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1 Introduction
Over the last decades, the construction of various space-based and ground-based exper-
iments has improved our understanding of the sources and the acceleration mechanisms
of cosmic rays and gamma-rays. The composition and acceleration mechanisms of ultra-
high-energy cosmic rays is still an unsolved puzzle. Gamma-rays are ideal messenger
particles, as they are not deflected by magnetic fields and point back to their source. At the
highest energies, the small particle fluxes require large detectors on the ground. When such
high-energy particles from space approach the Earth, they interact with the atmosphere
and produce cascades of secondary particles, called air showers.

Extended arrays of water Cherenkov detectors directly observe the shower particles
reaching the ground. Atmospheric Cherenkov telescopes collect the very faint Cherenkov
light flashes produced by the shower particles during their propagation through the atmo-
sphere. Both detection techniques have advantages and shortcomings. The combination
of the different detector types in a hybrid setup improves the performance of the individual
detectors. An improved energy resolution and reconstruction of the arrival direction helps
to reveal features in the energy spectrum and to identify cosmic gamma-ray sources.

This study presents the first reconstruction of the energy and arrival direction of primary
gamma-rays and protons with a hybrid setup of the HAWC’s Eye telescope with the HAWC
gamma-ray observatory. The HAWC’s Eye telescope is a compact and lightweight atmo-
spheric Cherenkov telescope designed to operate as an extension of the HAWCobservatory.
The hybrid detection of air showers significantly improves the resolution of the energy and
arrival direction reconstruction.

The performance of the telescope is analyzed based on simulations of extensive air
showers and a full simulation of a hybrid setup with the HAWC observatory and multiple
HAWC’s Eye telescopes. This thesis discusses an approach to combine both detectors
and presents the energy and angular resolution of the hybrid reconstruction of primary
gamma-rays and protons using a machine learning algorithm.
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2 Cosmic Rays and Gamma-Rays
This chapter summarizes the most important properties of cosmic rays and gamma-rays,
including their interaction with the Earth’s atmosphere.

2.1 Cosmic rays

Ionized particles reaching the Earth are called cosmic rays. Their discovery is attributed to
the Austrian physicist Victor Hess for measuring the flux of ionizing radiation at different
altitudes through balloon flights in 1912. After going through a minimum, the measured
ionization increased with height which led Hess to the conclusion of radiation coming from
space [1].

Modern experiments studied the composition and energy spectrum of cosmic rays
with energies ranging from a few MeV to 1020 eV. The maximum energy is limited by the
steeply falling energy spectrum of cosmic rays. The expected cosmic ray flux for energies
above 1020 eV corresponds to about one particle per km2 and century. In comparison,
about 1000 particles per second and m2 with energies above 9 GeV reach the Earth.

The main component of cosmic rays reaching the Earth are protons, followed by heavier
nuclei. Figure 2.1 compares the cosmic ray fluxes of primary nuclei as a function of the
energy per nucleon.

Figure 2.1: Differential cosmic ray fluxes of primary nuclei as a function of the energy per
nucleon. The plot combines measurements from various experiments. Taken from [2].
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Figure 2.2 shows the all-particle cosmic ray flux as a function of the energy above 10 TeV.
The differential energy spectrum of cosmic rays is well-described by a broken power law:

q(�) ∝ �−U(�) particles
cm2 s sr GeV

(2.1)

with the piecewise-defined spectral index

U(�) =


2.7, 1010.0 eV . � . 1015.5 eV
3.1, 1015.5 eV . � . 1018.5 eV
2.7, 1018.5 eV . �

. (2.2)

The spectral index is approximately constant inside the three given energy ranges. The
origin of the transition points is still an open question. The steepening of the cosmic ray
spectrum at around 1015.5 eV is called knee and features a change in the mass compositions
towards heavier primaries [3]. This could hint at rigidity-dependent effects, such as a
maximum energy of galactic sources, leading to a consecutive cut-off in the flux of the
individual mass components [4].

The spectrum becomes flatter again at around 1018.5 eV (ankle). It is assumed that
cosmic rays above the ankle have an extra-galactic origin. But as long as the sources and
acceleration mechanisms of these particles are not understood, the origin of the structure
of the energy spectrum remains inconclusive.

Figure 2.2: All-particle differential cosmic ray flux measured by various experiments.
Taken from [2].
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2.2 Gamma-Rays
High-energy photons, or gamma-rays, are expected to be produced by interactions of
cosmic rays near their acceleration sites [5]. They could take a key role in finding the
sources and understanding the acceleration mechanisms of cosmic rays. Since they are
not deflected by magnetic fields, they point back to their source. The gamma-ray energy
spectrum features contributions from hadronic and leptonic interactions. Figure 2.3 shows
the expected energy spectrum of the different contributing processes, which are explained
below.

Figure 2.3: Spectral energy distribution of the different processes. The leptonic model
includes synchrotron radiation (red) and inverse Compton scattering (blue). Hadronic
interactions produce neutral pions, which themselves decay into photons (green). Taken
from [5].

Hadronic model As both the interstellar medium and cosmic rays are mainly protons,
high-energy proton collisions are expected to occur in the surroundings of the cosmic ray
sources. These interactions can produce neutral pions, which most likely decay into a pair
of photons via

c0 → W + W. (2.3)

Additionally, neutral pions can be produced in interactions of high-energy protons with
low-energy photons in the vicinity of the sources through the Δ+ resonance:

? + W → c0 + ?. (2.4)

Leptonic model Relativistic electrons emit synchrotron photons when moving perpen-
dicular to magnetic field lines. The photon energy depends on the electron energy and the
strength of the magnetic field [6].
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Ultra-relativistic electrons can scatter in the presence of low-energy photons, which can
originate from synchrotron radiation or the cosmic microwave background. This process,
known as inverse Compton scattering, causes the photons to gain energy and eventually
become gamma-rays.

