance from the core. However, for inclined
showers, an asymmetry appears as the atmospheric depths traversed by the
particles are different depending on the position of the stations around the
core. This asymmetry shows features of great importance as it can be related
to the mass of the primary cosmic ray. A method exploiting this asymmetry
for mass composition studies is described in Chapter 4, as the basis of this
work.

4Tt is important to know that the relation of the risetime with the distance to the core
is linear only over a certain range of distances to the core, typically from 400m to 2000m.
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3.2.3 The RiseTime Parameter ¢,

The signals recorded by the surface detectors of the PAO are a convolution
of the effects of the different shower particles traversing the tanks and some
inherent detector effects (see section 5.1.1). The spread in arrival times of
shower particles are measured by evaluating a fixed segment of the total in-
tegrated signal for each station. Historically, the first parameter defined was
the risetime, t1/2, the time it takes the signal to rise from 10% to 50% of
the total integrated signal. The reason for this choice was related to the
experimental resolutions that could be achieved at the time. The first part
of the signal is used because it contains particles created in the early stages
of the shower and that can be related more precisely to their production
distance compared to late particles, essentially electrons, highly affected by
the interaction with the atmosphere. Even though there is no a prior: reason
for this parameterization to be the one that describes the most accurately
the development of a shower, several studies have been made using other
parameterization of the risetime and no improvement of the correlation with
X maz Was obtained °. The risetime parameter was first shown to be a mass
sensitive parameter in [27] where the large fluctuations observed between
different showers could not be explained only by the sampling uncertainties.
Simulations then showed that the risetime parameter could be correlated to
Xonaz- Although a direct measurement of X,,,, cannot be made by surface
detectors, the hybrid nature of the PAO allows for a direct calibration be-
tween the measured risetimes and X,,,, in a small sample of “hybrid” events.
This calibration can then be used to infer X,,,, for the larger set of SD data.

3.2.4 Deviations in the Risetime Parameter

As can be expected, as the fluctuations in X,,,, are sensitive to the primary
mass, the fluctuations in the measured risetime parameter ¢,/ can also be
correlated to the primary composition. This was done in [27] where the
observed fluctuations in ¢,/ could not be explained only by measurements
uncertainties but were further shown, through simulations, to be induced by
the natural fluctuations in the shower development (see section 3.1.4).

A method using the fluctuations in the risetime parameter was developed
in University of Leeds by the group of Alan Watson. We briefly summarize
the technique that is used. For more information, see reference [18].

°See for example [18]. At present, other tests with a risetime parameter defined from
10% to 30% of the integrated signal are currently under study in University of La Plata.
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Figure 3.5: Schematic representation of the method used to calculate the (A;)
parameter. 0; is the deviation of the risetime value from the one predicted
by the benchmark function (black line). oy,,, are the uncertainties on the
measurements of the risetime from the detected signals. The picture is taken
from [18].

When a shower hits the surface array, several signals are detected for the
event and thus several measurements of the risetime can be made. In order
to use this information on an event-by-event basis, it is more appropriate
to associate a single parameter to these individual measurements. A new
parameter is therefore introduced which can be defined with one or more
measurements of the risetime in a shower. Of course this parameter must
exhibit the appropriate dependencies of the risetime with the core distance
and the arrival direction which we know to be related to the depth of shower
maximum and thus to primary composition. Finally, the parameter must be
dependent on X,,,, in hybrid events in order to be calibrated and further to
allow a calibration for SD only events.

The method consists first in defining a fit to the average measured t; /5
as a function of core distance for showers at a fixed energy, in order that
the average X,,.. is also fixed for these events. The new parameter intro-
duced is (A;) which is the average deviation of the risetimes measured in
each station in an event from those of the benchmark function fit. For each
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signal, this average deviation is calculated in terms of the uncertainty in the
measurement of the risetime, o, , (5,7, 0):

typ =t (0 5
L O'tl/2<S, r, 9) N Ut1/2(57 T, 9)

For N signals recorded from a shower, we can then combine the individual
deviations in a single parameter characteristic of each event,

YN
As we know the average risetimes of signals increases with X,,.., the
average deviations from the benchmark function should also increase with
Xnaz and therefore (A;) reflects the position of X,,.,. Figure 3.5 presents a
schema of how the (A;) parameter is calculated.

(3.9)

(3.10)

The technique described here is very sensitive to the accuracy with which
the risetime values can be obtained. Also, the events selected for the anal-
ysis obey very tight selection criteria on the distance from the core and the
arrival direction of the detected showers. The justifications for all these se-
lections are describes in [18], Chapter 4. Further, in order to achieve the
best results, the authors suggested a deconvolution procedure to correct the
signals from any detector effects. This procedure was intensively studied and
showed to introduce strong differences between the de-convoluted and con-
voluted risetimes. Furthermore, the associated uncertainties were improved
with the procedure and this previous treatment appeared indispensable for
the method. The question wether the corrections applied in this technique
should be further extended to other methods where the risetime is used as
the relevant experimental parameter has motivated this work. We address
this question in the following chapters.



Chapter 4

Mass Composition Estimation
from the Time Distribution
Asymmetry

In Chapter 1, we have stressed the importance of studying the mass com-
position of UHECRs. As mentioned above, our knowledge on composition
at energies above 10'® eV is very poor and a method for investigating this
unknown is essential. In this chapter we discuss in detail the method using
the features of the asymmetry observed in the rise time parameter ¢/, as a
surrogate for mass composition.

