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Abstract

Measurement of Cherenkov light with the HEAT telescopes at the Pierre Auger Observatory
The Pierre Auger Observatory in Argentina examines ultra-high energy cosmic rays. Incident
rays in the atmosphere interact with atomic nuclei initiating cascades of subatomic interactions
resulting in extensive air showers. These excite gas molecules, which emit fluorescence and
Cherenkov light detectable at the ground. This is feasible with the 24 fluorescence telescopes,
that are surveying the area of the Observatory. The low-energy extension HEAT (High Elevation
Auger Telescopes) consists of three additional fluorescence telescopes with a field of view over
the standard telescopes. Because of the different field of view, a higher fraction of incident light
is composed of Cherenkov light, which is outside of the usual operational mode of the telescopes.
To examine the impact of this effect on the reconstruction of the particle shower, analysis of the
reconstruction observables is performed comparing the reconstruction of the air showers Monte-
Carlo simulations and and the data acquired with HEAT. The Xmax dependence on Cherenkov
light fraction is studied.

Messung von Cherenkovlicht mit den HEAT Teleskopen am Pierre Auger Observatorium
Das Pierre Auger Observatorium in Argentinien untersucht höchstenergetische kosmische Strah-
lung. Wenn diese Strahlung auf die Erdatmosphäre trifft, wechselwirkt sie mit den Atomkernen
und löst Teilchenkaskaden und so ausgedehnte Luftschauer aus. Diese regen ihrerseits Moleküle
an, sodass Fluoreszenz- und Cherenkov-Licht abgestrahlt und am Boden detektiert werden
können. Dies ist mit Hilfe der 24 Fluoreszenzteleskopen, die die Fläche des Observatoriums
überschauen, möglich. Die Niederenergieerweiterung HEAT (High Elevation Auger Telescopes)
besteht aus drei zusätzlichen Fluoreszenz-Teleskopen, deren Gesichtsfeld über dem der standard
Teleskope liegt. Aufgrund des geänderten Gesichtsfeldes wird ein prozentual höherer Anteil an
Cherenkov-Licht detektiert, was die Teleskope außerhalb ihres Standatd-Betriebsmodus bringt.
Um den Einfluss des Cherenkov-Lichts auf die Schauerrekonstruktion zu untersuchen, werden
die Rekonstruktionsobservablen über ein Vergleich der Luftschauer-Simulationen mit den Daten
der in HEAT gemessenen Schauer analysiert. Die Abhängigkeit des Xmax von dem Cherenkov-
lichtanteil wird untersucht.

Ñâåò ×åðåíêîâà â ÿäåðíûõ ëèâíÿõ èç ñâåðõâûñîêîåíåðãåòè÷åñêîãî êîñìè÷åñêîãî èçëó-

÷åíèÿ èçìåðÿåìûé ñ ïîìîøüþ HEAT â Îáñåðâàòîðèè Ïüåðà Îæå Îáñåðâàòîðèÿ Ïüåðà

Îæå â àðãåíòèíå èññëåäóåò ñâåðõâûñîêîåíåðãåòè÷åñêîå êîñìè÷åñêîå èçëó÷åíèå. Èçëó÷åíèå

áîìáàðäèðóåò àòìîñôåðó è ðåàãèðóåò ñ å¼ àòîìàìè èíèöèèðóÿ êàñêàä ÿäåðíûõ âçàèìîäåé-

ñòâèé, èñòî÷íèê ÿäåðíûõ ëèâíåé. Òàê îáðàçóåìûå äî÷åðíèå ÷àñòèöû âîçáóæäàþò ìîëåêóëû

ãàçà, êîòîðûå â ñâîþ î÷åðåäü èñïóñêàþò ñâå÷åò ôëóîðåñöåíöèè è ×åðåíêîâà èçìåðèìûå íà

ïîâåðõíîñòè. Ýòî âîçìîæíî ñ ïîìîøüþ 24-õ ôëóîðåñöåíòíûõ òåëåñêîïîâ îñìàòðèâàþøèõ

ïëîøàäü Îáñåðâàòîðèè. Íèçêî åíåðãåòè÷åñêîå ðàçøèðåíèå HEAT (High Elevation Auger

Telescopes) ñîñòîèò èç òð¼õ äîïîëíèòåëüíûõ òåëåñêîïîâ, ÷å¼ ïîëå çðåíèÿ ïðèïîäíÿòî íàä

ïîëåì çðåíèÿ ñòàíäàðòíûõ òåëåñêîïîâ. Èç-çà èçìåí¼ííîãî ïîëÿ çðåíèÿ áîëåå âûñîêàÿ

÷àñòü ïàäàþøåãî ñâåòà ñîñòîèò èç èçëó÷åíèÿ ×åðåíêîâà, òàê ÷òî òåëåñêîïû ðàáîòàþò â

íå ñòàíäàðòíîì ðåæèìå. Äëÿ òîãî ÷òîáû èññëåäîâàòü âëèÿíèå ýòîãî ýôôåêòà íà ðåêîí-

ñòðóêöèþ ÿäåðíûõ ëèâíåé, ïðîèçâåä¼í àíàëèç èçìåðÿåìûõ âåëè÷èí ñðàâíèâàÿ ìîíòå-êàðëî

ñèìóëÿöèè ÿäåðíûõ ëèâíåé ñ äàííûìè äîáûòûìè HEAT. Èçó÷àåòñÿ çàâèñèìîñòü Xmaxîò

äîëè ñâåòà ×åðåíêîâà.
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1 Introduction

Cosmic rays opened new insights into high energy physics, space and the Universe as a whole,
right from the time of their discovery by Victor Hess at the beginning of the 20th century
[1]. Today the composition and origin of cosmic rays are considered fundamental questions of
astroparticle physics.

Incident cosmic rays in the atmosphere interact with atomic nuclei initiating cascades of sub-
atomic interactions. These cascades of secondary particles, called extensive air showers, excite
gas molecules, which emit detectable fluorescence and Cherenkov light and some secondary par-
ticles arrive at the ground. The Pierre Auger Observatory in Argentina examines the cosmic
rays at ultra-high energies by measuring the air showers.

The measurement of the light emitted by the air showers is achievable with the 24 fluorescence
telescopes, that are surveying the area of the Observatory. The low-energy extension HEAT
(High Elevation Auger Telescopes) consists of three additional fluorescence telescopes, with a
field of view which is tilted upwards by 30◦. This way nearby air showers can be detected.
Though, because of the different field of view, a higher fraction of incident light is composed of
Cherenkov light, which brings the telescopes outside of the design operational mode.

With Cherenkov-rich showers it is possible to extend the observable spectrum towards lower
energies. The shape of the energy spectrum and the composition of the cosmic rays below
1018 eV would allow valuable insights into their sources, shading light on the potential region
of the transition between the galactical to extragalactical component. The main ingredients to
achieve this are quality measurements of the energy, Xmax and the shower axis.

The impact of Cherenkov light on the shower reconstruction of the HEAT data is to be exam-
ined. After the introduction of the detector the simulation and reconstruction of air showers is
described. In this work a framework for usage of detailed Monte-Carlo Cherenkov light simu-
lations by CORSIKA is introduced for further cross-checks with Offline light simulations. To
study reconstruction framework consistency two datasets of Monte-Carlo showers generated with
CORSIKA and CONEX are each separated in Cherenkov-rich and Cherenkov-poor subsets and
framework biases are determined and compared to check all steps of the reconstruction and
suited datacuts are choosen. In the second step the HEAT data is analysed for Xmax depen-
dence on Cherenkov light fraction. For CONEX dataset the mean Xmax is shown to be constant
for two different primaries, whereas in the HEAT data are shown to be dependent on Cherenkov
light fraction. A correction for the dependence is proposed.

1



Chapter 2. Astroparticles

2 Astroparticles

This chapter is mainly based on publications of Blümer et al. [2], Letessier-Selvon and Stanev [3]
and Dembinski [4].

2.1 Cosmic rays

Cosmic rays – usually referring to stable charged high energy particles – were found to arrive
at the Earth from galactic and probably also extragalactic sources and interact with the atmo-
sphere. The energies of these particles extend over many orders of magnitude, at least up to
1020 eV as shown in figure 2.1.

2.1.1 Energy spectrum

The flux of the ultrahigh-energy cosmic rays (uhecr) can be well described by a power law

dN

dE
∝ E−γ , (2.1)

where the spectral index γ is measured to be about 2.7 up to energies of some PeV. The
feature of spectrum at about 1015.5 eV where γ changes to about 3.2 is called “knee”. At the
“ankle” around 1018.5 eV the spectral index changes to about 2.6, where most models assume
a transition between galactic and extragalactic sources [5]. The cut-off of the spectrum is a
prominent feature: at about 1019.5 eV, matching the Greisen-Zatsepin-Kuz’min (GZK) [6, 7]
cutoff, γ changes to 4.3.
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Figure 2.1: Combined spectrum of primary ultrahigh-energy cosmic rays. Courtesy of
Tim Niggemann, based on [8, 9, 10, 11, 12, 13].
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2.1. Cosmic rays

2.1.2 Sources

One of the most important and yet open questions in modern astroparticle physics is the one
of the sources of UHECRs and their acceleration mechanisms. There are two proposed mecha-
nisms to achieve high energies for primary particles: the one-shot acceleration and Fermi shock
acceleration. The former can be compared to the techniques used in man-made colliders (e.g.
cyclotrons).The latter relies on the multiple scattering of particles on turbulent magnetic fields
across the front of a shockwave (e.g. supernovae).

Michael Hillas attributed the energy of the primary particles to the conditions at the potential
acceleration sites and combined all in his famous plot (figure 2.2).
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Figure 2.2: Left : Hillas plot for acceleration candidates of UHECRs, for p and Fe at E =
1 ·1020 eV [5] Right : Schematic of gyro radius for different primaries at E = 7 ·1019 eV for
B = 2µG. [5]

His idea was to consider the common thread of the acceleration using the relation between the
maximum energy of a particle of a certain charge z · e, the strength of the magnetic field and
the size of the area, where this magnetic field should confine the particle, which is related to the
gyro radius R:

Emax w β z e

(
B

µG

) (
R

kpc

)
, (2.2)

where β denotes the efficiency of the acceleration. As seen on the right of figure 2.2, lighter
primaries at high energies have higher gyro radii resulting in a lower probability to be confined
on the galactic scale, with this emerged the conclusion of extragalactic origin of highest energy
cosmic rays.

The resulting compilation on the left figure 2.2 shows that only a few of the known astrophysical
objects are capable of accelerating iron or even proton to E = 1 ·1020 eV, which could be another
reasonable explanation of the GZK-like-cutoff.
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Chapter 2. Astroparticles

2.1.3 Composition

Cosmic rays, further on also called primary particles, can be detected and their charge can be
measured directly up to energies of some 100 TeV. Therefore the chemical composition of the
cosmic rays is well known for lower energies and is shown in figure 2.3.

2 24. Cosmic rays

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic ray flux and γ is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 24.1. Figure 24.1 shows the
major components for energies greater than 2 GeV/nucleon.