The two processes are strongly correlated through a mechanism called the Self-
Synchrotron-Compton model (SSC). The synchrotron radiation increases the number den-
sity of background photons involved in the inverse Compton scattering. Consequently, this
effect increases the probability for inverse Compton scattering. At equilibrium, a constant
rate of energy loss of high-energy electrons by synchrotron radiation and inverse Compton
scattering can be assumed [5].

Figure 2.3 also shows that the energy spectra of the leptonic and the hadronicmodel overlap,
which makes it difficult to separate both contributions. Only the gamma-rays originating
from the hadronic model provide information about the density and energy distribution
of high-energy protons. The presence of such gamma-rays strongly hints to the observed
source to be an accelerator for cosmic rays.

2.3 Extensive Air Showers

As a consequence of their small fluxes at high energies, the detection of high-energy
cosmic rays and gamma-rays requires large detectors. As it is not feasible to operate such
detectors in space, it is not possible to directly detect these particles. Thus, earth-bound
experiments are built to detect the particle cascades which result from interactions of the
primary particles from space with the Earth’s atmosphere.

When a particle from space approaches the Earth, it traverses through atmospheric matter.
At a height ℎmeasured from the Earth’s surface, the atmospheric depth provides a measure
of the traversed matter for vertically incident particles:

-E (ℎ) =
∫ ∞

ℎ

d(ℎ′)3ℎ′, (2.5)

where d(ℎ) is the height-dependent mass density of the atmosphere. When considering
inclined showers with zenith angle \, the atmospheric depth is called slant depth and can
be approximated as:

- (ℎ) = -E (ℎ) cos(\). (2.6)

The relation follows from assuming a flat atmosphere and surface of the Earth and holds
true for zenith angles \ . 60° [5].

The interaction of primary cosmic rays or gamma-rays with atomic nuclei results in the
production of secondary particles, which themselves are object to interactions and decays.
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Eventually, this leads to a particle cascade, or extensive air shower, with an appearance de-
pendent on the type and energy of the primary particle. Figure 2.4 shows an illustration of
an atmospheric shower induced by a primary photon (left) and a primary cosmic ray (right).

Figure 2.4: Schematic representation of two air showers initiated by a photon (left) and by
a cosmic ray (right). Taken from [7].

Electromagnetic showers Gamma-rays induce particle cascades that only consist of
electrons, positrons, and photons. The energy loss of the photons is dominated by the
production of electron-positron pairs. The electrons and positrons lose energy mainly via
bremsstrahlung, which results in the emission of secondary photons. Figure 2.5 illustrates
the Heitler model (see [8] for more details), which provides a simple toy model of an
electromagnetic cascade: The electrons and positrons each emit a photon after traversing a
slant depth of -0 ln(2) with the characteristic radiation length -0 ' 37 g/cm2 of electrons.
The photon mean free path for pair production is assumed to be equal to this radiation
length. Consequently, the total number of particles doubles at each step of the cascade. In
each interaction, the energy is equally distributed to both produced particles, meaning that
all particles carry equal energy. The cascade stops as soon as the energy of the particles
drops below a critical energy of �� ' 86 MeV. For smaller energies, the energy losses
from excitation and ionization dominate those from bremsstrahlung.

This simplified description of electromagnetic air showers leads to the expression of basic
shower properties, such as the number of particles at the shower maximum:

#<0G =
�0
��

(2.7)
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Figure 2.5: Schematic representation of the Heitler model of electromagnetic air showers.
Taken from [8].

Under the assumption that the first interaction of the primary gamma-ray takes place after
-0/2, the shower maximum is reached at an atmospheric slant depth of

-<0G =
-0
2
+ -0 ln

(
�0
��

)
. (2.8)

Hadronic showers Atmospheric showers induced by primary protons and heavier nuclei
(cosmic rays) are called hadronic showers. They are characterized by the production of
pions and kaons, which leads to the production of a variety of secondary particles. Sec-
ondary photons and electrons trigger electromagnetic sub-showers. Furthermore, muons
and neutrinos are produced in various processes and do not interact with the atmosphere.
Hadronic showers can be described by simplified models similar to the Heitler model [5].
Generally, they are subject to larger shower-to-shower fluctuations compared to their elec-
tromagnetic counterpart. The depth of the shower maximum strongly depends on the type
of the primary particle, mainly due to the dependence of the first interaction depth from
the particle mass.
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3 Detection of Extensive Air Showers with Cherenkov
Light

3.1 Cherenkov Radiation

When a charged particle traverses a dielectric medium, it polarizes the surroundingmedium
along its path. This polarization leads to the emission of electromagnetic waves, which
travel through the medium with the phase space velocity of light 2= = 20/= of the medium.
Here 20 denotes the speed of light in vacuum and = the refractive index of the material. If
the particle has a velocity E < 2=, the emerging wavefronts repolarize the medium, and no
net polarization is observed (destructive interference). However, for materials with = > 1
the velocity of relativistic particles can exceed the phase space velocity of light. This leads
to a time-dependent net polarization of the material and the formation of a wavefront [9].
This effect is illustrated in Figure 3.1. The emitted radiation is called Cherenkov radiation,
after the Soviet physicist Pavel Cherenkov, who was the first person to detect this radiation
experimentally. He was awarded the Nobel Prize for his discovery in 1958.

(a) If a particle traverses the medium with a
velocity E < 2=, no net polarization arises.