4.1 Asymmetries in the Arrival Time Distri-
butions of Particles

In ground array experiments, events are traditionally reconstructed assuming
the observation depends only on the perpendicular distance to the axis of the
shower!. This assumption is not verified for inclined showers. If one considers
the shower plane, the plane perpendicular to the axis of the shower (see
Figure 4.1), on which the signals registered by the detectors are projected,
two additional effects have to be taken into account compared to vertical
showers:

o A geometric effect due to the inclination of the shower combined to
the fact the particles of the shower hit the detectors at different angles,
which affects mainly showers with inclinations lower than 30°;

LAt present, technics start to be developed and used for correcting parameters from
different effects before projecting them on the shower plane.
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Figure 4.1: Schematic view of the shower geometry. In the shower plane,
the “early” region corresponds to ¢ € [0,+7/2) and the “late” region to ( €
[£7/2,+m). The different amount of atmosphere traversed by the particles
of these to region before reaching the detectors is clear.

e An effect of atmospheric absorption of the electromagnetic component
of the shower, which is different for particles around the core of the
shower as they go through different amount of atmosphere. This effect
dominates for showers with inclinations above 30°;

These effects result in an asymmetry in the arrival time distributions of
particles, as can be seen in Figure 4.2 which gives a schematic view of showers
with the same position of shower maximum X,,,, but arriving on earth with
different inclinations, i.e. different zenith angles 6. In the case of a vertical
shower, particles traverse the same amount of atmosphere before reaching
the detectors and therefore no azimuthal asymmetry appears. At a given
distance from the core, the ratio of the muonic to electromagnetic component
is constant. Going to inclined showers, distances travelled by the particles
arriving in the early (¢ € [0, £7/2) ) and late region (( € [£m, £7/2) ) of
the shower plane are different, and therefore, the electromagnetic component
suffers more absorption in the atmosphere for late particles. As for muons,
they do not suffer from any absorption and arrive earlier and over a shorter
period of time. Therefore they dominate the first portion of the signal in
the SD stations. In terms of measured rise times, larger values are found in
the early region, with a stronger influence of the electromagnetic part. This
results in an asymmetry with azimuthal angle  of the time distribution of
particles. This characteristic behavior is well illustrated in Figure 4.3. The
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Figure 4.2: Showers with the same X,,q.. entenring the atmosphere at differ-
ent zenith angles. The increasing differences of depth of atmosphere travers-
esd by particles in the “early” and “late” regions are clear. The parameters
a and b used to describe the asymmetry are shown and described later in the
text.

plots corresponds to a real set of data selected for certain bin of energy,
18.5 < log[E(eV)] < 19.0, and zenith angle, 36° < # < 42°, as calculated at
the Pierre Auger Observatory.

However, as showers become even more inclined, the amount of atmo-
sphere traversed by the particles increases and at some point the electromag-
netic component is almost completely absorbed, leaving the muonic com-
ponent, basically free of asymmetry, alone at ground. In other words, the
asymmetry increases with zenith angle and is expected to reach a maximum
before decreasing again for higher inclinations. This is shown in the left plot
of Figure 4.4 were we have plotted the azimuthal time distributions of show-
ers of the same energy but arriving at different zenith angles.

We have shown that time distributions of signals recorded by surface
detectors contain implicit information on the shower development. Recalling
the definition of the rise time parameter ¢,/ as the time to reach from 10%
to 50% of the total integrated signal in each station (see section 3.2.3), the
azimuthal asymmetry further applies to this time parameter and depends
on the atmospheric depths traversed by the particles in the shower, and
therefore depends on both the depth of shower maximum and zenith angle.
These dependencies explain the sensitivity of timing parameters to mass
composition since the shower development is, for instance, not the same
for proton and iron primaries. The procedure to extract the values of the
asymmetry is explained in the next section.
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Figure 4.3: Illustration of the asymmetry with azimuthal angle of the arrival
time distribution of particles in the detector. Errors bars come from statistical
uncertainties when averaging values of rise times in bins of (. The parameters
a and b are the ones from equation 4.7.

4.2 Asymmetry Parameters

To extract values of asymmetries from the azimuthal profiles of the risetime,
we need to use a parameterization of the characteristic behavior of the rise-
time with azimuthal angle (Figure 4.3). This can be done considering some
simple arguments. It has been shown that the slant depth? of particles in
the shower, ', can be expressed using a Taylor expansion around ¢, = tsecf,
where t is the vertical atmospheric depth at ground. Since the azimuthal
angle correction is small compared to the total slant depth, in a first ap-
proximation one can keep only the first term which is equivalent to using
a linear function in cos( to describe the asymmetries ([28]). Formally, the
parameterization is described as follows.

t'(¢) = tsecH(1 4 Bcos() = ts + Ats(Q) (4.1)

If 7(r, t) represents the time distribution of particles for a vertical shower,

2The “slant depth” is essentially a generalization of the ‘interaction depth”. The latter,
in units of g.cm ™2, gives a measure of the path length of a particle that helps predict the
absorption it undergoes. However, the standard calculations of the interaction depth
only holds for particles arriving vertically and the slant depth is used to extrapolate an
equivalent altitude that would correspond with this depth if it were vertical.
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then, for inclined showers, we have the correction:
7(r,t) — 7(r,t'(¢.0)) (4.2)

where r is measured in the shower plane. A Taylor expansion of 7 around ¢,
gives:

7(r, Q) = 7(r, t'(Q)) = 7(r,ts + Ats(Q)) (4.3)
0
m(r,Q) = 71 t) + 5ol AL(C) + .. (4.4)
7(r,¢) = 7(r ts) + % ttsBecosC+ ... (4.5)
dlog T
7(r, () —T(T,ts)<1+m tSBcosC+...> (4.6)
Keeping the first term of the expansion, equation 4.6 can be expressed
as:
7(r,{) =a+bcos( (4.7)
with
a=T1(t,tsech) (4.8)
b dlnt
a ot (4.9)

The asymmetry factor b/a which depends on t; can be used as a measure
of the logarithmic variation of 7 with slant depth. This parameter is an
indicator of the shower evolution and is therefore related to the primary
composition. In other words, the dependence of the asymmetry factor with
sec 0 allows us to find new observables useful for mass composition estimation.