Figure 24.1: Major components of the primary cosmic radiation from Refs. [1–12].
The figure was created by P. Boyle and D. Muller. Color version at end of book.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located
within the galaxy [13]. The ratio of secondary to primary nuclei is observed to decrease
with increasing energy, a fact interpreted to mean that the lifetime of cosmic rays in the
galaxy decreases with energy. Measurements of radioactive “clock” isotopes in the low
energy cosmic radiation are consistent with a lifetime in the galaxy of about 15 Myr.

July 30, 2010 14:36

Figure 2.3: Abundance and energy spectrum of different primary particles. [14]

As the flux at high energies rapidly decreases, direct measurements become impractical because
of the relatively small instrumented area of balloon- or satellite-borne experiments. Therefore
the composition, one of the central questions of the UHECRs, is currently investigated with
indirect measurements. The depth of the energy deposit maximum of an extensive air shower
(Xmax) depends approximately linearly on the logarithm of the primary energy (lg E0) and
nucleon number A (see figure 2.2.2). One can estimate the average composition of the primaries
by measuring the dependency of Xmax on lg E0, called elongation rate.
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2.2. Extensive air showers

2.2 Extensive air showers

First measurements of coincidences between counters at a distance performed by Schmeiser [15],
Kohlhörster [16] and Auger in 1938-39 [17] lead to the proposal of extensive air showers induced
by cosmic rays. The secondary particles arriving at the surface of the Earth are one of the major
means of detecting cosmic rays. Another technique of detecting eas is the measurement of light
emitted by the secondary particles in the atmosphere (see section 2.3 on page 9).

Primary particles arrive from all directions interacting with particles of the atmosphere, most
commonly with gas nuclei, and produce secondary particles by inelastic hadronic interactions.
These propagate successively and interact with another atmospheric particles building up cas-
cades which are called extensive air showers (eas). The eas propagates with roughly speed of
light, forming a particle shower front. The energy of the primary particle (i.e. total energy) is
distributed among the secondary particles and is almost completely deposited in the atmosphere
accompanied by emitting a proportional ammount of fluorescence light, and is thus comparable
with a calorimeter with variable density. The incident direction of the primaries is also conserved
due to the forward boost of the high energy interactions.

In this process different types of particles are produced as shown in figure 2.4. Usually three
components are distinguished - the hadronic, electromagnetic and muonic.

Figure 2.4: Most important processes in air showers. Adopted from [18]

First interactions at the top of the atmosphere produce high energy pions and kaons which can
interact further or decay into muons (π± → µ± + νµ∓) or photons (π0 → γ + γ) initiating
electromagnetic subcascades. The first and further iterations with nuclei also produce, together
with other mesons and bosonic resonances, a small amount of stable hadrons, which all form
the hadronic component of the shower. Muons emerging from decaying mesons can traverse the
atmosphere and arrive at the surface due to relativistic dilation of their life time, where they
are measurable by ground based detectors.
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Chapter 2. Astroparticles

To describe the inhomogeneous atmosphere in terms of traversed matter with which primary
and secondary particles can interact, the vertical atmospheric depth is introduced:

Xv(h) =

∞∫
h

dh′ ρ(h′) , (2.3)

with air density ρ at altitude h. The atmosphere has a total depth of about 1030 g cm−2 at sea
level. For inclined showers the traversed depth depends on the incident angle ϑ and for ϑ . 60◦

is:

X(h, ϑ) =
Xv(h)
cos ϑ

. (2.4)

2.2.1 Electromagnetic component

In terms of energy deposit the most important components of the cascade are electrons, positrons
and photons, which carry about 85% of the total energy.
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Fig. 1. Longitudinal shower development: Energy release of electrons plus positrons
and of muons plus hadrons. Additionally, the contribution of electromagnetic par-
ticles below the simulation energy threshold Ethr = 0.1 MeV is given.

even for relatively large threshold values in the MeV range the particles would
be stopped within a depth of only a few g cm−2.

3 Longitudinal development

Air showers initiated by different primary particle types (proton, iron nu-
clei, and photons) have been calculated with various primary energies (1018

−

1020 eV) and shower zenith angles. The main conclusions discussed in the fol-
lowing, however, are largely independent of the primary parameter choice and
also of the shower-to-shower fluctuations (see also [27,28]). The distributions
given in the Figures illustrate the case of an iron-induced event of primary
energy 1019 eV with 45◦ inclination.

The longitudinal development of the energy release dErel/dX of the shower
in air is presented in Figure 1. The definition of the path length dX deserves
explanation. Plotted is the energy release in the layer of air between slant
depths X and X + dX, i.e. in the direction of the shower axis. A particle
propagating with a non-zero angle ϑ towards the shower axis thus travels
through an effective amount of matter of dx = dX/ cos(ϑ) while traversing
this slant depth interval. The corresponding larger energy loss, or equivalently

6

Figure 2.5: Energy deposit of electromagnetic and muonic+hadronic components. The dotted
line indicates the energy deposit of secondary electrons and positrons with energy below
Ethr = 0.1 MeV. [19]

Apart from annihilation positrons behave similarly as electrons (which refer the both further
on) and interact with the particles of the atmosphere via ionisation, bremsstrahlung - generating
photons - and more infrequently knocking out delta-electrons. Produced photons above some
MeV convert to electron-positron pairs via pair-production. As the processes transit into one
another, an electromagnetic cascade develops parallel to the hadronic one. The cascade dies out,
if the energy of the electrons fall below the critical energy Ec, where ionisation and radiation
losses are equal. Hadronic cascades supply the electromagnetic component until they consume
their own energy(cf. figure 2.6).
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2.2. Extensive air showers

simulations. Nevertheless, Heitler�s EM model pre-

dicted accurately the most important features of

electromagnetic showers.

Heitler�s model (Fig. 1a) has e+, e�, and pho-

tons undergoing repeated two-body splittings,
either one-photon bremsstrahlung or e+e� pair

production. Every particle undergoes a splitting

after it travels a fixed distance related to the radi-

ation length. After n splittings there are 2n total

particles in the shower. Multiplication abruptly

ceases when the individual e± energies drop below

the critical energy ne
c, where average collisional en-

ergy losses begin to exceed radiative losses.
This simplified picture does not capture accu-

rately all details of EM showers. But two very

important features are well accounted for: the final

total number of electrons, positrons, and photons

Nmax is simply proportional to E� and the depth of

maximum shower development is logarithmically

proportional to E�.

We approximate hadronic interactions similarly
[4]. For example, Fig. 1b shows a proton striking

an air molecule, and a number of pions emerging

from the collision. Neutral pions decay to photons

almost immediately, producing electromagnetic

subshowers. The p± travel some fixed distance

and interact, producing a new generation of pions.

The multiplication continues until individual

pion energies drop below a critical energy np
c ,

where it begins to become more likely that a p±

will decay rather than interact. All p± are then as-

sumed to decay to muons which are observed at

the ground.

This first approximation assumes that interac-

tions are perfectly inelastic, with all the energy

going into production of new pions. We will study
the more realistic case which includes a leading

particle carrying away a significant portion of the

energy later (Section 4).

The important difference between a hadronic

cascade and a pure EM shower is that a third of

the energy is ‘‘lost’’ from new particle production

at each stage from p� decay. Thus the total energy

of the initiating particle is divided into two chan-
nels, hadronic and electromagnetic. The primary

energy is linearly proportional to a combination

of the numbers of EM particles and muons.

We examine the model in detail below. In par-

ticular, we will look at its predictions for measur-

able properties of extensive air showers,

attempting to assess which predictions are reliable

and which may not be. First, we review the specif-
ics of Heitler�s electromagnetic shower model and

then develop the hadronic analogue. In all that fol-

lows, the term ‘‘electron’’ does not distinguish be-

tween e+ and e�.

2. Electromagnetic showers

As seen in Fig. 1a, an electron radiates a single

photon after traveling one splitting length

(a) (b)γ

e+ e
_

n=1

n=2

n=3

n=4

p

π +_ π o

n=1

n=2

n=3

Fig. 1. Schematic views of (a) an electromagnetic cascade and (b) a hadronic shower. In the hadron shower, dashed lines indicate

neutral pions which do not re-interact, but quickly decay, yielding electromagnetic subshowers (not shown). Not all pion lines are

shown after the n = 2 level. Neither diagram is to scale.
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Figure 2.6: Left : Scheme of a electromagnetic cascade, which also can be initiated by electrons;
n indicating the iteration index.
Right : same for hadronic cascade. Pion is representative also for other particles (see text).
[20]

2.2.2 Heitler model

The cascade process is of stochastical nature, which can be understood by the simple Heitler
model[21].

As the first particle with initial energy E0 splits at the starting depth X0 in two daughter
particles both carrying the half of this energy. After a characteristic splitting length ln 2 ·λ0 this
process starts over again n times. The radiatin length λ0 depends on the process underlying the
model (cf. λem below). At a depth X there are

N(X) = 2
X

ln 2·λ0 (2.5)

particles with energy E(X) = E0/N(X) each. The critical energy Ec imposes a limit on the
maximum number of particles N(Xmax) = E0/Ec - noting the linear dependence on initial
energy - at the depth Xmax, so this depth can be specified as:

Xmax = X0 + λ0 ln
(

E0

Ec

)
, (2.6)

The typical interaction length for the electromagnetic cascade in air is λem ≈ 37 g cm−2 [22]
allowing up to about 30 lengths in the atmosphere for a typical shower. critical energy for
electromagnetic cascades is Ec,em ≈ 85 MeV.

The Heitler-model describes the electromagnetic cascades well, but can also be extended to
also approximate hadronic part of the shower. The hadronic interaction length is about λh ≈
100 g cm−2 and critical energy is Ec,h ≈ 20 GeV. For further details of the extension of Heitler-
model to hadronic cascades see [20].

The superposition assumption states, that in a good approximation a primary consisting of a
number of nucleons induces a shower of the same size, as the same number of superimposed
proton showers of proportionally lower energy E0/A [23], so together with equation 2.6 the
relation 2.7 is gained:

Xmax(E0, A) ∝ ln
(

E0

A

)
, (2.7)
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Chapter 2. Astroparticles

2.2.3 Shower development

Air shower development driven by the subatomic processes described above is influenced by
different random factors, primarily the first interaction height, but also stochastical interaction
processes, so the position of the shower maximum can vary greatly even for the same primary,
as seen in simulations in figure 2.7. The smaller fluctuation of iron showers is due to statistical
averaging [3]. 2.3. Extensive Air Showers
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Figure 2.6.: Energy deposit per atmospheric depth of 1000 showers from CONEX
[36] simulations with EPOS [37] at 1017.25 eV.

EAS induced by heavier primaries with atomic mass number A and energy
E0 can be approximated by the superposition of A proton induced showers each
carrying the energy E0/A. This reduces the penetration depth of the shower
(cf. fig. 2.7). Therefore, the Xmax is sensitive to the mass of the primary

Xmax,A = α + λ′ (log E0 − log A) . (2.8)

According to [35] the shower-to-shower fluctuations also decrease with increasing
atomic mass (cf. fig. 2.6). A first approximation is RMS(Xmax) ∝ 1/

√
A.
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Figure 2.7.: Comparison of the energy deposit per slant depth for a typical iron
(red, dashed line) and a typical proton (blue, solid line) induced shower
from CONEX [36] simulations with EPOS [37] at 1017.25 eV.
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Figure 2.7: Air shower energy deposit profile fluctuations for iron (left) and proton (right).
1000 energy deposit profiles for each proton and iron are linearly superimposed. [24]

In data analysis the Gaisser-Hillas [25] formula 2.8 is used to describe the number of particles
in an air shower for a given depth X

N(X) = Nmax

(
X −X0

Xmax −X0

)Xmax−X0
Λ

exp
(

Xmax −X

Λ

)
, (2.8)

where Xmax is mentioned above, Nmax denotes the maximum number of particles during shower
development, X0 and Λ being fit parameters, related (but not identical [26]) to the starting
depth of the shower and the shower decay length.