(b) For a velocity E > 2= of the travers-
ing particle, the medium experiences a time-
dependent net polarization. A waveform
is formed and electromagnetic radiation is
emitted.

Figure 3.1: Illustration of the polarization of a dielectric medium as a result of a traversing
charged particle. Taken from [10].

The Cherenkov photons are emitted under a fixed angle relative to the direction of the
particle, see Figure 3.2. This angle, called Cherenkov angle \� , depends on the velocity of
the particle and the refractive index of the material:

cos(\�) =
20
=E
=

1
=V

(3.1)
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with the relativistic velocity V = E/20 of the particle. The physical condition of the particle
velocity to exceed the phase space velocity of light (E > 2=) also arises in the equation, as
cos(\�) ≤ 1. This condition can be used to derive an expression for the minimum energy
of a particle to emit Cherenkov light. Introducing the relativistic energy of a particle
� = W<02

2
0 and the Lorentz-factor W = 1/

√
1 − V2, the energy threshold can be derived via

1
=V
≤ 1; � = W<02

2
0 ⇒ �Cℎ =

<02
2
0√

1 − 1/=2
. (3.2)

Particles with an energy exceeding this threshold energy emit Cherenkov photons along
their path through the medium.

Figure 3.2: The Cherenkov effect leads to the formation of a wavefront (red) under a fixed
angle \� relative to the direction of the particle. Taken from [10].

The number and energy spectrum of emitted photons can be derived by solving theMaxwell
equations for the described conditions. The number of Cherenkov photons per wavelength
and traversed length is given by the Frank-Tamm formula:

32#

3G3_
=

2cU@2

_2

(
1 − 1

=2(_)V2

)
=

2cU@2

_2 sin2(\�) (3.3)

with:
32#
3G3_

= Number of Cherenkov photons emitted per length and wavelength interval
U = Fine structure constant
@ = Charge of the particle
_ = Wavelength

=(U) = Wavelength-dependent refractive index

The factor _−2 describes the strong suppression of larger wavelengths, meaning that most
Cherenkov photons are emitted in the ultraviolet range.
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3.2 Imaging Air-Cherenkov Telescopes
As discussed in Section 2.3, cosmic rays and gamma-rays induce atmospheric air showers
with a vast number of charged particles. A lot of those particles have energies above the
Cherenkov threshold. Following Equation 3.2, the threshold energy for electrons can be
calculated to about 21 MeV, using the refractive index of air at sea level (=08A ≈ 1.0003)
and the electron rest mass of 511 keV. All particles with energies exceeding the Cherenkov
threshold emit photons under the emission angle \� . As the refractive index of air depends
on pressure and temperature, the emission angle changes with height and is typically ∼ 1°.

The result of the light emission is a Cherenkov light pool on the ground. Telescopes on the
ground inside this light pool can detect the Cherenkov photons and thereby take an image
of the air shower. Such telescopes are called Imaging Air-Cherenkov Telescopes (IACTs).
Figure 3.3 presents a sketch of the detection principle of IACTs.

Figure 3.3: Detection principle of air showers using IACTs: The Cherenkov emission of
secondary particles creates a light pool on the ground. If an IACT is located inside this
light pool, it can take an image of the air shower by detects those Cherenkov photons.
Taken from [11].

The spectrum of the Cherenkov photons reaching the ground differs from the emission
spectrum (Frank-Tamm formula, see Equation 3.3) as it is influenced by the wavelength-
dependent transmission of the atmosphere. The most important processes responsible for
the atmospheric absorption of light are depicted in Figure 3.4. It shows the wavelength-
dependent transmission for light starting at an altitude of 100 km on a vertical path down to
2.2 km. It shows that the atmosphere is opaque for wavelengths. 300 nm and thus heavily
suppresses the deep ultraviolet part of the emission spectrum.

Figure 3.5 presents a simulated spectrum of Cherenkov photons reaching the ground at an
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Figure 3.4: Wavelength-dependent transmission for light starting at an altitude of 100 km
on a vertical path down to 2.2 km. The lines represent different processes responsible for
the absorption and the resulting total transmission. Taken from [12].

altitude of 2.2 km. It shows a steep rising edge with a maximum at about 300 nm. One has
to be aware that the spectrum may vary with the atmospheric conditions and the altitude
of the observation site.
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Figure 3.5: Simulated Cherenkov spectrum generated by vertical TeV gamma-ray showers
at an altitude of 2.2 km. Data taken from [13].

The number of detected Cherenkov photons increases with the energy of the shower, while
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it decreases with a growing distance of the telescope to the shower core. The orientation
and shape of the shower image changes with the arrival direction and the telescope location
relative to the shower. The shower images contain information about the primary particle
and can be used to reconstruct its properties such as energy, arrival direction, and the
particle type.

3.3 Water-Cherenkov Tank Array

The detection of atmospheric showers can also be realized by detecting the secondary
particles reaching the ground. A commonly used detection technique is based on the emis-
sion of Cherenkov photons in water. The energy threshold for the emission of Cherenkov
light is smaller than in the air as a consequence of the increased refractive index. Sensi-
tive photosensors inside the water tank are used to detect the Cherenkov photons emitted
by traversing particles, allowing for the detection of low-energy secondaries reaching the
ground. The arrangement of multiple water tanks is called a water-Cherenkov tank array.

Figure 3.6: Detection principle of a Cherenkov tank array: The secondary particles form
a shower front and emit Cherenkov light when traversing the tanks on the ground. Taken
from [14].