With this parameterization, we can now obtain the different values of
asymmetry. For a given bin of energy, we sample the azimuthal time dis-
tributions ¢, o for different zenith angles and extract a value of asymmetry
for each case. This allows to construct the longitudinal development of the
asymmetry plotting the values of the asymmetry versus In(sec#). This is
illustrated in Figure 4.4. The right plot presents the values of asymmetry
extracted from the fits to the profiles presented on the left, using equation
4.7. The analysis was done using t;,2/r as the risetime grows linearly with
the distance r to the core (see footnote page 43). As previously explained,
the asymmetry reaches a maximum before decreasing for higher zenith an-
gles. A gaussian fit to these points is expected to reproduce the behavior of
the asymmetry for all zenith angles.
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Figure 4.4: Rise time versus azimuthal angle for different values of the zenith
angle (from top to bottom, 0 = 34,38.5,43,47,51,55,58.5 and 61.5°). We see
that the amplitude of the asymmetry first increases with the zenith angle and
then decreases for very inclined showers after reaching a maximum.
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Figure 4.5: Parameters describing the longitudinal development of the asym-
metry. Three parameters are defined: XAsymMazx, AsymHeight, and XAs-
ym Width.

The longitudinal development of the asymmetry can be described by
means of three parameters (see Figure 4.5): XAsymMaz, the position of
maximum of asymmetry, i.e. the sec@ value for which b/a is maximum,
AsymHeight, the height at maximum (maximum value of b/a), and XAs-
ym Width, the half width at half maximum of the Gaussian fit. Figure 4.6
gives a good illustration of the dependence of these “longitudinal profiles”3
with primary composition. Going from a purely proton to iron composition,
the profiles evolve in such a way that we can see relevant changes in the
asymmetry parameters we have defined, showing therefore a clear sensitiv-
ity to primary mass. This example was obtained simulating different sets of
showers reflecting different mixtures of proton and iron.

4.3 Extracting the Primary Mass

The dependence of the asymmetry parameters with primary mass has been
obtained assuming a two component “proton-iron” composition. Showers

3We refer to the appellation “longitudinal profile” because for a given primary energy
E, the asymmetry parameter b/a depends on the zenith angle 6 in such a way that its
behavior versus sec 6 is reminiscent of the longitudinal development of the shower.
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have been simulated for these primaries changing by steps of 10% the mix-
ture of the components, going from a pure proton composition to a composi-
tion of 100% iron. With the resulting longitudinal profiles of asymmetry, the
dependence of the extracted asymmetry parameters with composition (the
choice made here is the fraction of iron, zr.) can be obtained. It is observed
that all three asymmetry parameters do not exhibit the same sensitivity to
primary composition. For instance, looking at Figure 4.6, we see that while
there is a clear dependence of XAsymMaz and AsymHeight with primary
composition, this is not the case for XAsym Width. The same observations
can be made looking at the correlation of the asymmetry parameters with
the depth of shower maximum in Figure 4.7. Again no correlation is found
for the XAsym Width parameter. If a better understanding of the hadronic
models could allow to recover a correlation even for the XAsymWidth pa-
rameter, then, in principle, the three asymmetry parameters could be used
to maximize the information we can extract on composition . Thus, consid-
ering a set of data for which composition is unknown, the iron fraction can
be estimated by minimizing the function:

A2 _ (s = folre)) (b = falwrd)) | (s = fu(wre))?
T A+ Af? AR2+ Af? Am? + Af2,

(4.10)

where o, h and m stand for the asymmetry parameters, respectively XAs-
ymMazx, AsymHeight and XAsym Width. The subindex s indicates the corre-
sponding values of the sample to be studied and Ao, Ah and Am represent
the standard deviations of the separation parameters. Finally, the functions
fi(xs.) stand for the parameterization of the dependence of each parameter
with the iron fraction zp..

The sensitivity of the method to mass determination has been tested in
[29] by simulating different mixtures of proton and iron (100% iron, 100%
proton and a 50%-50% mixture between the two components). Deviations
between reconstructed and real values of zp, are found to be less than 4%.
Uncertainties of the order of 10% arise due to limited statistics in the Monte
Carlo samples. Discrepancies between predictions for different hadronic mod-
els have been observed and result in differences of 15% in the obtained zp..
These remain the dominant source of systematic uncertainties. Discrepancies
between values of simulated and reconstructed energies lead to an effect of
less than 3%. Finally, the contribution coming from the cuts applied on the
original sample has been estimated to be of the order of 3%.

4However, at present, this is not the case and the asymmetry analysis is performed
retaining only one parameter. Later in the text we explain why the AsymHeight parameter
is also rejected.



4.3 Extracting the Primary Mass 55

@ [oe]
o= A Qo=
= H I
0 L, O
? : 1T
£ H c 1 =
. © D>
~E b 2 —o ©
o H o 1=
' =
. Q_ 4
=y i
. | <
@ 12
S
oy
1o
=1
wn
P 4
o
-
- 4
o 4
«Q
—o
1=
= ]
o ©
—oo
@
€ o 1~
Z W
I b
33 4
| 3 o <
o [e 1 *9_0‘
— RN AR AR AR Lo
; 0 8 oo o o uff
IS < o ] =] N =] 1
o o <]
WybRHWAsSY
= 2
=P =
: 122 j2s
. G )
E c 1y 1.8
E 2] ee -5 8
H S < Q3 1e—=
' i ®
s 2 o o 8,
H o = B EEEN B
. E [T S
| | < waas
o B> Ba <
4 — 0D 55 B
O"nmm -
4 aad®
‘N emen ;g
18 18
o
42 —
o ;$
-
1= 1=
d
1o e
@ —|o ©
2 o A 1~
= d 4
T b
g g 4
o> I« <
g 2 13 18
| H 4 4
: L i
B G
b b 1y e 9 v b b ber i b Ly
~ rs) © [rs) ) < %gﬁ < rs) ™ 0 ~ 0 1
i © — B - < - =] ] =] N =] ]
- — - o o o
xeNWAsYX UIpIMWASYX

Figure 4.6: The top-left plot shows the smooth transition in the asymmetry
longitudinal profile from a purely proton to iron composition. These results
where obtain using Monte Carlo models and simulating cases of different
mixtures of proton and iron for an energy of 10 EeV. The three other figures
show the asymmetry parameters dependencies with energy for QGSJETII(03)
and SIBYLL 2.1. (figure taken form ref. [29])
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Figure 4.7: XAsymMazx vs. Energy. The results for two different models are
potted, QGSJETT(03) in solid lines, SIBYLL 2.1 in dashed lines. Proton
results are in blue, iron in red.