The number of particles given by this formula is related to the mean energy loss per particle
being about 2.2 MeV/ g cm−2. In real showers the secondary particles are not monoenergetic
for a certain depth, as the simplified model suggests, but are distributed in energy over several
orders of magnitude:
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Fig. 3. Contribution to the energy release per matter traversed in shower direction
as a function of the kinetic particle energy. Simulation for primary iron, 1019 eV.
Upper panel: Individual and combined contributions of electrons and positrons at
shower maximum. Lower panel: Combined contribution of electrons and positrons
for different shower ages (normalized to the same height of maximum).

While at higher kinetic energies (Ekin > 300 MeV) electrons and positrons
contribute about equally to the energy release, at lower energies only electrons
survive due to positron annihilation. The annihilation photons will eventually
transfer the energy to electrons by Compton scattering.

The range of particle energies that mainly contribute to the energy release, is
to a good approximation quite independent of the primary particle type (in-
cluding primary photons) and primary energy. Also the dependence on shower
age is small, as shown in the lower panel of Figure 3. For instance, at earlier de-
velopment stages before the shower maximum, the contribution is only slightly
shifted to higher electron energies. These results may be understood, since the

10

Figure 2.8: Distribution of energy release as a function of secondary particle energy for sec-
ondary positrons/electrons/both in an iron shower with E = 1 ·1019 eV at Xmax. [19]

The shower age s used in figure 2.8 universally describes the shower development and is defined
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2.3. Light production

as
s :=

3X

X + 2Xmax
. (2.9)

2.3 Light production

In air showers charged secondary particles produce light in the atmosphere through two mech-
anisms, which are reviewed below: fluorescence and Cherenkov effect. This light is measurable
for detectors on the ground [27] such as the Pierre Auger Observatory and is thought even to
be measurable from an orbit [28].

2.3.1 Fluorescence light

Secondary particles, if they are not decaying or their energy is too low to take part in cascades,
passing through the atmosphere loose their energy primarily by means of ionisation and molec-
ular excitation described by the Bethe-Bloch formula [14]. After excitation the air molecules,
being mostly dinitrogen, emit ultraviolet light isotropically according to the wavelength spec-
trum shown in figure 2.9.

250 300 350 400 450
wavelength λ / nm

0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

fr
a
c
ti

o
n

Figure 2.9: Measured spectrum of nitrogen fluorescence light between 250 nm and 450 nm at
the detector aperture. Courtesy of Tim Niggemann, based on [29]

The number of produced fluorescence photons by secondary electrons is proportional to the
deposited energy and traversed distance in air (between 4 and 6 photons per MeV [30, 31, 32]
and nearly 4 photons per meter for electrons at λ = 337 nm). These photons are emitted
isotropically and can be detected by optical instruments.

In an air shower the emitted fluorescence light per slant depth can thus be calculated as [33]:

d2Nf

dXdλ
:=

x
dE Y (λ, p, T, u,Ee)

dNe(X)
dE

dEdep

dX
, (2.10)

with atmospheric pressure p, temperature T, humidity u, wavelength λ and electron energy
dependent light yield Y , energy spectrum of the electrons dNe/dE and energy deposit dEdep/dX
in this atmosphere layer.

Measurement of the fluorescence light gives full information about the number of charged parti-
cles and deposited energy at certain height and is used to measure the longitudinal development
of the shower, further on also called shower profile, described by equation 2.8.

2.3.2 Cherenkov light

Another source of light in air showers is the Cherenkov effect. Charged secondary particles, which
travel through the medium, deflect negatively charged electron shells and partially polarize atoms
around them, compare left figure 2.10, though net polarisation in front and behind the particle
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Chapter 2. Astroparticles

is negligible. Moving faster than the speed of light in the medium allows the polarisation to drag

Figure 2.10: Polarisation of a medium while a charged particle P is traversing from left to
right at speed v below c0

n (left-hand side) and above c0
n (right-hand side) [34]

behind the particle (compare right figure 2.10), releasing Cherenkov photons in the direction of
the particle trajectory under angle θC , if the condition 2.11 applies:

cos θC =
1

βn
⇒ β >

1
n

, (2.11)

where β is the relativistic speed of the particle, n the refractive index of the medium and
θC the Cherenkov angle.

0c t
n

Cθ 

v t⋅

γ

γ

µ +

Figure 2.11: Huygens’ construction is used to illustrate the Cherenkov-condition. The particle
(muon) is traversing the distance v · t from left to right, while an elementary wave travels the
distance c0

n t. Constructive superposition is possible only at the angle θC , which is defined as
cos θC = c0

vn .

In air at sea level the Cherenkov angle is about 1.4◦ and decreases for higher altitudes. In the
atmosphere the Cherenkov condition is satisfied for different particles according to figure 2.12
and energy threshold Emin = m c2√

1−n−2
.

A theoretical description of the effect is given e.g. in [34]. The number of photons produced per
unit length is described with the Frank-Tamm formula [35]:

d2Nγ

dxdλ
= 2παz2 1

λ2

(
1− 1

(n(λ)β)2

)
, (2.12)
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Figure 2.12: Kinetic energy threshold for Cherenkov effect for different particles with simplified
atmosphere parametrization according to [36].

with wavelength of the Cherenkov photons λ, z = 1 charge number of traversing particle and
α ≈ 1/137 fine-structure constant. The λ−2 dependence causes the continuous spectrum to
increase towards shorter wavelengths.
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Figure 2.13: Cherenkov light yield for a single 50MeV electron in air at sea level [37].

Photons produced in air showers are usually described in terms of slant depth, defining the
Cherenkov yield yγ in a wavelength region (λ1..λ2):

yγ :=
dNγ

dX
=

1
ρ(h)

∫ λ2

λ1

dλ
d2Nγ

dxdλ
. (2.13)

As secondary particles undergo multiple scattering, they diverge from the shower axis, so direct
Cherenkov light, despite of its narrow emittance angle is detected at considerable distances from
the axis of the air shower (cf. figure 4.8 on page 26).
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For single showers the maximum of Cherenkov photons production lies lower in the atmosphere
than Xmax of the fluorescence light as in the example shower in figure 2.14, which could cause
the bias.
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Figure 2.14: Cherenkov light production profile calculated by CORSIKA, fluorescence light
profile calculated using [32] of a single vertical CORSIKA shower. Invisible energy carried
by neutrinos is not accounted for.

2.4 Light attenuation

For light produced in air showers two major processes in the atmosphere deflect it from its direct
path to a detector (cf. [38]).

Rayleigh scattering occurs when light scatters off particles smaller than the wavelength of the
light. The angular distribution of scattered photons Nγ can be calculated as follows:

d2Nγ

dXdΩ
∝

∣∣∣∣∣ Nγ

XR

(
400 nm

λ

)4
∣∣∣∣∣ (1 + cos2 θ) , (2.14)

with XR = 2970 g cm−2 the scattering mean free path at 400 nm. Rayleigh scattering does not
change the wavelength and distributes the radiation in all directions with respect to the shower
axis due to its weak angular dependence and it is important for forward directed Cherenkov
light.

Mie scattering occurs on spherical particles, in case of atmosphere mostly aerosols, which size
is of the same order as the light wavelength. The common general approximation assumes an
exponential decline with altitude as in (2.15) and strong forward peaked as in (2.16):

dNγ

dx
≈ −Nγ

lM
exp (− h

hM
) , (2.15)

dNγ

dxdΩ
≈ a exp (− θ

θM
) ·

∣∣∣∣dNγ

dx

∣∣∣∣ , (2.16)

with a = 0.8, θM = 26.7◦, aerosol scale height hM ≈ 7.5 km at Auger site, Mie scattering mean
free path lM ≈ 14 km.
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3 Pierre Auger Observatory

The Pierre Auger Observatory aims to measure cosmic ray spectrum, composition and arrival di-
rections at energies above 1018 eV. The site is situated in Malargüe, in the province of Mendoza,
Argentina, with area of about 3000 km2

10 km

Figure 3.1: Schematics of the array overimposed on the map of the region around Malargüe.
The red dots point to the positions of the surface detectors, the blue/red lines are field of
view projections of fluorescence telescopes. Courtesy of Marcel Straub, [39]

It consists of two major components. a) The area instrumented with surface detectors and b)
fluorescence telescopes overviewing the array. The observatory combines two detection tech-
niques of sampling the particles of the shower arriving at the ground and collecting the light
produced in the atmosphere as in figure 3.7. Several enhancements were installed in the past
years, one of these are the three High Elevation Auger Telescopes (heat) which extend the FD
and are discussed in detail below, the infill and heatlet arrays are integrated into the surface
detector, aera allows for radio detection.

This chapter gives a brief outline of the different detector components.
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3.1 Surface detector

The most prominent feature in the image 3.1 is the surface detector array - further on called
sd. It consists of 1660 units arranged on a hexagonal grid with a spacing of 1.5 km, apart from
the sub-array infill which has a spacing of 0.75 km. Each station is a water cherenkov detector
depicted in figure 3.2 right.

Figure 3.2: Left : Sketch of the Infill array and HEATLET stations. SD stations are marked
black , the Infill stations red and HEATLET green. (based on [40])
Right : Single SD station

One tank is filled with 12000 liters of high purity water. The polyethylene shell is of 3.6 m
diameter and 1.55 m high. Secondary particles produce Cherenkov light inside the water, which
is equipped with three photomultiplier tubes (PMT). Each station is equipped with a GPS
antenna for time measurements and is connected to the central data aquisition (cdas) via
wireless link. The solar panel and rechargeable battery ensure autonomous operation.

Figure 3.3: Row of surface stations as seen from Coihueco

The duty cycle of the SD is near 100%; unlike FD it can be operated during daylight hours.
It detects showers with energies above E = 3 ·1018 eV at full efficiency, sampling the lateral
distribution of particles. If coincident signals for one station reach a threshold, a T1 first level
trigger is generated. For lower energy showers the timing information for single detectors is
made available for FD.

The Infill array is installed near Coihueco with half of the spacing of the SD to lower the energy
threshold for SD showers down to E = 1 ·1017 eV. HEATLET stations were deposited closer
to HEAT and Coihueco locations using the smaller Infill-spacing to increase trigger rates of low
energy showers measured by both FD and SD.
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3.2 Fluorescence detector

The fluorescence detectors (fd) are situated at four locations around the array (cf. 3.1) - denoted
as Los Leones (ll, south), Los Morados (lm, east), Loma Amarilla (la, north) and Coihueco
(co, west) together with HEAT. These stations are called eyes.

∅

Figure 3.4:
Left : Front view of one FD building with open shutter and visible aperture.
Right : Schematic top view of one of four FD buildings. The six single telescopes are arranged
beside each other [41].