Figure 3.6 shows the detection principle of such a tank array. The secondary particles
form a shower front with a thickness of about 1 m close to the shower core. This thickness
corresponds to an arrival time difference on the ground of a few ns as the particles prop-
agate with a velocity close to the speed of light [5]. For an inclined shower, the shower
front reaches the ground at different times. The detection of the same atmospheric shower
with multiple detectors enables reconstructing the orientation of the shower front, and thus
the arrival direction of the primary particle. Additionally, the amplitude of the signal is
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proportional to the number of detected particles and can be used to reconstruct the primary
energy.

3.4 Hybrid Detection
Table 3.1 summarizes typical performance benchmarks for current IACTarrays and ground-
particle arrays for gamma-ray astronomy. Ground-based arrays have a large field of view
and can operate continuously, independent from the atmospheric conditions. Atmospheric
Cherenkov telescopes on the other hand can only be operated during nighttime and are
sensitive to bad weather, moonlight, and other sources of background photons. Their duty
cycle is limited by the quality of the observation site and the robustness of the applied
photosensors against background illumination.

At the cost of the limited field of view and small duty cycle, IACTs achieve a signifi-
cantly better energy and angular resolution than ground-particle arrays.

Table 3.1: Performance of current and planned IACT arrays and ground particle arrays for
gamma-ray astronomy. Values adopted from [15].

IACT arrays Ground-particle arrays
Field of View 3° - 10° 90°
Duty Cycle 10 % - 30 % >95 %

Angular resolution 0.05° - 0.02° 0.4° - 0.1°
Energy resolution ∼ 7 % 60 % - 20 %

Hybrid detection refers to the combination of both presented detection techniques of at-
mospheric showers at the same observation site. It allows to make use of the strengths
of each method and ultimately outperform the individual detectors. Additionally, it can
be used to cross-calibrate the detectors, as they provide independent measurements of the
same events.

As discussed in Section 3.3, ground-based arrays are well-suited instruments for recon-
structing the orientation of the shower front and the shower core location. However, such
a detector only measures the two-dimensional profile of the shower particles reaching
the ground. It only captures the shower profile at one specific point of its development,
commonly referred to as shower age. Showers with different energies have similar lateral
distributions at different respective shower ages, as illustrated in Figure 3.7a. This can
create ambiguities in the observation of air showers with a ground-based detector array.

Such ambiguities can also occur in the case of IACTs. The number of Cherenkov
photons, which hit the photosensitive area of the telescope, changes with the distance of
the shower core of the telescope. As a result, a high-energetic shower far away from
the telescope and a low-energetic shower close to the telescope can create two similar
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images, see Figure 3.7b. The shower images of IACTs contain information about the whole
development of the shower, which is one of their benefits compared to ground-based arrays.

The combination of both detection techniques helps to solve the ambiguities discussed
above (see Figure 3.7c). Ground-based arrays provide precise information about the lateral
shower profile and the shower core localization. The images taken with IACTs contain
information about the development of the shower along its axis, as it captures Cherenkov
photons from different shower ages. The hybrid detection of air showers provides multiple
different benefits, such as an improved reconstruction of the energy and arrival direction
of the shower or the determination of the type of the primary particle.

(a) Ground-based arrays can not easily distin-
guish between showers with different energies
if they have different shower ages.

(b) Low-energetic showers close to the telescope
can create similar images as high-energetic
showers with which are further away.

(c) The hybrid detection can resolve ambigui-
ties, which arise from the observation with one
of the respective detectors.

Figure 3.7: Benefits of the hybrid detection of air showers. Taken from [14].
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4 The HAWC’s Eye Telescope
The HAWC’s Eye telescope is a compact and light-weight imaging air-Cherenkov telescope
utilizing a Fresnel lens with a diameter of only 50 cm and a camera with silicon photo-
multipliers (SiPMs). Its design is based on the FAMOUS telescope, which was originally
designed to detect fluorescence light [16]. It has shown that such a compact SiPM-based
telescope is also suited for the detection of Cherenkov light.

The HAWC’s Eye telescope is intended to serve as an extension of the High-Altitude
Water Cherenkov Observatory (HAWC [17]). Measurements have been performed with
two telescopes currently stationed at the HAWC site in Mexico for increased sensitivity
and calibration purposes [18]. A similar telescope, called IceAct, is used as an extension
of the IceCube neutrino observatory at the South Pole, for example, to improve veto
capabilities [19].

Figure 4.1 shows a photo of a HAWC’s Eye telescope prior to its assembly. This chapter
gives an overview of the design of the telescope and then discusses its individual compo-
nents in more detail.

Figure 4.1: Picture of the HAWC’s Eye telescope. The lens is protected by a wooden lid.
All electronic components are located inside an aluminum box below the blue carbon tube.
Taken from [14].

4.1 Telescope Design

The HAWC’s Eye telescope provides a compact and closed setup based on refractive optics
and a camera utilizing SiPMs as photosensors. A Fresnel lens with a diameter of 549.7 mm
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and a focal length of 502.1 mm focuses the incoming light (see Section 4.2 for more details).
The photons are detected with a camera consisting of an array of 61 SiPMs, each of which
is equipped with a solid light guide to increase their photosensitive area. Thre additional
SiPMs are used for calibration and monitoring purposes. The design of the light guides
features a hexagonal entrance window to minimize dead spaces on the camera and an exit
window matching the size of the photosensors. More details on the light guides and the
utilized photosensors are given in Section 4.3.

Figure 4.2 displays a sketch of the telescope design. It shows the Fresnel lens and the
light guides coupled to the photosensors located in the focal plane. Each light guide has a
width of 15 mm, meaning that the light guides at the edges of the camera have a distance
of 60 mm to its center.