A clear picture of the way the method works can be obtained by plot-
ting the asymmetry parameter XAsymMax versus Energy. Such plots show
strong analogy with the well-known elongation rate (the logarithmic rate of
change of the depth of shower maximum with energy, dX,,.,/dIn F). In Fig-
ure 4.7, we simulated using the method previously described the behavior
of XAsymMax with energy for a 100% iron composition (red lines) and a
100% proton composition (blue lines). Solid and dashed lines hold for differ-
ent interaction models (see section 5.2 of chapter 5). Data points from the
Pierre Auger Observatory would appear in this plot somewhere between the
blue and red lines, the proximity from one or another indicating a lighter or
heavier composition at the corresponding energy (see the similar elongation
rate plot presented in Chapter 3, Figure 3.3).

As anticipated in the first paragraph, we must specify that in the present
state, only the XAsymMaz parameter is retained for extracting composition.
The XAsymWidth is excluded because of its low sensitivity to the primary
mass as observed in Figure 4.6. As for the AsymHeight parameter, even
though the correlation with X,,.. is good, its exclusion is related to a more
fundamental issue of the Monte Carlo simulations in general. In fact it has
been observed that the predicted amount of muons at ground level was not
correctly reproduced by the Monte Carlo simulations. The height of the
asymmetry longitudinal development AsymHeight was shown to be sensitive
to this number of muons. Consequently, only the position of the maximum
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of asymmetry is used for estimating the iron fraction as it remains weakly
dependent on the number of muons at ground level and is on another hand
weakly dependent on the value of the reconstructed energy. Finally, an im-
portant observation from Figure 4.6 and 4.8 is that the correlation of the
asymmetry parameters with X,,,, and their dependence with primary com-
position is only weakly dependent on the hadronic interaction model used.



Chapter 5

Testing the Effect of
de-convoluted Traces

There are different methods for mass composition studies also using as rel-
evant experimental parameter the risetime parameter t;/5. As mentioned
in section 3.2.4, where we have described an alternative method using the
fluctuations in ¢, 5, it was found that the signals measured by the surface de-
tectors of the Pierre Auger Observatory require to be corrected from inherent
detector effects in order to recover the original time distributions of particles
arriving in the detectors, thus minimizing fluctuations and improving the
correlation with X,,.,, the main mass correlated parameter of a shower (see
Chapter 3). A procedure of deconvolution is proposed, allowing to recover
the original risetimes to an accuracy of 10%. The risetime ¢, , is also the rele-
vant experimental parameter of the method using the asymmetry parameters
for mass composition estimation, but at present no correction is applied. The
reason for this lies in the idea that the Monte Carlo simulations used in the
method should also take such detector effects into account. Nevertheless, this
calls for testing such an assumption and the effect of de-convoluted risetimes
on the asymmetry method. In the first section we explain the deconvolution
procedure used in University of Leeds, presenting the main results observed
on the risetime. We refer to reference [18] for more information on the de-
convolution procedure. We present in 5.2 a description of the Monte Carlo
models that were used in this work and the specific set of cuts applied for
the analysis. In section 5.3 we discuss the results of our own analysis apply-
ing deconvolution in the method using asymmetry parameters. Finally we
studied the effects of using a different set of cuts on the analysis in 5.4.
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5.1 De-convoluted Risetimes

5.1.1 The Detector Response Function

The response function of a detector is an important factor which is typically
considered for the measurement of energy spectra of detected radiation. In
the ideal case, a monoenergetic beam bombarding a detector should produce
a Dirac delta function, i.e. a single output signal with fixed amplitude.
However this is the ideal case and even a gaussian peak is not always realized
depending on the type of radiation detected. The response function for a
detector at a given energy depends on the different interactions the particles
can undergo but also on the design and geometry of the detector.

The same issue is involved in the surface detectors of the PAO. Recall-
ing the description of the detection techniques presented in chapter 2, the
photomultipliers in each station detect photons diffused and reflected in the
interior coating of the tanks. This forms what is called the “photon rattle”.
Effects of electronics and sampling in the photomultipliers also contribute to
distort the response function. These effects together induce an exponential
decay of the response function. Consequently, the traces measured are a con-
volution of the true time distributions of particles and the response function
of each detector.

In the Pierre Auger Observatory, the average response function of the
detectors for individual particles, the SPR(t) (the Single Particle Response),
has been measured experimentally using atmospheric muons [30]. The mea-
surement is done observing a peak in charge and pulse height histograms
resulting from the signals in the PMTs (see Chapter 2, section 2.1.2 on the
calibration procedures of the surface detectors). The following expression
was obtained:

SPR(t) = A(eT —e=) (5.1)
where values of a and b are known at the 10% level and were fixed at 67 ns
and 13 ns respectively, these values computed by averaging different estima-
tions. The SPR is constant for particles going through the detectors with
inclinations lower than 60° and is similar for muons, electrons and photons.
This is because the time it takes for these different particles to dissipate their
energy in the detectors are much smaller than the typical values of this par-
ticular SPR, making impossible any disentanglement. The evaluated risetime
is of 40ns and this defines a lower limit to the possible measurements.

One important consequence of this limit is that even though for large
values of the risetime the limitation of the SPR is not a problem, for small
values, time distributions for inclined showers are truncated at 40ns. This
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Figure 5.1: Scatter plot of risetime values with the distance to the core.
Fuvents are selected for an angular range of 59° < 6 < 62°, all energies
mized together. The expected lower limitation is clearly present around 40ns.

effect is illustrated in Figure 5.1 where is presented a scatter plot of the values
of risetimes with the distance to the core for a certain angle. We see that
the distribution reaches a lower limit around 40ns.