The four initial FD buildings consist each of six reflective Schmidt-telescope bays as in figure 3.5.
These consist of an 1.1 m radius aperture with lens and UV filter, a large spherical mirror of
about 3.5 m diameter and a camera consisting of 20 × 22 hexagonal PMTs, also called pixels.
Each cell views 1.5◦×1.5◦ of the sky, so that one telescope has a field of view of 28.6◦ in elevation
and 30◦ in azimuth. Each eye covers 180◦in azimuth.

4

Figure 3. Photo of a FD telescope with its major
elements indicated.

scope as taken during the installation. The main
elements of the aperture system are the 2.2 m di-
aphragm including a corrector ring (not installed
at each telescope, yet) and an UV transmission
filter made of MUG-6 glass. The light is reflected
by segmented 13m2 spherical mirrors. Because of
limited production capacity, two types of mirror
elements are used in different telescopes; either 49
hexagonal shaped glass mirrors or 36 rectangular
shaped aluminum mirrors. The focal plane of the
mirror is instrumented with a camera arranged
in 20 × 22 pixels. Thus, each of the 440 PMTs
(XP 3062 of Photonis) of a camera views approx-
imately 1.5◦ × 1.5◦ of the sky. The PMT signals
are continuously digitised at 10 MHz sampling
rate with a dynamic range of 15 bit in total. An
FPGA based multi-level trigger system records
traces out of a random background of 100 Hz per
pixel [15].

To determine the shower energies correctly, ac-
curate measurements and monitoring of the PMT
gains is needed. This is primarily accomplished
by a diffuse surface which is mounted for cali-
bration purposes outside the telescope building
in front of the telescope aperture to uniformly
illuminate the telescope f.o.v. with a calibrated
light signal [16]. Furthermore, the attenuation of
the light from the EAS to the telescope due to
molecular (Rayleigh) and aerosol scattering has

to be corrected for. The relevant parameters are
determined by a Horizontal Attenuation Monitor
(HAM), Aerosol Phase Function monitors (APF)
and LIDAR systems located at each of the eyes
[17].

3. First Results

The southern observatory has presently (Nov.
2004) more than 540 tanks and two complete FD
eyes (Los Leones and Coihueco, each with 6 tele-
scopes) fully operational and taking data. With
about 1000 km2 covered by the ground array and
1500 km2 observed by the FD, the Auger Obser-
vatory has become the largest and most complete
cosmic ray detector in the world. A large number
of events with ever increasing rate is continuously
being collected and analysed by many different
groups.

3.1. First Events in the SD

Figure 4 shows some typical examples of EAS
footprints as seen by the SD. The diameter of
the circles indicates the particle densities (VEMs)
detected in the respective tanks. The shower
direction is determined by a plane fit to the
shower front as determined from the particle ar-
rival times. The energy and core position is recon-
structed by performing a fit of a lateral distribu-
tion function (LDF) to the number of VEMs seen
by the different tanks. As an example, Fig. 5
depicts the reconstructed LDF for the EAS of
Fig. 4(b); the richness and quality of the data
is evident. EAS simulations have shown that the
primary energy, in the considered range, is best
determined from the value of the LDF at a dis-
tance of 1000 m from the shower core. This num-
ber, generally named S(1000), is found to be the
least affected by fluctuations caused by both the
longitudinal shower development and by the un-
known mass of the primary particle.

Besides the particle densities reconstructed
from the integrated signals in the water tanks,
rich information is also contained in the time
traces of the recorded signals. These allow the
identification of narrow spikes from individual
muons at distances beyond of a few 100 me-
tres from the shower core so that appropriate

∅

Figure 3.5: Left : Telescope constituents from inside [42], Right : Schematic drawing of a single
telescope [41].

Each PMT is read out and digitized with a 10 MHz sampling rate (respectively 100 ns time
binning). The light flux over time and pixels is then calculated using the absolute calibration.

The detector is operated in moonless and cloudless nights, which restricts the duty cycle to
about 13%. A detailed description of the telescopes is done in [43].

The detector is sensitive to photons with wavelenghts between 300 nm and 420 nm(cf. figure 3.6)
and is optimized for fluorescence light detection. In reconstruction (cf. section 4.4, page 21) the
detected light is mapped back to the shower development.

The First Level Trigger (flt) electronics monitors the pixels for signal above a certain threshold
compared to the night sky with set trigger rate of about 100 Hz. Upon several pixels triggering
within 20µs a signal is prestored and the Second Level Trigger (slt) looks for five neighboring
coherent pixels arranged in a straight track indicating a shower track with a usual rate of about
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Chapter 3. Pierre Auger Observatory

Figure 3.6: Light efficiency of the entire optical system including aperture, mirror and PMTs,
as a function of wavelength [44].

one per minute. In the Third Level Trigger (tlt) all the phenomena, such as lightnings and
direct muons, are rejected, if their duration is less than 400 ns or more 100µs. The final T3
algorithm performs a fast reconstruction of the shower based on all telescopes for one eye. These
events are sent to CDAS, where the SD stations in the region of interest are forced to be read
out, so that the impact time on the ground can be reconstructed better.

The fluorescence detectors are capable of sampling the longitudinal profile of the shower, but if
the same shower is also measured with the SD the so called hybrid detection is achieved as
shown in figure 3.7.

cosmic rays:
primary particle

first interaction

atmosphere

Surface Detectors

Fluorescence 
Detector

fluorescence light

Cherenkov light

Figure 3.7: Hybrid detection of the shower - lateral extension is sampled with the SD, the
longitudinal profile is measured with the FD [45].
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3.3. Enhancements

3.3 Enhancements

The Pierre Auger Observatory is a unique site, where also other detection methods are introduced
and combined.

3.3.1 Radio detection

The newest detection technique at the site exploits coherent radiation of air showers in the
10 − 100 MHz band. For this purpose 21 antennas (cf. 3.8) are already installed and 160
planned at the area of Infill, they constitute the Auger Engineering Radio Array (aera). The
array is self-triggering and has already detected coincident events with FD and SD. Radio signals
contain information about the shower development, also it will be possible to achieve 100% duty
cycle, so radio technique will join advantages of the other detection methods.

Figure 3.8: One AERA antenna near central data aquisition ANEXO

3.3.2 HEAT

It is supposed, that in the energy range between E = 1 · 1017 eV and E = 1 · 1018 eV the
transition of galactic to extragalactic cosmic ray origin takes place.Showers with energies below
E = 1 ·1018 eV are developing higher in the atmosphere as well as emitting less light and are
visible at distances below 10 km, so that the four standard eyes usually cannot fully detect these
due to their limited field of view, as shown in figure 3.9.
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Figure 3.9: Left :Visualization of HEAT and Coihueco fields of view. Right : Fields of view in
atmospheric depth units. US standard atmosphere parametrisation [46] is used.

The low energy enhancement for the FD are the High Elevation Auger Telescopes (heat). These
three telescopes – separately also called bays– are installed at a distance of about 200m from
Coihueco and, as depicted in figure 3.10, have a field of view tilted by 29◦ in elevation allowing
them –in combination with regular FD telescopes– to sample more of the shower development,
and especially the position of Xmax, for nearby showers.

HEAT can be tilted telescope-wise from “downward” mode, which results in the same field of
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Chapter 3. Pierre Auger Observatory

Figure 3.10: Left : Schematic side-view of a single tilted bay [40]
Right : Three High Elevation Auger Telescopes (HEAT) - bays 1, 2 and 3 (obscured). The
bay 2 is in “downward” mode.

view as for Coihueco, to its “upward”, design mode see figure 3.10. The tilting is monitored as
described in [47]. Mean    39.54
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Figure 3.11: Left : Energy distribution of HEAT only dataset after loose cuts, separated
into Cherenkov light fractions of more and less than 50%. Allowing higher Cherenkov light
fraction showers, lower energy events can be recorded. Right : Distance to closest point of
the shower axis (cf. 4.4) for HEAT only and standard FD hybrid showers. HEAT measure
closer showers due to elevated field of view.

Due to the new field of view shower geometries are visible for the eye in a different way. For-
ward directed Cherenkov light of showers pointing towards the telescope is more abundant and
contributes significantly to the detected light changing the FD trigger probability (cf. [48]) as
well as the shower reconstruction 4.4.

The optical and electrical design is very similar to those described in section 3.2. The sampling
rate has been increased by the factor of two, resulting in a time bin size of 50 ns. The cross-
calibration with Coihueco in downward mode of HEAT was performed to determine preliminary
calibration constants on telescope basis and is currently used in place of the absolute calibration.

The reconstructed HEAT data is made available by Marcel Straub for the period between 07.2009
and 10.2011.
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4 EAS simulation and reconstruction

An important tool to study air shower are Monte-Carlo (mc) simulations, which model the
showers development in the atmosphere.

4.1 Monte-Carlo software

4.1.1 CONEX

For high level analyses of shower parameters the simulation library compiled by Nils Scharf in
the course of his PhD thesis [47] is used. The showers are generated with CONEX [49], where
first high-energy interactions are tracked in detail, whereas the further shower development is
approximated by numerically solving cascade equations, by which the one dimensional longitu-
dinal profile of energy deposit is gained. To equally consider the available hadronic interaction
models the arithmetic mean over the models is used in this work - QGSJET-II [50], Sibyll [51]
and EPOS [52].

4.1.2 CORSIKA

A program for the detailed simulation of particles in an air shower is coriska (COsmic Ray
SImulations for KAscade) [53, 54]. In the simulation secondary particles are tracked until they
reach the ground. The major aspect for this code is the capability of CORSIKA to simulate
Cherenkov light.

CORSIKA is organized in a Fortran framework, which handles the in- and output of data,
particle decays, energy deposit, atmosphere parametrization and magnetic field of the Earth. It
also integrates hadronic interaction models, in this study QGSJET-II for higher and FLUKA
[55] for lower energy are used. The electromagnetic interactions are simulated using the default
NKG formulae [56]. The Cherenkov option is developed by the HEGRA Collaboration and K.
Bernlöhr [57].

CORSIKA code tracks single secondary particles after their production taking into account their
interactions, decays and energy deposit. As their energy falls below a given threshold, multiple
particles are combined to one representative particle with an appropriate weight. The technique
is called thinning and is controlled by the parameter ηth = Ethin/E0 (ηth = 10−6 is used in this
work) and the maximum weight of a thinned particle wmax (106 is used). The simulation results
are a thinned longitudinal profile, the lateral particle distribution and Cherenkov light photons
on the ground. Steering cards and further details of shower generation for this study are given
in section A.3.

The coordinate systems are summarized in figure 4.1. In contrast to the x-axis pointing to the
East in Auger coordinates, CORSIKA uses the geomagnetic north for its x-axis. The current
direction of the magnetic field pointing in Malargüe is used [58]: 2◦31′2” declination eastwards,
35◦40′26” inclination and 24.3 µT absolute magnitude.