Additionally, the sketch shows three characteristic angles. The blue lines represent
vertically incident light rays, which are focused on the camera center. The maximum
incidence angle W for such light rays can be calculated via

W = arctan
(
�

2 5

)
≈ 28.7° (4.1)

using the diameter � and focal length 5 of the lens. This angle corresponds to the field of
view of a light guide in the camera center. Correspondingly, the field of view X of a light
guide at the edge of the camera is calculated using

X = arctan
(
�/2 + Afp

2 5

)
≈ 33.7° (4.2)

with the distance Afp of the light guide to the camera center. This case, indicated by the
green light rays, is also helpful to estimate the field of view of the telescope. The angle
Ω ≈ 6.8° corresponds to the maximum incidence angle of Cherenkov photons that hit the
edge of the camera and ultimately limits the telescope’s field of view.
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Figure 4.2: Optical baseline design of the HAWC’s Eye telescope. Three angles are
defined: W (X) represents the field of view of a light guide in the center (at the edge) of the
camera. The angle Ω corresponds to the maximum incidence angle of photons hitting the
edge of the camera. Not to scale, taken from [20].

4.2 Fresnel Lens

Fresnel lenses provide a lightweight and cost-effective alternative to conventional lenses.
A detailed description of Fresnel lenses is given in [21]. The conceptual idea of the Fresnel
lens is to reduce the amount of optical material while maintaining the angle of surface
curvature, which defines the refractive power of a lens. This idea is realized by dividing the
lens into small concentric circular sections (facets). Figure 4.3 displays a sketch of such a
Fresnel lens. The slope angle corresponds to the angle of surface curvature and depends
on the radius. Unwanted reflection occurs at the draft facets. This effect decreases with
smaller facet spacing and can be further reduced by adjusting the draft angle with the lens
radius. The decreased thickness reduces the effect of absorption losses inside the optical
material of the lens.

The lens utilized in the HAWC’s Eye telescope is the Fresnel lens of type SC 943 produced
by ORAFOL Fresnel Optics [22]. It has a diameter of 549.7 mm and a focal length of
502.1 mm at a reference wavelength of 546 nm, which yields a numerical aperture of
5 /� = 0.9. It is made of PMMA, short for poly(methyl methacrylate), with a thickness of
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Figure 4.3: Side-profile schematic of a Fresnel lens. Taken from [21].

2.5 mm and has a facet spacing of 10/mm. The draft angle k of the lens is given as

k = 3° + 0.0473°
d

mm
(4.3)

with the radius d, i. e. the distance to the center of the lens. The smallest feasible draft
angle of 3° is thereby limited by the manufacturing process [16].

4.3 Camera

The camera of the HAWC’s Eye telescope features 64 SiPMs, out of which 61 are optically
coupled to a solid light guide. In the following, the individual sensors are referred to as
pixels. The remaining three sensors (blind pixels) are not equipped with a light guide
and are used for calibration purposes. Figure 4.4 shows a picture of the camera before its
assembly in the HAWC’s Eye telescope.

Figure 4.4: Picture of the camera of the HAWC’s Eye telescope before its assembly. 61
SiPMs are optically coupled to a solid light guide. One of the three blind pixels can be
seen on the bottom right of the picture
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4.3.1 Silicon Photomultipliers

Silicon Photomultipliers (SiPMs) are compiled from an array of Geiger-mode Avalanche
Photo Diodes (G-APDs) connected in parallel. G-APDs, also known as Single-Photon
Avalanche Diodes (SPADs), are semiconductor-based photo diodes. They combine a p-
type with an n-type semiconductor, forming a p-n junction; see Figure 4.5 for a schematic
representation. The n-type semiconductor is characterized by an excess of free electrons,
while the free charge carriers in the p-type semiconductor are mainly holes. A connection
between both materials allows the free electrons to diffuse into the p-doped region, where
they recombine with the existing holes. Accordingly, holes diffuse into the n-doped region
and recombine with the available electrons. The resulting charge separation eventually
induces an electric field, which stops the diffusion of charge carriers. In this equilibrium,
the region close to the junction of the two zones, called depletion zone, is free of charge
carriers. An external bias voltage can be applied to enhance the charge separation between
the two regions, which further results in an enlarged depletion zone.

Figure 4.5: Schematic representation of a p-n junction. When operated above the break-
down voltage, incident photons create electron-hole pairs and trigger a self-sustaining
particle cascade. Taken from [14], originally adapted from [20].

When an incident photon hits the depletion region, it creates electron-hole pairs through
ionization. The electric field inside the diode accelerates the electrons and holes. If
the bias voltage exceeds a characteristic threshold value, called breakdown voltage, the
accelerated charge carriers can create electron-hole pairs themselves. This effect leads to
a self-sustaining particle cascade. The initiated current causes a voltage drop at a built-in
quenching resistor. Eventually, the voltage drops below the breakdown voltage, which stops
the avalanche. The released amount of charge is independent of the energy and incident
angle of the initial photon. It only depends on the physical properties of the cell and the
applied overvoltage, i. e. the difference between the breakdown voltage and the applied bias
voltage. This operation mode is called Geiger-mode and gives its name to the Geiger-mode
avalanche photo diode. If the breakdown is induced by thermal excitation rather than an
impinging photon, it is called a dark count.

SiPMs combine many G-APDs, in the following referred to as cells, into a photosensor.
The charge released by the discharge of a single cell is called photon equivalent (p. e.).
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The discharge of multiple cells in a short time window increases the amount of released
charge and scales the signal amplitude accordingly. This effect can be seen in Figure 4.6,
which shows the signal of a SiPM as a function of time. One can distinguish between
pulses produced by a different number of discharged cells. It also reveals the presence of
additional pulses following the initial discharge, so-called afterpulses. They are caused
by trapped charge carriers. The amplitude of such pulses is comprised because the cell is
usually not fully recharged after the initial breakdown.