5.1.2 The Deconvolution Algorithm

Formally, the general convolution product of two functions is mathematically
expressed as:

—+00 “+o00

(f xg)(x) = flz—1t) - g(t)dt = ft) - g(z—t)dt (5.2)

For the discrete case of a system with N samples, equation 5.2 becomes:

(f*g)n)= > fln—m]-glm]= Y  flm]-gln—m]  (53)

n=—oo n=—oo

The discrete case is appropriate for our study as the traces used to esti-
mate the risetimes are recorded digitally. If we call S(t) the output signal
which is a convolution of the SPR and the arrival time distribution of the
particles z(t), then we can write:
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S(t)=> SPR(t—71)-a(r) t=0,1,..,2N —1 (5.4)

The arrival time distribution we are interested in is obtained by taking
the inverse solution of equation 5.4, i.e.:

B ZJT\;I SPR(t — 7)x(T)
SPR(0)

z(t) = 5(0) (5.5)

The main issue with such solutions is their instability under small fluc-
tuations in the input functions. As convoluted signals is a usual and well
known problem in experimental physics, many technics have already been
developed, having all different advantages. Here the GOLD deconvolution
algorithm was chosen as it gives a positive and non oscillating solution [31].

The algorithm was applied to the initial traces in the detectors, S(t), in or-
der to extract de-convoluted values of the risetime. It was shown [18] that the
differences in the risetimes (before and after applying the GOLD algorithm)
were most important for inclined showers but nevertheless giving small but
significant differences at all distances from the core and at all zenith angles.
The effect of the deconvolution is illustrated in Figure 5.2, which was taken
from [18]. As for the values of risetimes themselves, small values are strongly
affected by the deconvolution while very small differences are observed for
larger values, of the order of 350ns. The effect of deconvolution on risetimes
of different values is the main feature which will explain the effects of the
deconvolution procedure observed in the asymmetry analysis, see section 5.3.

The deconvolution procedure has been intensively studied to check for
systematic effects and estimate the errors on the de-convoluted risetimes. In
[18], it has also been demonstrated that even assuming a 30% uncertainty
on the experimental measured SPR (this value holding only as an extreme
bound), a more accurate estimation of the risetime is obtained using de-
convolution, supporting the use of a deconvolution procedure for methods
relying on the risetimes themselves rather than global features such as the
azimuthal asymmetry, for instance. The 10% fluctuation in the SPR param-
eters a and b (equation 5.1) induces fluctuations of the order of 10 to 20% in
the estimated risetimes. On another hand, the systematics effects resulting
from this procedure also imply the use of tighter cuts than the ones used in
the asymmetry method. The question of whether these highly selective cuts
are also necessary when applying deconvolution in the asymmetry method
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Figure 5.2: An example of traces obtained using the GOLD deconvolution
algorithm. The left figure shows a trace simulated with the signal spread
over a shorter period than the trace on the right. The fractional change in
risetime between the original particle arrival distribution (green), t! /2 and
the convoluted trace (black), t1/2 is much larger for the faster trace.

is an important one, as tight cuts in signal and distance to the core tend to
wash out the asymmetry. We discuss this issue in section 5.4.

5.2 Monte Carlo Simulations

5.2.1 Hadronic Interaction Models

The method presented in chapter 4 relies on hadronic interaction models,
extrapolated from accelerator data at low energy. The reason for this is that
there is no direct way of measuring composition from ultra high energy cos-
mic ray experiments and the development of the shower needs to be inferred
by comparison with simulations. Gamma rays and neutrinos are well-known
components of the cosmic ray flux in a wide range of energies but it is also
known that these particles produce very characteristic signals that were not
yet observed at the highest energies of the spectrum (see [32], [33] for the
photon limit contribution and [34], [35] for the neutrino). The main contri-
bution should thus be hadronic (more specifically baryons) and to study this,
the most reasonable choice in a two component scenario is to consider the
lightest species, the proton, and the most stable nucleus, iron. Such a model
will give results indicating wether composition is light or heavy at the highest
energy. Other methods can then be considered to study composition in more
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details, for instance using models involving more than two components or
simply other elements.

The results presented in the next section were obtained using Monte Carlo
simulations performed with the AIRES code [36] using the hadronic interac-
tion models QGSJETII(03) [37] and SIBYLL 2.1 [38]. The generated showers
are used as input in the detector simulation code and finally reconstructed
with the official offline reconstruction framework of the Pierre Auger Obser-
vatory [39]. Such a procedure is long and very complex. The main source of
uncertainties for mass composition remains in the lack of knowledge we have
in the hadronic interactions at the highest energies, as there is no accelerator
data at these energies. Our understanding of the behaviors of the models
at high energy should be improved with future data coming from the LHC
experiment. However, this issue explains why we use different models where
different methods of extrapolation are considered, giving slightly different
results when predicting the shower parameters.

5.2.2 Event Selection

The cuts defined in the asymmetry analysis are mainly justified by the neces-
sity of signals in detectors to be sensitive enough to the azimuthal asymmetry.
As we have seen, this asymmetry does not occur for vertical showers and dis-
appears for very inclined ones. The energy and zenith angle values used are
the following:

e logio(E/eV) = 18.3,18.7,19.1,19.3,19.7,19.9, 20.1;
o 0(deg) = 32,36,41,45,49, 53, 57,60, 63

The range of 6 values is the one for which the asymmetry is shown to be the
most sensitive to the shower evolution.

Some quality cuts are applied to remove badly reconstructed events. On
the SD stations, a 0.5 < R < 2.0 km cut was applied to the distance of
the stations from the core. The lower bound R > 0.5 km was chosen to
avoid saturation problems as the high density of particles close to the core
can induce very high signals in the tanks. On the other hand, the R < 2.0
km cut removes highly fluctuating signals and assures the stations are inside
the region for which the risetime grows linearly with core distance (see [40]).
Finally a cut on the signal itself is applied, S > 10 VEM to reject stations
where the signal is not clean enough to allow well reconstructed values of ¢; /5.
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These cuts have been studied in detail in [41] and shown to be optimum
in the present method for separating primary masses, considering both effi-
ciency and the discriminating power. In section 5.4, some other cuts were
considered, following the analysis in [18]. They introduced some systematic
effects originating from a loss of sensitivity to the asymmetry and a important
loss of statistics, supporting the use of the cuts described here.