4.2 Off line framework

Offline is the software framework developed by the Pierre Auger Collaboration for handling the
cosmic ray air shower data structures. It is used for the reconstruction of both the data recorded
by the observatory, but also for detector simulation of Monte-Carlo showers, since it incorporates
detector description, and processes the data in module sequences (e.g. in section A.2). Parts of
the framework are utilizable independently, for example shower data files interpreter libraries
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Chapter 4. EAS simulation and reconstruction130 Coordinate Systems

Figure A.1: The local coordinate system is a spherical coordinate system with the latitude being
called altitude and the longitude known as azimuth angle. It covers ahalf space, as
the azimuth angle can take only positive values. It is centred on the observer and the
reference plane is defined by the observer’s horizon. If in addition to the pair of local
coordinates time and observer position are known, the celestial position of an object
can bedetermined.

with lat = 0◦ at the equator and lat = ±90◦ at north and south pole, respectively. For the
complete determination of the position of an object in geographic coordinates, the radius
w.r.t. theEarth’scenter, alternatively the altitude a.s.l., needs to beknown. The center of the
PAO SD array expressed in geographic coordinates then is located at

lonPAO =−69.25◦ , latPAO =−35.25◦ , altPAO ≈ 1400m a.s.l. (A.1)

A.2 Local Coordinates

Theincoming directionsof air showersaremeasured in spherical coordinatesof zenith angle
θ , with θ = 0◦ in case of a vertical shower, and azimuth angle φ , startingwith φ = 0◦ in the
east and counting counter-clockwise, seefigure A.1. Local coordinates, however, may also
be given in altitude alt and azimuth angle, where the altitude is the elevation of an object
above the horizon, alt = 90◦− θ . The reference plane, called the horizontal plane, is a
plane tangential to theEarth’s surfacethroughtheobserver’sposition. Themeasured arrival
direction of an air shower doesnot point into theheading of the cosmic ray, but instead faces
’upwards’ to where the cosmic ray apparently came from. The positions of celestial objects
depend ontheobserver positionandthetimeof observation. Thus, the local referenceframe
is inappropriate as a coordinatesystem for determiningcelestial positions.

A.3 Equatorial Coordinates

Theposition of a celestial object can bespecified independently of time and observer position
in an equatorial referenceframe, seefigureA.2. Equatorial coordinatesarespherical andthe
reference plane is given by the Earth’s equatorial plane. Consequently, the geographic lati-
tudes are simply projected onto thesky (alongthe local zenith direction), defining the equa-

x-axis
(north)

y-axis
(west)

z-axis

Φ

Θ

particle momentum

Figure1: Coordinatesystemin CORSIKA.

zenithangleθ of a particletrajectoryis measuredbetweentheparticlemomentumvectorand
thenegative Z-axis,andtheazimuthalangleφ betweenthepositive X-axisandthehorizontal
componentof the particlemomentumvector(i.e. with respectto North) proceedingcounter-
clockwise.This is shown in Fig. 1.
Attention: This definitiondisagreesfrom definitionsof otherair-shower simulationprograms
andfrom theconventionsof theAugerexperiment!

86

Figure 4.1: Coordinate system definitions of Left : Auger [59] and Right : CORSIKA [54] . ϕ
(Φ in CORSIKA, φ in Offline) denotes the shower azimuth, ϑ (Θ in CORSIKA, θ in Offline)
denotes the zenith angle. The x-axis points to geographical east in Auger, and to geomagnetic
north in CORSIKA as also shown in 4.8.

for reading adst files, operations with and manipulation of basic geometrical entities used in
4.5 or coordinates transformations.

4.2.1 Detector description

The physical and electrical properties of the detector are incorporated into the framework. Of-
fline uses a modular structure which can be controlled by XML steering cards. One of the
significant changes concerning HEAT is the introduction of the so called virtual eye, a com-
bination of two or more existing eyes in a new single one. The CoHe-eye incorporates Coihueco
and HEAT data. Each physical eye separately would sample the shower development only
partially, combined measurement allows for full reconstruction as shown in figure 4.2. In the
following the example event no. SD11699524 is used.
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Figure 4.2: Left : Shower as seen by Coihueco (lower 3 field-of-view segments) and HEAT (3
upright telescopes). Coloured lines are single pixel directions towards the shower axis, which
is shown in red. The colour-code represents timing information of the light trace from red
to blue. Triggered SD stations are scaled in size according to measured signal, compared
to uninvolved stations. Right : Trace of the shower with colour-coded arrival time as seen
in HEAT (top) and Coihueco (bottom) combined to COHE. The shower axis for COHE (as
well as separate axes for each HEAT and Coihueco eyes) is fitted to the trace and Xmax is
determined to be at the red marker.
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4.3. Shower simulation

4.3 Shower simulation

A shower geometry and an energy deposit profile are required to simulate the detector response to
a Monte-Carlo shower in Offline. The used module sequence (A.2) is described closely following
[60].

4.3.1 Monte-Carlo showers in Offline

EventFileReaderOG reads the output of several simulation programs , most notably CONEX
and CORSIKA, and makes the required data available for the following modules of the frame-
work. As showers are generated without specific impact point in the array, EventGeneratorOG
specifies one or multiple shower core positions, generated from a list or placed randomly; addi-
tionally a desired time and date of the event is specified.

To simulate the hybrid detector response the SdSimpleSimKG is used, where according to the
impact point of the shower the nearest surface station is set to be triggered and the GPS time
of the SD trigger is calculated. After the initialization of the SD information the internal
infrastructure of the fluorescence detector is initialized in the FdSimEventCheckerOG.

4.3.2 Light simulation and propagation

In the ShowerLightSimulatorKG fluorescence and Cherenkov photons are generated along the
shower axis. All further calculations are performed within the wavelength band determined by
the detector response. The energy deposit profile is directly converted to fluorescence photons
using the light yield (cf. (2.10)). The Cherenkov photons are simulated using a parametriza-
tion of Cherenkov yield for electrons above the Cherenkov threshold forming a light cone as
they accumulate moving along the shower axis. The angular distribution of Cherenkov light is
commonly parametrized as an exponential with the function of Cherenkov energy threshold as
scaling angle (cf. [38]). The beam is attenuated by Mie and Rayleigh scattering.

In the LightAtDiaphragmSimulatorKG the shower segment in the field of view of the telescopes
and arrival time of the light at the aperture are calculated and a reasonable geometry is en-
sured then the time binning is calculated. For the time range all light fractions are attenuated
and tracked to the aperture through the atmosphere. The one-dimensional shower is blurred
according to the mean lateral distribution of the energy deposit and timing spread in Shower-
PhotonGeneratorOG. Currently the lateral distribution parametrization of the fluorescence light
is also used for Cherenkov light.

4.3.3 Telescope response

The raytracing through the detector geometry from the edge of the diaphragm is performed
in TelescopeSimulatorKG. As the detector is operated in a dimly lit environment, the FdBack-
groundSimulatorOG simulates the ambient light from diffuse background, stars, milky way band,
moon etc. The response of the photomultiplier tubes to the total calculated light flux is per-
formed in FdElectronicsSimulatorOG, where the absolute calibration of the telescopes is used
and the resulting signal is realistically smeared. As the absolute calibration for HEAT is cur-
rently being in preparation the cross-calibration with Coihueco is used instead (cf. [61]).

4.4 Shower reconstruction

The reconstruction of an air shower is a key step, common for simulated showers and detector
data. The most important modules in the sequence used (as in A.2) are taken from [62] and are
as follows:

4.4.1 Light allocation

In FdCalibratorOG the photons are calculated with the help of absolute calibration for each
telescope. For the virtual eye CoHe light from constituting real telescopes is combined in
FdEyeMergerKG. For each pixel the arrival time is calculated in FdPulseFinderOG. The Pix-
elSelectorOG rejects time and angular isolated pixels.

21



Chapter 4. EAS simulation and reconstruction

4.4.2 Geometry determination

After all relevant pixels are found, the shower geometry is searched in two steps.

First the so called shower detector plane (SDP) is determined in FdSDPFinderOG. This
plane is defined to include the shower axis and the position of the eye as in figure 4.3. The
normal vector ~n determining the SDP is found by minimizing χ2 calculated as (4.1):

χ2 =
pixels∑

i

|~n · ~ri|2 wi , (4.1)

where ~ri is the pointing direction of a relevant pixel and wi is a weight determined by the light
amount in the i-th pixel. The angle to the ground is denoted as ϑSDP and the azimuthal angle
w.r.t. the east as ϕSDP . The colored rays in 4.2 represent the pointing directions. Refinements
are described in [63].

After finding the SDP the axis in the SDP is determined by FdAxisFinderOG. The axis of every
shower is unambiguously defined by three parameters provided a known SDP: the angle χ0 from
the horizontal to the shower axis within SDP, the shortest distance Rp from the eye to the
shower axis and time t0 defined by the idealized shower front crossing the Rp reference point at
the axis. These quantities are depicted in figure 4.3.

Figure 4.3: Sketch of the shower detector plane, three principal shower geometry parameters
are defined as χ0 - the angle from ground to shower axis in SDP, Rp - the shortest distance
from eye to shower axis, t0 - time of crossing of the Rp reference point by the idealized shower
front. SDP is inclined with respect to the ground plane by angle ϑSDP. For every shower
axis point Si the arrival time at the aperture ti and the arrival angle to the ground inside
the SDP χi are measured [64].

To find the axis, geometrical considerations of the expected arrival time for photons emitted at
the axis are used; from a point Si of the shower axis light travels to the eye under angle χi in
the SDP. The arrival ti time is correlated with this angle via (4.2):

ti = t0 +
Rp

c
tan

(
χ0 − χi

2

)
, (4.2)

with the speed of light c. The axis is found by simultaneous fit with three free parameters on
the FD timing and the SD impact time, if the SD trigger timestamp is available, also using the
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4.4. Shower reconstruction

measured FD-SD time offset, due to physical light pathway delays and unequal signal processing.
These steps are done in HybridGeometryF inder.

 angle [deg]χ
-10 0 10 20 30 40 50 60 70

ti
m

e 
[1

00
 n

s]

280

300

320

340

360

/Ndf=   88.1/402χ                             

Figure 4.4: Time fit of arrival directions for determination of the shower axis. Timing is again
color-coded, two fit functions correspond to HEAT and Coihueco points of view, black square
is the time of SD trigger also used in the fit, HEAT data ranges approximately from 70◦ to
40◦ and Coihueco to 15◦.

4.4.3 Determination of energy deposit

The FdApertureLight module takes different light sources into account and the deposited en-
ergy per slant depth is calculated. Knowing the shower geometry allows to calculate the light
from energy deposit based on a parametrization of the lateral distributions of fluorescence and
Cherenkov light [65, 66] and parametrization of angular distribution of Cherenkov light [38].
The routine outlined here is detailed in [67, 68].
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Figure 4.5: Light arriving at three telescopes (depicted in 4.2) over time is extrapolated beyond
the mirrorcrossings. Different sources contributing are estimated from shower geometry.