Figure 4.6: SiPM pulses observed on an oscilloscope. The signal amplitude scales with
the number of discharged cells. Taken from [23].

Another important noise feature of SiPMs is optical crosstalk. The avalanche causing the
discharge of a single cell produces photons. These photons can then trigger neighboring
cells, thus increasing the pulse amplitude. Consequently, crosstalk photons can fake higher
multiplicities, i. e. the number of discharged cells.

The sensitivity of SiPMs depends on the applied overvoltage and the wavelength of
the incident photon. It is quantified by the Photon Detection Efficiency (PDE), which is
a measure of the probability that an incident photon triggers the breakdown of a cell. A
detailed review of SiPMs can be found in [24].

The SiPMs applied in the camera of HAWC’s Eye are of type SensL1 MicroFJ-60035-TSV
operated at an overvoltage of 5 V [25]. Table 4.1 summarizes the specifications of this
SiPM type. The fill factor quantifies the photosensitive surface percentage of the sensor.
Each sensor is composed of a thin silicon layer with a thickness of 0.09 mm covered with a
protective window with a thickness of 0.37 mm. The protective window is made of a glass
substrate with a refractive index of 1.53 at a wavelength of 436 nm.

The manufacturer specifies an uncertainty of ±0.25 V on the breakdown voltage,
which translates to a gain variation of ±5 % at the applied overvoltage of 5 V. The

1now ON Semiconductor
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Table 4.1: Specifications of the SensL MicroFJ-60035-TSV sensors applied in HAWC’s
Eye. The performance parameters are given for an overvoltage of 2.5 V (6 V) at a temper-
ature of 21 ◦C [25].

Parameter Value
Active Area [mm2] 6.07 × 6.07
Number of Microcells 22 292
Microcell Fill Factor 75 %
Breakdown Voltage +1A [V] 24.45 ± 0.25
Temperature coefficient of +1A [mV/◦C] 21.5
Peak sensitivity wavelength _? [nm] 420
PDE at _? 38 % (50 %)
Microcell Recharge Time Constant [ns] 50
Gain 2.9 × 106 (6.3 × 106)
Dark Count Rate [kHz/mm2] 50 (150)
Crosstalk probability 8 % (25 %)
Afterpulsing probability 0.75 % (5.0 %)

power supply provides a regulation of the applied bias voltage for each sensor individually.
It compensates for the change of breakdown voltage with temperature according to the
datasheet temperature coefficient of 21.5 mV/◦C. The temperature measurements are
provided by 64 temperature sensors located opposite of the SiPMs on the backside of the
circuit board holding the photosensors. A detailed description of the power supply unit
can be found in [26].

According to the datasheet, the SiPMs achieve a peak photon detection efficiency of 38 % if
operated at 2.5 V overvoltage, increasing to 50 % at 6 V overvoltage. The efficiency at the
overvoltage of 5 V applied in the HAWC’s Eye telescope can be estimated by interpolating
between the two given values. A linear interpolation leads to a peak PDE of 47 % but is
likely to slightly underestimate the true value, as the PDE as a function of the overvoltage
saturates for large voltages. An exponential dependence of the PDE as a function of the
overvoltage +ov of the form

PDE = 00 − 014
−02+ov (4.4)

accounts for these saturation effects. When assuming a PDE of zero at 0 V overvoltage
and using the two reference values provided by the manufacturer, the parameters of the
exponential dependence can be calculated and used to estimate the PDE at 5 V. This
estimation leads to a slightly larger peak PDE of 48 %.

The datasheet also provides the photon detection efficiency as a function of the photon
wavelength. Figure 4.7 presents the PDE of the sensors operated at different voltages. The
values for an overvoltage of 5 V are thereby calculated by scaling down the PDE at 6 V,
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using the estimated peak PDE of 48 %.
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Figure 4.7: Photon detection efficiency of the SensL MicroFJ-60035-TSV SiPMs at dif-
ferent overvoltages. The curves for 2.5 V and 6 V overvoltage are extracted from [25]. The
values at 5 V are normalized to a peak PDE of 48 %.

The properties of the SiPMs applied in the HAWC’s Eye telescopes at the HAWC site
have been investigated in detail in a dedicated study. It was conducted by recording
randomly triggered events without the background of impinging photons. A dark count
spectrum is produced by filling the extracted pulses (dark counts) into a histogram. This
spectrum provides information about the properties of the SiPMs, which includes the
crosstalk probability and gain of each sensor. The findings of this study have already been
published [27].

It has shown that the optical coupling to the solid light guides significantly reduces the
probability for optical crosstalk. The comparison between pixels with and without such
coupling resulted in a relative reduction of 31 %. Additionally, the study has shown that
the relative gain variation of ±3 % between the sensors is consistent with the uncertainty
on the breakdown voltage of ±0.25 V. This uncertainty dominates the precision of the bias
supply and the temperature-based voltage compensation.

4.3.2 Light guides

Light guides are used in IACTs to increase the small photosensitive area of the photosensors
and minimize dead spaces on the camera, leading to reduced costs. They are designed
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to support an acceptance angle defined by the imaging optics of the telescope. The light
guides cut off photons with larger incidence angles, which results in a reduced amount of
stray light. Solid light guides make use of internal total reflection to concentrate incident
light.