5.3 Effect of Deconvolution in the Asymme-
try Analysis

5.3.1 Risetime Distributions

After generating the set of de-convoluted risetimes using the deconvolution
procedure put at our disposal by University of Leeds, our first step con-
sisted in implementing the use of the new de-convoluted risetimes, ¢4 /2 in
the asymmetry analysis. If a relevant effect of deconvolution on the asymme-
try method was to be observed, then it is natural to think that such an effect
could only come from the effect of ¢ /o 10 the first step of the analysis, i.e. in
the time distribution asymmetries. Therefore, we followed the evolution of
the effect of t‘f /9 in each step of the analysis explained in the previous chapter
to understand the resulting effect on the XAsymMazx vs. Energy relation,
last step before extracting the composition.

In Figure 5.3, we plot the azimuthal distributions corresponding to the
proton QGSJETII model for different zenith angles for the convoluted case
in the left plot and the de-convoluted one on the right. The behavior in both
cases is the same, exhibiting the azimuthal asymmetry. Still a closer look
shows the profiles change with deconvolution and become lower. Figure 5.4
shows the same plots for a real set of data of the Pierre Auger Observatory.
We can see the distributions are similar for the data and also affected by
deconvolution. To understand more precisely how the profiles are affected,
we studied the difference of risetimes with azimuthal angle. This is shown
in Figure 5.5 which only illustrates the discussion but must not be used to
extract values of reference as the curves do not correspond to the same se-
lection of events. The behavior of this difference can be explained by the
fact that deconvolution affects more small values of ¢, 5 than larger ones (see
section 5.1.2). Therefore the difference between the risetimes is greater in
the late region (where the electromagnetic particles are more absorbed across
the array) than in the early one. This means that the azimuthal asymmetry
increases with deconvolution. The negative contributions in the differences
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Figure 5.3: Risetime distributions with azimuthal angle for the convoluted
(left) and de-convoluted (right) case for a chosen energy of 10'2eV. The
behavior is the same, showing an azimuthal asymmetry at all angles. Nev-
ertheless, it can be seen that the distributions themselves are flattened by
deconvolution, indicating an effect on the asymmetry itself.

for small angles come from cases where the deconvolution gives higher values
of 4 /o than ¢15. This was shown to occur mainly for stations far away from
the core of the shower. This is because with growing energy, the muon com-
ponent becomes much faster than the electromagnetic one, as expected, but
this one is also more affected by multiple scattering for stations far from the
core. These effects are seen to result in higher de-convoluted risetimes (than
the convoluted counterparts). Thus negative contributions disappear with
more inclined showers, again because deconvolution affects mainly small val-
ues of 1/, (as the electromagnetic component is almost completely absorbed
for very inclined showers). It can also be seen that the difference increases
with zenith angle which means the difference between asymmetries extracted
from the convoluted and de-convoluted cases will also increase. Finally, we
should expect this difference between asymmetries to decrease for very high
zenith angles. In fact, the azimuthal asymmetry basically disappears for
very inclined showers and thus all values of risetime, even though being very
small, are affected equally by deconvolution, at all { values.
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Figure 5.4: Same as Figure 5.3 but this time for a real set of data. We
can see the profiles are similar for data and behave the same way under
deconvolution.
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Deconvolution affects more small values of the risetime, dominant in the late
region of the shower plane (( = +and — 7). We also notice the difference
increases with zenith angle.
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Figure 5.6: Longitudinal asymmetry development for convoluted (solid lines)
and de-convoluted (dashed lines) risetimes. It can be observed that the de-
convoluted results always show higher values of asymmetry, the differences
increasing with the inclination of the shower (see text for more details). The
results presented here correspond to the proton QGSJETII(3.0) case.

All these effects appear clearly in the longitudinal asymmetry develop-
ment presented in Figure 5.6. At low zenith angles, the difference between the
extracted asymmetries is small but becomes bigger for more inclined showers.
The fact that this difference should also decrease for very high angles (be-
cause the azimuthal asymmetry basically disappears for both convoluted and
de-convoluted risetimes) is less clear because our cuts limit the zenith angle
to a maximum value of 60°. Still the overall behavior is clearly manifest for
the lowest energy plot and for the reasons given above, we can expect it to
be the same for all other energies. The results of Figure 5.6 corresponds to
a proton case simulated with the QGSJETII model. The same behavior has
been observed for all other simulated cases and also for data. On another
example is given in Figure 5.7 for the QGSJETII iron case.
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Figure 5.7: Same comments as for Figure 5.6, here for the iron QGSJET(3.0)

case.



70

Testing the Effect of de-convoluted Traces

logio(EleV]) || XAsymMax | X AsymMax? | Relative Difference [%]
18.3 || 1.562 [+0.017] | 1.569 [£0.017] 0.4 [£0.02]
18.8 || 1.556 [£0.013] | 1.610 [£0.016] 3.4 [£0.2]
19.0 || 1.556 [40.012] | 1.608 [£0.015] 3.2 [£0.1]
19.3 || 1.556 [£0.009] | 1.628 [0.013] 4.4 [£0.2]
10.6 || 1.582 [£0.011] | 1.672 [£0.018] 5.4 [£0.3]
19.7 || 1.609 [£0.008] | 1.649 [£0.014] 2.4 [£0.3]

Table 5.1: Values of XAsymMax before and after deconvolution. The last
column shows the relative difference.

5.3.2 The Position of Maximum of Asymmetry

The effects of deconvolution on the values of asymmetries extracted from
the azimuthal time distributions are well understood. However, it is not
straightforward to predict the effect on the relevant parameter for mass com-
position, the position of maximum of asymmetry XAsymMaz. More subtle
than the effect on asymmetry values themselves is the way the gaussian fit to
the longitudinal profile is affected. From the longitudinal profiles presented
in Figure 5.6, we see that the gaussian fits change with deconvolution. But
more important is the fact that the position of the maximum of asymmetry
also changes.