For a given geometry every shower segment can be mapped to a certain slant depth and arrival
time. The algorithm calculates the expected number of fluorescence and Cherenkov photons
from both direct production and scattering processes depending on the number of particles and
deposited energy, transforms it in matrix notation and solves it numerically.
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Chapter 4. EAS simulation and reconstruction

Photons produced in slant depth segment Xi are isotropically distributed over a sphere with
surface 4πr2

i , transmitted as a fraction Ti due to attenuation processes and are detected at the
distance ri with efficiency ε. Thus the factor di = εTi

4πr2
i

is introduced. The fluorescence light flux

yf
i can be calculated as:

yf
i = di Y

f
i wi ∆Xi , (4.3)

with fluorescence yield Y f
i , ∆Xi the slant depth segment and wi the energy deposit per slant

depth. For direct Cherenkov light a yield for photons emitted at the βi angle to the axis can be
calculated:

yCd
i (βi) = di fC(βi) Y C

i N e
i ∆Xi , (4.4)

with fC(βi) denoting the fraction of Cherenkov photons emitted towards the telescope, Cherenkov
yield Y C

i and N e
i the number of electrons and positions above Cherenkov energy threshold at

depth i. Maintaining the notation the Cherenkov light scattered towards the telescope can be
calculated at depth i as:

yCs
i = di fs(βi)

i∑
j=0

TjiY
C
j N e

j ∆Xj , (4.5)

where the sum accounts for the photons produced and accumulated between slant depths j and
i, of which the fraction Tji arrives at i due to attenuation and fraction fs(βi) is scattered towards
the detector.
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(a) Direct light contribution.
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(b) Scattered light contribution.

Figure 1: Illustration of the light flux received at diaphragm of the FD. Green: Isotropic fluo-

rescence light, red: forward direct Cherenkov light, blue: Rayleigh-scattered Cherenkov light and

magenta: Mie-scattered Cherenkov light

fs(βi) of the beam is scattered towards the detector it can contribute significantly to the total
light received. In a simple one-dimensional model the number of photons in the beam at depth Xi

is just the sum of Cherenkov light produced at all previous depths Xj attenuated on the way
from Xi to Xj by Tji:

Nbeam

γ (Xi) =

i∑
j=0

Tji Y C

j ∆Xj Ne(Xj). (6)

Similar to the direct contributions, the scattered Cherenkov light received at the detector is then

yCs

i = di fs(βi)

i∑
j=0

Tji Y C

j ∆Xj Ne(Xj). (7)

Finally, the total light received at the detector at the time ti is obtained by adding the
scattered and direct light contributions:

yi = yCs

i + yCd

i + yf

i . (8)

2 Reconstruction of the energy deposit profile

The aim of the profile reconstruction is to estimate the energy deposit and/or electron profile
from the light flux sum (8). At first glance this seems to be hopeless, since at each depth there are
the two unknown variables dE/dXi and Ne(Xi), and only one measured quantity, namely yi (the
individual light contributions are, of course, experimentally indistinguishable, if the apparatus
does not resolve different wave lengths). Since the total energy deposit is just the sum of the
energy loss of electrons dE/dXi and Ne(Xi) are related via

dE/dXi = Ne(Xi)

∫
∞

0

fe(E, Xi) dE/dXe(E, Xi) dE, (9)

4

Figure 4.6: Illustration of the light flux arriving the telescopes. Color-coded are fluorescence
light (green), direct Cherenkov light (red), scattered Cherenkov light - Rayleigh (blue) and
Mie (magenta). The parameters are introduced in the text. [67]

A parametrization αi can be introduced to transform the number of electrons to the respective
energy deposit using universality of electron energy spectra in shower age (cf. [69]) as wi = N e

i αi.
Therefore, it is possible to consider the sum of all light contributions (4.3) (4.4) (4.5) as a vector
y indexed in depth steps which is related to the same-dimensional vector of energy deposit w
over the fluorescence-Cherenkov matrix C as

y = Cw . (4.6)

The matrix has the following structure:

Cij =


0, i < j

cd
i + cs

i i = j

cs
ij i > j

(4.7)
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with entries found by comparison with the equations above:

cd
i = di (Y

f
i + fC(βi) Y C

i
1
αi

) (4.8)

cs
ij = di fs(βi) Tij Y C

i
1
αi

(4.9)

By inverting the matrix an estimator of the energy deposit can be found numerically:

ŵ = C−1y . (4.10)

At this point Cherenkov light fractions can be estimated as ratio of direct and scattered Cherenkov
light and total light arriving the aperture.

Rc+cs =
Nc + Ncs

Nf + Nc + Ncs
. (4.11)

In this work the ratio of direct Cherenkov light only and total light is chosen to minimize
influence of scattered light and is denoted as direct Cherenkov light fraction usually expressed
in percent.

Rc =
Nc

Nf + Nc + Ncs
, (4.12)

with Nc number of direct Cherenkov photons, Ncs number of scattered Cherenkov photons and
Nf number of fluorescence photons at the aperture

4.4.4 Determination of shower parameters

In FdEnergyDepositFinder the Gaisser-Hillas function (2.8) is fitted to the measured energy
deposit profile as in figure 4.7 with atmospheric depth of shower maximum Xmax, atmospheric
depth of the first interaction X0, maximum energy deposit (corresponding to Nmax in the for-
mula) and mean free path Λ. The integral over the energy deposit is the calorimetric energy.
The so called missing energy carried away by neutrinos and high-energy muons cannot be ob-
served by telescopes and is accounted for in this step on the basis of simulations and hadronic
interaction models. The correction is of the order of 10% [3].
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Figure 4.7: Gaisser-Hillas fit to the measured energy deposit in Coihueco and HEAT with
statistical uncertainty band in red, and Xmax at the top of the red curve (red marker).
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Chapter 4. EAS simulation and reconstruction

4.5 Cherenkov photons simulated in CORSIKA

As an approach to cross-check the Cherenkov light simulation in Offline a method to extract
detailed Cherenkov light information from CORSIKA was developed.

In CORSIKA Cherenkov photons are only recorded in a defined area. In the following a single
proton shower of E = 3.7 ·1016 eV simulated with QGSJET-II inclined by ϑ = 44◦ is shown.
Corresponding photons are plotted in 4.8.
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Figure 4.8: Number of Cherenkov photons on the ground for simulated CORSIKA shower.
Shower core is at the origin of coordinates. The Cherenkov light is brightest directly at the
shower core, but a 2 km distant detector on the ground, marked as a black ellipse is also
abundantly illuminated.

CORSIKA provides information about position of the hit on the ground, angular direction,
production height, hit time as well as weight for each Cherenkov photon. With these it is
possible to calculate the photon track in the atmosphere and consider all emission points as in
figure 4.9. The attenuation of the photons in the atmosphere is currently not implemented, but
could be deactivated in Offline also for cross-checks.

The CORSIKA Cherenkov simulation takes more aspects of the Cherenkov light generation into
account than the light simulation in Offline. Although the shower axis is pointing to the origin of
coordinates, some particles are travelling in the direction of the telescope continuously producing
photons (visible as low intensity tracks). These can cause light and time profile fluctuations not
observed in fluorescence dominated showers. Another attribute shown in the simulation is the
asymmetry in the light production with respect to the shower axis, as more electrons are arriving
at the aperture on the side of the shower in front of the detector than on the opposite side.

For detailed investigation of the influence on the reconstruction and comparisons of Cherenkov
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Figure 4.9: Number of emitted photons in Left : side and Right : top projection, which hit
an artificial detector flat on the ground placed 2 km away from the shower core. CORSIKA
coordinates are used (cf. 4.1)

light reconstructed from data and Monte-Carlo showers, a realistic aperture description was
implemented, using the real detector description in simulated or recorded data files. CORSIKA
photons arriving at the apertures within the fields of view of the telescopes are selected. The
apertures are made scalable in radius, which can circumvent the thinning effect of too many
photons missing the aperture. With this approach simulated Cherenkov photons can be even-
tually used in the reconstruction chain (for example as an input for TelescopeSimulatorKG)
independently of Offline Cherenkov simulation for better reconstruction of Cherenkov abundant
showers.

Figure 4.10 shows a preliminary time-angle profile gained from CORSIKA Cherenkov photons
alongside with Offline.
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Figure 4.10: Time-Angle profiles as described in subsection 4.4.2 from the single shower,
referenced at the beginning of the section, simulated at 1.7 km distance with the Left : Offline
reconstruction fluorescence and Cherenkov light and Right : CORSIKA Cherenkov photons
hitting a detector aperture with coordinates and pointing of the HEAT bay 2. A different
development in both time-angle profiles indicates differences in light simulation in Offline and
CORSIKA and should be further investigated.

The presented intermediate results and framework should be further investigated and expanded.
As the usage of Offline is restricted to geometrical tools and detector geometry description the
approach allows an independent cross-check of the Cherenkov light handling. However an effort
of incorporation in Offline is favorable to perform a piecewise cross-check and to reuse parts of
the framework e.g. the description of the atmosphere. The main limitation is the computational
power and time needed for production for the detailed Cherenkov information.
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Chapter 5. Cherenkov light in simulated showers

5 Cherenkov light in simulated showers

In this chapter the framework consistency for the reconstruction described in the previous chap-
ter is checked for the showers with high direct Cherenkov fraction (cf. (4.12) on page 25). For the
high level analyses in the standard FD the Cherenkov cut was introduced in [70], such that events
with Cherenkov light fraction greater than 50% are rejected. This was due to prevent low energy
events triggered by the sheer Cherenkov light and possible events with high Xmax uncertainty.
In this work in two MC datasets a significant reconstruction bias of Xmax for the showers with
direct Cherenkov fraction greater than 50% is found reconfirming the cut introduced previously.

5.1 Monte-Carlo datasets

The dataset denoted as CORSIKA (cf. A.3, page ix) is generated with CORSIKA version 6.980
and reconstructed with Offline version v2r7p7. The CONEX dataset is generated by Nils Scharf
[47]. Both are used after loose cuts (cf. 6.1, page 33) and are not separated into different
primaries, hadronic interaction models or energy bins for this step.

Each dataset is subdivided into the showers with direct Cherenkov fraction below and above
50% as in figure 5.1:
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Figure 5.1: Direct Cherenkov light fraction for CORSIKA and CONEX datasets. Cherenkov
poor showers are more abundant in CONEX dataset, as the simulated core positions are not
close to the eye (cf. A.3).

5.2 Biases for high Cherenkov light fraction

To check the consistency of the framework for simulated and reconstructed HEAT showers, the
parameters introduced in section 4.4 are considered in the order of their appearance in the
reconstruction chain.

The absolute bias and bias in units of standard deviations are considered for all energies in
sum. The bias for observable A is calculated as the difference between simulated (MC) and
reconstructed (rec) value, the normalized bias is defined as the ratio of bias and reconstruction
uncertainty Auncert. of the observable: shower detector plane orientation angles ϕSDP and ϑSDP,
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5.2. Biases for high Cherenkov light fraction

shower axis parameters Rp, t0 and χ0 and finally energy and Xmax.

Bias = AMC −Arec (5.1)

norm. Bias =
AMC −Arec

Auncert.,rec
(5.2)

The µ shown in figures is the mean bias indicating systematic error of the reconstruction and
the σ is the standard deviation of the distributions. Only the statistical uncertainty of the mean
is considered.

5.2.1 Shower detector plane

Shower detector plane observables ϕSDP in figure 5.2 and ϑSDP in figure 5.3 described in 4.4 are
first to be considered.
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Figure 5.2: Absolute bias on ϕSDP for two Cherenkov fraction ranges for CORSIKA and
CONEX. High Cherenkov fraction does not bias the reconstruction of the SDP.