The light guides applied in the camera of HAWC’s Eye are made of PMMA, which has a
refractive index close to the one of the protective glass window of the photosensors. Each
light guide is coupled to its SiPM with a very thin layer of optical glue with a similar
refractive index, which minimizes Fresnel losses at the transition. They are designed to
support an acceptance angle of 33.7°, which is the maximum angle seen by a light guide
at the edge of the camera. Their design features a hexagonal entrance window with an
outer radius of 7.4 mm to avoid dead spaces between the pixels and a square exit window
that matches the size of the photosensor. The corners of the exit window are connected to
four corners of the hexagon. The two parallel sides form Winston surfaces [28], i. e. tilted
parabolic sidewalls with their focal points at the opposite sides of the square. The two
remaining corners of the hexagon are connected to the centers of the two remaining sides
of the exit window, also using a Winston curve to construct the shape of the edges. The
four remaining sidewalls are built by connecting the edges with straight lines at each given
height. The light guide has a height of 23.5 mm and was optimized for a sharp cutoff angle
for a maximum reduction of stray light. More details on the specifications and the design
criteria of the applied light guides are given in [20].

Figure 4.8 presents a picture of a light guide utilized in the HAWC’s Eye telescope. It
shows the hexagonal entrance window on the left and the square exit window on the right.
The surface pointing to the top resembles one of the two Winston surfaces.

Figure 4.8: Picture of a light guide used to increase the photo sensitive area of the SiPMs
in the HAWC’s Eye telescope.

To better understand the characteristics of the light guides, a ray tracing simulation has
been conducted with the Zemax Optic Studio Software [29], which can be used to simulate
the propagation of light rays through an optical system. It offers various light sources with
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selectable wavelengths and allows to define own objects and materials with the desired
characteristics.

It is not enough to just simulate the light guide, as it does not provide information of
how it performs in the setup of HAWC’s Eye, i. e. glued onto a SiPM. Thus, the SiPM
is also simulated, and the performance of the light guide is investigated in the combined
setup.

The light guide has been modeled in Autodesk Inventor [30] (see [20] for more details)
and is imported into Zemax. The SiPM is simulated as two layers, where the first one
represents the protective glass window and the second one the photosensitive silicon layer.
Both match the physical dimensions given in the datasheet of the SiPMs. The materials are
characterized by their refractive indices, which can be expressed by analytical dispersion
relations. The refractive index of air is almost constant over the considered wavelength
range2 and given as =08A = 1.00028. The refractive index of the other relevant materials,
i. e. PMMA, silicon, and the glass substrate of the protective window, is obtained by fitting
an analytical dispersion formula (Schott formula) to measurements of the refractive index
at different wavelengths:

=2 = 00 + 01_
2 + 02_

−2 + 03_
−4 + 04_

−6 + 05_
−8. (4.5)
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(a) Refractive index of PMMA and the glass sub-
strate that forms the protective window of the
SiPMs. Data taken from [31, 32]
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(b) Refractive index of silicon. The dashed black
line marks the boundary between both wave-
length ranges at 370 nm. Data taken from [33].

Figure 4.9: Wavelength-dependent refractive index of PMMA, glass, and silicon between
300 nm and 1000 nm. The fit of the Schott formula is displayed in black. The refractive
index of silicon is approximated by two separate fits in two wavelength ranges.

Figure 4.9 shows the corresponding measurements and the resulting fits. The refractive
index of Silicon can not be described by a single Schott formula over the considered

2Relative deviation < 10−5 between 300 nm and 1000 nm.
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wavelength range. Thus it is approximated by two separate fits in two wavelength ranges.
The resulting fit parameters are listed in Table 4.2 and are used to define the dispersion of
the materials in the Zemax simulation.

Table 4.2: Coefficients of the Schott Formula (_/µm) for the different materials.

00 01 02 03 04 05
PMMA 2.19 −2.56 × 10−3 1.08 × 10−2 5.21 × 10−4 −5.10 × 10−5 3.03 × 10−6

Glass 2.27 −1.00 × 10−2 1.08 × 10−2 1.46 × 10−4 5.04 × 10−7 1.11 × 10−7

Si (I) -1.23 ×105 2.33×105 2.60 × 104 −2.74 × 103 1.44 × 102 −3.03
Si (II) 11.08 0.74 0.26 0.96 -0.27 0.03

The simulation does not account for absorption inside the materials. For this reason,
absorption losses are handled separately, as discussed in Section 4.5. This separation is
only a simplified approach, as it does not account for the increased optical path for inclined
photon paths and thus slightly underestimates the correspondingly larger absorption losses.

The simulation aims to analyze the light collection efficiency of the light guides for photons
coming from the Fresnel lens. This efficiency is evaluated as a function of the inclination
angle with respect to the normal vector of the entrance window. A point source that emits
light rays at a fixed inclination and a random polar angle is placed just in front of the
entrance window. For each inclination angle, all possible impact points on the entrance
window have to be considered. This is done by scanning the entrance window on a two-
dimensional grid with a spacing of 0.34 mm, i. e. the source position is moved to each
point on the grid. The number of rays can be chosen freely. It is set to 100 rays per
source position, as a larger number has no notable effect on the result but increases the
computation time significantly.

The setup of the simulation is depicted in Figure 4.10. It shows the light guide with the
SiPM behind its exit window and the example of a source position in the center of the
entrance window. A detector surface is placed inside the silicon layer and measures the
light intensity and thus the fraction of photons that enter the photosensitive volume of the
sensor.