Table 5.1 presents the values of XAsymMax extracted from the longitu-
dinal profiles of Figure 5.6 for the convoluted and de-convoluted cases. As
can be seen, there is a systematic shift of the position of the maximum of
asymmetry towards higher values. Also, looking at Figure 5.8 which presents
the relative differences of XAsymMaz values between the convoluted and de-
convoluted case, it seems there is a trend for an increasing effect with energy,
except for the last energy bin. However, in Figure 5.8, the value of the dif-
ference in the last energy bin is already presented using a slightly different
computation in the analysis, adding an extra bin at high theta values (from
62° to 63°). In fact it was observed that the longitudinal fit was improved
using this inclusion, and most important, the difference between the convo-
luted and de-convoluted values of XAsymMazx increases. This could indicate
that using different ranges and numbers of bins for each energy can improve
the fits of the longitudinal profiles. This is an important result but imple-
menting such a procedure in the standard analysis is not straightforward and
this should be considered for future work. The point to make here is that
there seems to be indeed an increasing effect of deconvolution with energy,
as shown in Figure 5.6.
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Figure 5.8: Relative Difference of XAsymMax wvalues for convoluted and
de-convoluted risetimes. The effect of deconvolution increases with energy,
except for the last energy bin in the Monte Carlo simulations. See text for
more information.
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To understand better the dependence of deconvolution with energy, ad-
ditional studies are needed. Looking at the behavior of the values of the de-
convoluted risetimes, we observed that for core distances higher than 1000m,
there was a tendency of de-convoluted risetime values being always larger
than their convoluted counterparts. Such cases are well understood but the
fact that this effect is systematic over a certain distance from the core and
also over certain values of the risetime is not. Also this effect was observed
to increase with energy, the difference between ¢, /, and td /9 becoming greater
and values of risetimes after deconvolution being always larger. Perhaps this
could explain the dependence of deconvolution with energy we observe in
the resulting values of XAsymMax. There is no physical reason for the first
effect. Thus no conclusion can be drawn for the moment and a more precise
understanding of the deconvolution procedure has to be considered.

The last step consists in analysing how the general XAsymMax rela-
tion with energy is affected by deconvolution. Examples for both models
(QGSJETII on the left and SIBYLL on the right) are presented in Figure
5.9. Again, our aim here is to look at the behavior of the fits under decon-
volution. The systematic shift of the position of maximum of asymmetry
induced by deconvolution is clearly visible for both primaries, the resulting
fits being shifted upwards. However, we can also observe the dependence of
deconvolution with energy, as the slopes of the fits are also slightly increased
after deconvolution. Recalling the picture of how composition is extracted
from these plots, it is obvious that the observed change in the behavior of
the fits can have a strong effect on composition. We can only know if this
is the case by plotting de-convoluted results for data. Unfortunately, this
right was not given to us by the Pierre Auger Collaboration at the present
time. We can only stress that from the previous step of our analysis, data
appeared to be affected in the same way than the models and that within
errors, convoluted and de-convoluted results for composition are compatible.

5.4 Effect of Different Cuts

Studying the effects of different cuts in the asymmetry analysis was moti-
vated by the fact the alternative method discussed in section 3.2.4, chapter
3, exploiting the fluctuations in the risetime parameter, and in which was ex-
plained the importance of using a deconvolution procedure, uses a different
set of cuts. Of course, both methods use different features of the risetime.
Essentially, the asymmetry analysis is more of a statistical nature, requiring
larger cuts to keep samples of events of sufficient size. However the cuts are



5.4 Effect of Different Cuts 73

[ XAsymMax vs log(E(eV)) |

x 1.75
S

1.45 ;7 = Convolved
e De-convolved
1.4
135; Lo b b b e e b e b b b
7 18.2 184 186 188 19 19.2 194 196 19.8
log(E/eV)
[ XAsymMax vs log(E(eV)) |
x L75F
g
b o
> =
i o %
N %
b b
16; ....................

TTTTyTTTT

=
&
\

TT

1.45

= Convolved

------- De-convolved

1.4

PR IR S NS S N SR S B R PRI IR RIS T RIS N
182 184 186 18.8 19 19.2 194 196 198
log(E/eV)

1.35

Figure 5.9: Effect of deconvolution on the XAsymMax wvalues with energy.
Dashed lines and star markers represent the de-convoluted results, blue being
proton and red iron (QGSJETII(3.0) on the left, SIBYLL 2.1 on the right).
The systematic shift towards higher values of XAsymMazx is clearly seen and
also a significant change in the slope due to the dependence of deconvolution
with energy.
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Cuts Method 1 Method 2
S [VEM] > 10 > 20
R[m] || 500 < R < 2000 | 600 < R < 1400
0 < 62° < 45°

Table 5.2: Different cuts for the method using the asymmetry method (Method
1) and the method using the mean value of Xnae and its fluctuations (Method

2).

neither arbitrary and demand a high sensitivity to the azimuthal asymmetry
characteristic of the arrival time distributions of particles. The chosen cuts
have already been described in section 5.2.2. As for the alternative method
using the fluctuations in the risetime parameter, it relies on an event by event
analysis, thus demanding tighter cuts to select high quality samples allowing
for precise estimations of the relevant parameters. Using the deconvolution
procedure in the asymmetry analysis called for testing the effects of tighter
cuts, as the ones used in the alternative method. The main relevant cuts of
both methods which were tested are presented in Table 5.2.

The cut on the 6 angle would obviously make us loose the features of the
asymmetry needed for our analysis. Furthermore, this cut has very little to
do with the deconvolution procedure itself which supports the idea of ne-
glecting it here. Thus we concentrated the rest of our work on the study of
cuts applied to the signal in the stations, .S, and the distance to the core R.
Instead of going through each step of the analysis like in the previous section,
we present here directly the effect observed on the relation of the position
of maximum of asymmetry with energy, which is the primary composition
estimator. This is shown in Figure 5.10. The left plot corresponds to the
de-convoluted case using the cuts of the asymmetry analysis. In the right
plot are presented the results for the new set of cuts (Table 5.2). It is clear
there is an effect induced by the cuts, apparently affecting more the SIBYLL
Monte Carlo model. Later, we show that this effect is stronger for SIBYLL
because of a lack of statistics present at low energies for this model compared
to QGSJETII (and thus not because of some feature inherent to SIBYLL).