Direct Cherenkov light arriving at the detector originates from a narrow section of the light cone
in its direction and is expected to be produced in the SDP. As the simulated Cherenkov light is
produced at the shower axis, there is no significant reconstruction bias of SDP for Cherenkov-rich
showers, as both CORSIKA and CONEX datasets show.
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Figure 5.3: Absolute bias on ϑSDP for two Cherenkov fraction ranges for CORSIKA and
CONEX. CONEX and CORSIKA are not compatible with each other the diviation is however
small compared to the resolution.
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Chapter 5. Cherenkov light in simulated showers

5.2.2 Shower axis

Offline reconstructs the shower axis similarly for Cherenkov-rich and -poor showers, the biases
are within the angular resolution of the telescopes (between 1◦ and 2◦ [71]) and timing resolution
between (50 ns and 200 ns [72]). The smaller spread σ in timing and distance to the axis does
not mean a better reconstruction, as the normalized biases (cf. A.2, page vi) are the same for
both Cherenkov fraction ranges. The narrower distribution can result from a more constrained
phase space for the axis placement. The shower axis is reconstructed with minimum bias for
showers with Cherenkov light fraction lower than 50%.
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Figure 5.4: Absolute bias on time at the point of closest approach t0 for two Cherenkov fraction
ranges for CORSIKA and CONEX. The resolution for Cherenkov-rich showers is reduced by
half.
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Figure 5.5: Absolute bias on the angle to the ground within SPD χ0 for two Cherenkov fraction
ranges for CORSIKA and CONEX. For the two MC datasets separately the two Cherenkov
fractions are compatible. CORSIKA and CONEX are not comparable, as CONEX shows
significantly smaller standard deviation, but both biases are within the detector resolution.
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Figure 5.6: Absolute bias on distance of closest approach Rp for two Cherenkov fraction ranges
for CORSIKA and CONEX. For CORSIKA the Cherenkov-rich distribution is half as wide as
for showers with Cherenkov light fraction less than 50% but both are unbiased. The CONEX
showers with high Cherenkov light fraction show a significant bias paired with statistical
fluctuations.

5.2.3 Shower parameters

The energy bias for CORSIKA in figure 5.7 is similar for low and high Cherenkov fractions. The
somewhat narrower spread can result from limited energy range of showers with high Cherenkov
fraction (cf. A.3). The CONEX showers with high Cherenkov light fraction are showing a distinct
diviation from an unbiased distribution. The limited shower core distribution range, possibly also
only one interaction model and primary, used for CORSIKA simulations and different simulation
approaches could result in the discrepancy between CORSIKA and CONEX for Cherenkov rich
showers.
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Figure 5.7: Absolute bias on primary energy for two Cherenkov fraction ranges for COR-
SIKA and CONEX over all energies. The distinct discrepancy can be observed between the
reconstructions of Cherenkov-rich shower generated in CORSIKA and CONEX.

The distinct bias of Xmax in figure 5.8 is in the order of detector resolution. Two MC datasets
are differing from each other, but allow both to conclude, that only showers with low Cherenkov
light fraction are consistently reconstructed by the framework and Cherenkov cut introduced
above should be used to minimize reconstruction biases.

The bias of Xmax for high direct Cherenkov fractions recurs in subsection 6.2.1.
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Figure 5.8: Absolute bias on on Xmax for two Cherenkov fraction ranges for CORSIKA and
CONEX over all energies.
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6 Cherenkov light in HEAT data

In this chapter the datasets used for the analysis are introduced, the Xmax dependence on
Cherenkov light is estimated using a loose dataset and the correction of the dependence for the
tight dataset is proposed.

6.1 Datasets and cuts

In following sections multiple datasets are used, for which the cuts presented below are applied.
For all showers the detection by COHE with HEAT pointed upwards is required. With zenith
angle smaller than 60◦ and energy higher than 1015 eV the reconstruction of the shower axis and
profile is ensured. The list of the cuts below and their cut efficiencies are summarized in A.4.

6.1.1 Loose

The “loose” dataset contains 17743 showers recorded with COHE between 06.2010 and 10.2011.

• thetaMax 60. Cut for maximum zenith angle removes upward going laser shots, hori-
zontal showers and showers after unsuccessful fit without meaningful axis reconstruction.

• minLgEnergyFD 15. The absolute energy cut removes all showers without energy
reconstruction or unrealistic fit results.

• energyError 0.95 Maximum relative energy error cut removes showers with meaningful
energy entries if an unsuccessful Gaisser-Hillas fit yields a non meaningful 100% uncer-
tainty.

• xMaxError 250. Xmax uncertainty is set to be lower than 250 g cm−2.
• heatOrientationUp Only tilted state of HEAT is accepted.
• eyeCut 100000 The virtual eye COHE (as described in section 4.2) is selected.

6.1.2 Tight

To ensure the compatibility of data with the CONEX dataset the period between 06.2010 and
10.2011 is used, which contains 4603 showers after cuts. The cut set is based on [61] and chosen
on top of loose cuts as follows.

• energyError .2 The relative energy uncertainty is required to be lower 20%.
• xMaxInFOV 0.0 The Xmax is required to be strictly in the field of view of a camera.
• xMaxError 40.0 The Xmax uncertainty is required to be lower than 40 g cm−2 matching

the detector resolution.
• deltaProfileChi2 4, profileChi2Ratio 0.9 The difference and ratio cuts for χ2 of

Gaisser-Hillas and straight line fits are discarding flat or multiply bumped energy deposit
profiles.

• maxDepthHole 30. If the shower profile is sampled partially, e.g. at mirror crossing, or
being obscured by clouds, the gap in units of slant depth is required to be smaller than
30 g cm−2.

• maxCoreTankDist 1500. The reconstructed core position is required to be near an SD
station.

6.1.3 Tight and fiducial volume cut

The fiducial volume cut, denoted as fov-cut, is also used on top of the tight data set. Depending
on geometry, energy and atmospheric parameters, showers do not always fall into the observed
field of view such that the shower maximum is reconstructed reliably. To minimize the bias the
fiducial volume cut is introduced in [73] and optimized for COHE in [61]. After this cut there
are 2307 events left.
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6.2 Mean Xmax

In the high level analysis the mean Xmax and spread are tied to the primary composition (cf.
[24]). The Cherenkov fraction cut used there is effective against the reconstruction bias shown
before. In this section the distribution of Xmax mean measured with HEAT is shown to have a
small dependence on the Cherenkov fraction and is also affecting the showers with Cherenkov
fraction below 50% used for other studies. The Cherenkov light fraction for a given energy is
mainly dependent on the shower geometry from the point of view of the detector and is not
expected to have this small dependence. A first order correction is proposed.

6.2.1 Monte-Carlo cross-check

To check the assumption of mean Xmax not depending on Cherenkov light fraction, CONEX
dataset after tight cuts is considered in 6.1.Although with high fluctuations for lower energy bins
(6.1), Monte-Carlo shows a flat distribution of mean Xmax over the relevant Cherenkov fraction
range, confirming the assumption above. The mean Xmax depends on the primary composition,
as can be seen in the difference between the proton and the iron distribution below. As the
composition of the cosmic rays is currently studied, no safe assumption can be made about the
offset and any direct correction, as presented below, has to change the slope of the distribution
only.
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Figure 6.1: Dependence of mean Xmax on the direct Cherenkov light fraction for CONEX
showers. (E = 1 ·1017 eV, E = 1 ·1017.25 eV)
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6.2. Mean Xmax
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Figure 6.1: (cont.) Dependence of mean Xmax on the direct Cherenkov light fraction for
CONEX showers. (E = 1 ·1017.5 eV, E = 1 ·1017.75 eV, E = 1 ·1018.0 eV, E = 1 ·1018.25 eV)
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6.2.2 HEAT data

In the plots 6.2 the linear mean, as most simple first order assumption, of Xmax was determined
for every bin of direct Cherenkov fraction for the dataset after loose cuts. Statistical uncertainties
are given for the error of the mean Xmax. A linear fits determining the slopes, statistical
uncertainties and reduced χ2 values are performed in ROOT [74]. The slope of the linear fit is
denoted as m below and its statistical uncertainty as σm.

The three datasets are showing similar behaviour. Apart from lowes energy bin, the data shows
a The shape is similar for loose and tight datasets indicating a reconstruction issue common for
all showers justifying the correction based on the loose dataset. The offsets differ for all three
datasets. The FOV-cut does not eliminate the dependence on its own and will not be considered
further.
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Figure 6.2: Dependence of mean Xmax on direct Cherenkov light fraction for three data sets
(E = 1 ·1016.75 eV, E = 1 ·1017.0 eV, E = 1 ·1017.25 eV). The three datasets show similar shapes
for all energies, the distributions have different offsets being flat in the region around 0.1%
and 3% (for all but two energy bins).
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Figure 6.2: (cont.) Dependence of mean Xmax on direct Cherenkov light fraction for three
data sets (E = 1 ·1017.5 eV, E = 1 ·1017.75 eV, E = 1 ·1018.0 eV, E = 1 ·1018.25 eV)
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Figure 6.2: (cont.) Dependance of mean Xmax on direct Cherenkov light fraction for three
data sets (E = 1 ·1018.5 eV).

The reason for the dependence is not yet known. In showers with higher Cherenkov light
fraction the fluorescence light yield has a lower influence on the shower profile, thus if the
absolute or spectral yield measurement of the fluorescence light used in the reconstruction is
inaccurate, a dependence in energy and Xmax on Cherenkov light fraction is expected. Stereo
shower measurements, that is observation of the same shower from different points of view, or
with a different type of detector (cf. [75]) shoud be insightful to reduce this systematics.

As shown in an unpublished talk in 2007 Collaboration meeting by Jose Bellido, the dependence
is also present in standard FD data and its magnitude is dependent on the relative time offset
between SD and FD (cf. 4.4). With detailed Cherenkov simulations as in 4.5 it is possible
to determine a systematically different timing behaviour or axis relation of Cherenkov light
compared to the current model in the framework.

6.2.2.1 Correction

The correction of Xmax for showers with significant Cherenkov light contribution is chosen to
be applied for fraction greater than 1%, keeping showers with lower fraction unaffected. The
adjusted X̃max and its new statistical uncertainty can be expressed using short-hand notation
NT = Nc + Ncs + Nf for total number of photons as follows:

X̃max(Nc, Ncs, Nf ) = Xmax −m lg
(

Nc

NT
· 100

)
, for Nc

NT
> 0.01 (6.1)

σX̃max =

√
σ2

Xmax +
(

σm lg
(

Nc

NT
· 100

))2

+
( m

ln 10

)2
(

1
Nc

− 1
NT

)
, (6.2)

with Nc number of direct Cherenkov photons, Ncs number of scattered Cherenkov photons and
Nf number of fluorescence photons at the aperture. m is the correction parameter from the fit
and σi the corresponding uncertainties, which are summarized in 6.3. X̃max = Xmax is valid for
Cherenkov light fractions below 1%. For energy bins E = 1 ·1018.25 eV and E = 1 ·1018.5 eV the
number of events above 10% is not sufficient, therefore the correction should be applied to the
energy region E = 1016.75 to 1018.0 eV.

The correction is applied to the dataset after tight cuts as presented in figures 6.4. The last bin
of Cherenkov light fraction is not considered due to the bias described in 5.2 - the vertical green
line indicates the 50% Cherenkov fraction cut. The dependence is now mostly in the range of
statistical uncertainty of the newly fitted slope. The bias of high Cherenkov fraction showers
has become the dominant effect but is not considered in this work.

To conclude, a dependence of the mean Xmax on Cherenkov light fraction was found and quan-
tified for the HEAT data. The origin is not yet known, although the Monte-Carlo simulations
do not show this dependence, nor is it significant for energies higher than 1018 eV. For the lower
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energies and high Cherenkov light fractions a correction was suggested and applied to the tight
dataset. The resulting mean Xmax distribution is compatible to a constant within two standard
deviations and is dominated by higher order fluctuations.
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Figure 6.4: Mean Xmax at different direct Cherenkov light fractions for the tight dataset with
applied correction and 50% Cherenkov cut (dark-red line), the distribution is flat within two
standard deviations. (E = 1 ·1016.75 eV, E = 1 ·1017.0 eV)
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Figure 6.4: (cont.) Mean Xmax at different direct Cherenkov light fractions for the tight
dataset with applied correction. (E = 1 ·1017.25 eV, E = 1 ·1017.5 eV, E = 1 ·1017.75 eV, E =
1 ·1018.0 eV)
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Figure 6.4: (cont.) Mean Xmax at different direct Cherenkov light fractions for the tight
dataset with applied correction (E = 1 ·1018.25 eV, E = 1 ·1018.5 eV).
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7 Summary and outlook

HEAT is the newest extension of the fluorescence detector at the Pierre Auger Observatory. The
higher elevation of the field of view compared to the other four sites allows a measurement of
lower energy showers. The number of showers pointing towards the telescopes is increasing and
with it the showers with high Cherenkov light fraction.

For this work various shower datasets are used. The HEAT data is split into two datasets with
loose cuts only and tight cuts. The CONEX datasets for proton and iron after tight cuts are used
for MC comparison. The CORSIKA dataset is generated in the course of building a Cherenkov
light library for further studies.

A framework for the extraction of detailed Cherenkov light information from CORSIKA sim-
ulations using a realistic detector geometry description is developed. With it the Cherenkov
light simulation in Offline can be cross-checked or complemented. The CORSIKA Cherenkov
simulation takes more aspects of the Cherenkov light into account and is independent of the
Cherenkov light description in Offline. Thus it can be used for further studies of the showers
with high Cherenkov fraction.

The Offline framework simulates the detector response for the Monte-Carlo showers and is
the main tool for reconstruction of air showers recorded by the telescopes. In this work the
reconstruction of Cherenkov dominated showers is compared to the showers with Cherenkov
light fraction of less than 50%. A study is performed with CORSIKA showers reconstructed in
Offline looking for reconstruction biases. It was shown, that the biases of angular reconstruction,
including the shower-detector-plane and shower axis parameters, for both Cherenkov rich and
poor showers are small and lie below the resolution of the detector. The energy reconstruction
bias is also small for both high and low Cherenkov fraction showers.

The quantity Xmax shows a significant bias for the simulated showers with Cherenkov light
fraction above 50%, which indicates an inconsistency of the framework. As the generated COR-
SIKA sample is limited to one interaction model and one primary, and the CONEX dataset is
statistically limited in the region of high Cherenkov fraction showers, the bias should be further
investigated in a dedicated Monte-Carlo study. With a study using the data or simulation of
e.g. stereo showers recorded by two eyes at different locations the bias could be understood
best, the major caveats being low statistics for this shower class and the absence of other high
elevation telescopes with an overlapping field of view.

The mean Xmax distribution in HEAT data shows a small dependence on direct Cherenkov frac-
tion per energy bin for fractions above several percents, which is not expected, as the Cherenkov
fraction is mainly dependent on the position of the shower relative to the telescopes. The HEAT
data is divided into three datasets with loose, tight and FOV cuts on top of each other repro-
ducing the Xmax dependence in all of them. The dependence is found in all considered energy
bins, becoming steeper for higher energies. The cross-check with the CONEX dataset shows no
such dependence for proton and iron showers.

The Dataset after loose cuts is used as the basis of the dependence estimation with a linear
fit on mean Xmax as a function of direct Cherenkov fraction. The dependence is then used as
a first order correction for the HEAT dataset after tight cuts. The resulting mean Xmax after
correction is shown and is dominated by the bias for high Cherenkov fractions and statistical
fluctuations.
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A Appendix

A.1 Bias of CORSIKA dataset

A.1.1 Normalized Bias

Normalized biases of CORSIKA dataset.
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Figure A.1: Normalized bias on SDP angles ϕSDP and ϑSDP for two Cherenkov fraction ranges
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A.2 Module sequence

Module sequence used for reconstruction of CORSIKA showers.

<loop numTimes="unbounded" pushEventToStack="yes">
<!-- Simulation -->
<module> EventFileReaderOG </module>
<module> MCShowerCheckerOG </module>
<loop numTimes="1" pushEventToStack="yes">
<module> EventGeneratorOG </module>
<try>
<module> SdSimpleSimKG </module>

</try>
<try>
<module> FdSimEventCheckerOG </module>
<module> ShowerLightSimulatorKG </module>
<module> LightAtDiaphragmSimulatorKG </module>
<module> ShowerPhotonGeneratorOG </module>
<module> TelescopeSimulatorKG </module>
<module> FdBackgroundSimulatorOG </module>
<module> FdElectronicsSimulatorOG </module>
<module> FdTriggerSimulatorOG </module>

</try>
<try>
<module> CentralTriggerSimulatorXb </module>
<module> CentralTriggerEventBuilderOG </module>
<module> EventBuilderOG </module>

</try>
</loop>
<!-- Reconstruction -->
<loop numTimes="1" pushEventToStack="yes">
<module> EventCheckerOG </module>
<try>
<module> FdCalibratorOG </module>
<module> FdEyeMergerKG </module>
<module> FdPulseFinderOG </module>
<module> PixelSelectorOG </module>
<module> FdSDPFinderOG </module>
<module> FdAxisFinderOG </module>
<module> HybridGeometryFinderOG </module>
<module> HybridGeometryFinderWG </module>
<module> FdApertureLightOG </module> <!-- deprecated -->
<module> FdApertureLightKG </module>
<module> FdEnergyDepositFinderKG </module>

</try>
<module> RecDataWriterNG </module>

</loop>
</loop>
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A.3 CORSIKA steering card

The steering card for CORSIKA is customized for every shower. The CORSIKA sample is gener-
ated with discrete log energies (setting Min=Max ) lg E/ eV = 16.5, 16.75, 17.0, 17.25, zenith an-
gles 2◦, 12◦, 22◦, 32◦, 42◦, 52◦ and 62◦ and azimuth angles with step of 15◦ between −180◦..180◦.
The core positions are optimized for higher probability of Cherenkov rich showers, being placed
in discrete distances on the 1.5 km, 2.2 km, 2.9 km and 3.6 km in front of HEAT bay 2 optical
axis, rotated by 0◦, 10.5◦ and −13.5◦.

Figure A.5: Core positions for CORSIKA dataset

RUNNR 1
EVTNR 1 number of first shower event
NSHOW 1 number of showers to generate
USER bekman user
DIRECT <DIR> output directory
SEED <SEED1> 0 0
SEED <SEED2> 0 0
SEED <SEED3> 0 0
THIN 1.000E-06 1.000E+06 500.E2 thining parameters
PRMPAR 14 particle type of prim. particle
ESLOPE -2.7 slope of primary energy spectrum
ERANGE <Emin> <Emax> primary energy (10^(Emin) .. 10^(Emax)) eV
THETAP <ThMin> <ThMax> zenith angle (deg)
PHIP <PhiMin> <PhiMax> azimuth angle (deg)
OBSLEV 1.452E+05 observation level (in cm)
FIXCHI 0.001 starting altitude (g/cm**2)
ATMOD 22 US Std
MAGNET 19.8 -14.3
HADFLG 0 0 0 0 0 2 flags hadr.interact.&fragmentation
ECUTS 0.1 0.1 0.0005 0.001 energy cuts for particles / GeV
ECTMAP 1E6 cut on gamma factor for printout
MUADDI F additional info for muons
MUMULT T muon multiple scattering angle
ELMFLG T T em. interaction flags (NKG,EGS)
STEPFC 1.0 mult. scattering step length fact.
RADNKG 2.E4 outer radius for NKG lat.dens.distr.
ARRANG 0 rotation of array to north
LONGI T 5. T T longit.distr. & step size & fit & out
MAXPRT 0 max. number of printed events
DATBAS F write .dbase file
PAROUT T F write DAT file, write .tab file
DEBUG F 6 F 1000000 debug flag and log.unit for out
CERARY 1 1 0.0 0.0 15000E2 15000E2 Che. array
CWAVLG 300. 420. Cherenkov wavelength range
CERSIZ 50 Cherenkov bunchsize
CERFIL T Cherenkov output to extra file
CSCAT 0 0. 0. scatter Cherenkov events
CERQEF F T F QuantEff, atmosphere, mirrorreflec.
EXIT
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A.4 Cuts

A.4.1 COHE
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Figure A.6: Events after selection for COHE data: loose, tight and FOV datasets
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Figure A.7: Selection efficiency for COHE data: loose, tight and FOV datasets
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A.4.2 CONEX proton
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Figure A.8: Events after selection for CONEX p data: loose, tight and FOV datasets
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Figure A.9: Selection efficiency for CONEX p data: loose, tight and FOV datasets
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A.4.3 CONEX iron
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Figure A.10: Events after selection for CONEX Fe data: loose, tight and FOV datasets
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Figure A.11: Selection efficiency for CONEX Fe data: loose, tight and FOV datasets
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A.4.4 CORSIKA

Direct Cherenkov fraction cut result is accordingly inverted for high fraction data set.
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Figure A.12: Events after selection for CORSIKA low Cherenkov fraction data with loose cuts
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Figure A.13: Selection efficiency for CORSIKA low Cherenkov fraction data with loose cuts
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A.5 HEAT data

Number of events of the HEAT data after loose cuts are shown here.
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Figure A.14: Distribution of Xmax over Cherenkov light fraction for HEAT data after loose
cuts is shown. (E = 1016.75, 17.0, 17.25, 17.5, 17.75, 18.0 eV)
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A.6. Atmosphere parametrisation
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Figure A.14: (cont.) Distribution of Xmax over Cherenkov light fraction for HEAT data after
loose cuts. (E = 1018.25, 18.5 eV)

A.6 Atmosphere parametrisation

For every altitude an atmospheric depth is assigned depending on the density profile parametri-
sation. Typically the US standard atmosphere [76] is used. In [46] it was parametrised as
follows:

Layer i Altitude h ai bi ci

km g cm−2 g cm−2 cm
1 0 ... 7 -149.801663 1183.6071 954248.34
2 7 ... 11.4 -57.932486 1143.0425 800005.34
3 11.4 ... 37 0.63631894 1322.9748 629568.93
4 37 ... 100 4.35453690 · 10−4 655.67307 737521.77
5 > 100 0.01128292 1. 109

For the atmosphere layers 1 to 4 the depth is parametrised as:

X(h) = ai + bi · exp
(
−−h

ci

)
, withi = 1, ..., 4, (A.1)

for very high altitudes denoted as layer 5, the depth is parametrised linearly:

X(h) = a5 − b5
−h

c5
. (A.2)
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