To understand the effects induced by the new cuts, we studied separately
the cut on the signal and the distance to the core, thus making a study of the
systematics induced by the cuts on XAsymMaz. We used steps in the values
of the cuts, going from S > 10VEM to S > 20VEM by steps of 2 VEM and
from 500 < R < 2000m to 600 < R < 1400m by steps of 200m *. In Figures

! Actually, steps of 100m were considered but the same results came out in both cases.
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Figure 5.10: Elongation rates of the XAsymMax parameter for different sets
of cuts on the signal and the distance to the core. The left plot corresponds to
the normal cuts used in the asymmerty analysis, S > 10 VEM and 500 < R <
2000m while the right plot holds for cuts S > 20VEM and 600 < R < 1400.

5.11 and 5.12, we show the effects of growing cuts on the XAsymMaz values
(top plots) presented with the corresponding losses of events, in %, in each
energy bin (bottom plots).

For the signal cut, no specific trend can be observed except in the first
energy bin. As expected, we loose more events at low energy as showers of
lower energies tend to induce smaller signals at the detection level. Cutting
at higher values of the signal basically removes stations far from the core and
more sensitive to the azimuthal asymmetry. This explains why the values in
the first energy bin decreases with the successive cuts.

For the cuts on the distance to the core (Figure 5.12), again the first en-
ergy bin is significantly affected, this time showing a trend of values growing
with the cuts. For all other energies, only statistical fluctuations due to the
loss of events with the cuts are involved. It can also be observed that cutting
stations far from the core removes high energy signals while cutting on the
lower bound affects the low energy region.

Finally, neglecting the effect in the first energy bin (where the loss of
statistics is important), we can conclude that there is a systematic error on
XAsymMax of the order of 5% due to reasonable variations of the cuts on
the signal and the distance to the core. This reflects a good stability and
reproducibility of the results under the tested cuts.

In general, the results for proton are less stable under the cuts than the
ones for iron. First, looking at the actual number of events, less showers were
simulated for the proton case in the first energy bin, the loss of statistics hav-
ing thus a stronger effect. However, in general, the proton simulations are
more sensitive to the cuts because protons induce showers with particular
characteristics in the signal which are more affected by the cuts.
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Figure 5.11: Effect of increasing values of the signal cut on the XAsymMax
parameter. The down plots show the corresponding losses of events after each
cut in each energy bin.
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Figure 5.12: Effect of increasing values of the R cut on the XAsymMax
parameter. The down plots show the corresponding losses of events after
each cut in each energy bin.
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If we consider the combined effect of both cuts, we see in Figure 5.13
that the loss in statistics becomes very important. In the low energy region,
it is a sum of the losses induced by the signal cut and distance to the core
cut separately. At high energy, the loss is the one of the distance to the
core cut meaning both cuts remove the same stations at high energy. The
resulting effect in the low energy bin is of course very important, as expected
since we loose more than 70% of statistics and most important, sensitivity
to the asymmetry due to the signal cut. For the other energies, the small
fluctuations lead to an estimation of systematic errors on the XAsymMax
value of not more than 5%. This means only the effect in the lowest energy
bin should affect significantly the fits of the elongation rate in Figure 5.10.
As for the cut on the distance to the core, certainly it has strong statistical
effects but no systematic effects seem to be involved. In conclusion, this
means the signal cut is as expected the most important cut for the asymmetry
analysis and needs to be maintained at the value of 10 VEM which was
shown to be optimum for sensitivity to the azimuthal asymmetry. The R cut
essentially removes a lot of statistics from the analysis without introducing
any observable systematic effect. As more statistics are obtained, this should
become even more clear.
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Figure 5.13: Combined effect of both cuts on the XAsymMax wvalues for the
SIBYLL model. Only the low energy bin is significantly affected by the cuts,
this being explained on one hand by a considerable loss of statistics (see down
plots) and by a loss of sensitivity to the asymmetry due to the signal cut,
lowering the values of asymmetry.
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Chapter 6

Conclusion

Our lack of knowledge of mass composition at ultra high energies has become
an issue that can no longer be ignored. The method presented here, using
the asymmetry in the time distributions of particles at ground, is a novel
and very promising method. In this work we have studied the effect of using
time distributions previously corrected from inherent detector effects on the
general analysis, concentrating on Monte Carlo simulations.

It was observed that using a deconvolution procedure induces a shift in
the values of the position of maximum of asymmetry, XAsymMazx, the rel-
evant mass estimator. The fact that all extracted values are larger in the
de-convoluted case is explained by the features of the deconvolution pro-
cedure itself, small values of the risetime being more strongly affected. In
addition to this, it was observed that this effect also increases with energy,
resulting in a small change in the behavior of the relation of the position
of maximum of asymmetry with energy compared to the convoluted case.
These effects of deconvolution were shown to affect the simulations and the
data in the same way. Therefore we expect the results on composition not to
be affected by deconvolution. This has already been checked for the lowest
energies where results are compatible within errors. At the highest energies
the lack of statistics in the data sample prevents any conclusion. Finally
we studied the effects induced by different cuts. Cutting on higher values
of the signal was found to introduce a loss of sensitivity to the asymmetry,
supporting the initial cut established for the analysis. Cuts in the distance
to the core mainly consisted in an important loss of statistics.

At present, it seems that the choice of using a deconvolution procedure
in the asymmetry method does not introduce any relevant changes in mass
composition determination using the position of maximum of asymmetry as
the estimator. However, it is clear that deconvolution affects the asymmetry
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profiles and it is worth considering the question whether more information
can be extracted from the use of time distributions closer to reality, when
using the whole longitudinal asymmetry distribution as a mass estimator. At
present, the dependence of deconvolution with energy is something we do not
fully understand and is the most important issue that should be addressed
for future work.
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