For each simulated source position, a total efficiency ntot can be defined as the fraction
of photons hitting the detector surface inside the silicon layer. Figure 4.11 shows the
efficiency as a function of the source position for a wavelength of 415 nm and an incidence
angle of X = 0°. The square, which can be seen in the center of the plot, represents the
output window of the light guide. For the depicted case of vertically incident light, photons
simulated in the center of the entrance window traverse the light guide on a straight line
without being reflected at any sidewall. The simulated detection efficiency of those photons
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Figure 4.10: Setup of the Zemax simulation with the light guide and the SiPM attached to
the exit window. 100 light rays with fixed inclination and random polar angle are simulated
at the entrance window of the light guide. A detector surface inside the Silicon layer
measures the light intensity that enters the photosensitive volume of the sensor.

is only limited by reflection losses.
Additionally, one notices a symmetric pattern deviating from the average efficiency,

which is not a physical effect but rather a result of insufficient modeling of the light guide.
The three-dimensional model is generated from the STEP-file using a CAD-based meshing
approach. This approach is known to be a source of errors and inaccuracies [34]. The
visibility of this pattern is enhanced by the chosen representation, as the minimum value
of the color scale corresponds to the minimum efficiency rather than zero. The relative
deviation from the average efficiency is less than 5 %.

The simulation is repeated for different incidence angles and different wavelengths between
300 nm and 900 nm. For each wavelength and inclination angle, the total efficiency is
calculated by averaging over all simulated source positions. This approach follows the
assumption that impinging photons hit the entrance window of a light guide at a random
position. Figure 4.12 shows the resulting curves of the total efficiency nC>C as a function of
the inclination angle X, which is varied between 0° and 70° in steps of 2.5°.

Although the light detection efficiency depends on the wavelength of the incident light,
the shapes of the simulated curves resemble each other. For this reason, an approach is
made to separate the angular acceptance of the system and all other wavelength-dependent
efficiencies:

nC>C = nX (X) · n_ (_). (4.6)

The wavelength-dependent efficiencies include reflection losses at the entrance and the
exit window of the light guide as well as internal reflection losses inside the SiPM, which
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Figure 4.11: Total efficiency ntot as a function of the source position for vertically incident
light (X = 0°) of 415 nm wavelength.
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Figure 4.12: Total efficiency ntot as a function of the incidence angle X simulated for
different wavelengths between 300 nm and 900 nm.

occurs at the interface between the glass window and the silicon layer. To fully separate
the angular acceptance from all other efficiencies, these reflection losses are evaluated for
vertical light in the following.
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The fraction of photons transmitted at an interface of two materials is given by the
transmission coefficient ) and can be calculated using the Fresnel equations. For vertically
incident photons, they yield to

) (=1, =2) = 1 −
(
=1 − =2
=1 + =2

)2
(4.7)

with the refractive indices =1 and =2 of the two materials.
Using the transmission coefficient at each interface, the wavelength-dependent trans-

mission for vertical light is given as

n_ (_) = ) (=air, =PMMA) · ) (=PMMA, =glass) · ) (=glass, =Si). (4.8)

Generally, also light paths with multiple reflections between the given interfaces have to
be considered. This includes photons that are reflected back into the light guides. It
can be assumed that the vast majority of those photons leaves the light guide through its
entrance window. The light guides are designed such that the maximum acceptance angle
of the silicon is exhausted by incoming rays. This design leads to a reduced probability
for outgoing photons to be reflected back into the SiPM. As discussed at the end of
Section 4.3.1, this effect lowers the crosstalk probability of the sensors and was measured
with two HAWC’s Eye telescopes [27].

Multiple reflections at the interface between PMMA and the protective glass window
can be neglected due to the similar refractive indices of the two materials and the resulting
transmission coefficient ) ≈ 1.

Following the ansatz from Equation 4.6, the angular acceptance results from dividing the
total efficiency ntot by the wavelength-dependent transmission for vertical light. Using the
dispersion relations summarized in Table 4.2, this approach leads to the curves depicted
in Figure 4.13. The vertical lines indicate the field of view, i. e. the maximum incidence
angle of photons coming from the Fresnel lens, of the light guide in the center of the
camera (Xmax = 28.7°), and the edge of the camera (Xmax = 33.7°). It shows that the
angular acceptance does not drop considerably below 80 % for incidence angles below this
maximum angle.

Furthermore, the angular acceptance is not entirely independent of the simulated wave-
length. To assume the typical error when approximating the angular acceptance to be
constant within the given wavelength range, one has to evaluate its influence on the light
collection efficiency of the light guide. This effect is estimated by integrating the angular
acceptance over the enclosed solid angle. The angular acceptance is approximately inde-
pendent of the polar angle. Assuming isotropic incident light, which corresponds to an
homogeneously illuminated lens, the light collection efficiency can be written as∫

nX (X) dΩ ∼
∫

nX (X) · sin(X) dX. (4.9)

30



0 10 20 30 40 50 60 70
Incidence Angle  [deg]

0

20

40

60

80

100

An
gu

la
r A

cc
ep

ta
nc

e 
 [%

]

300 nm
370 nm
415 nm
600 nm
900 nm

max, center
max, edge

Figure 4.13: Angular acceptance n_ as a function of the inclination angle X simulated for
different wavelengths between 300 nm and 900 nm.

The top panel of Figure 4.14 depicts the resulting light collection efficiency as a function
of the incidence angle. It shows that the light collection efficiency is close to one within
the presented range of incidence angles, verifying that the light guides are well-designed
for their application in the HAWC’s Eye telescope.
The bottom panel presents the relative deviation from the light collection efficiency cal-
culated for a wavelength of _ = 415 nm. This wavelength has been chosen as a reference
as it is estimated to be the most sensitive wavelength of the HAWC’s Eye telescope (see
Section 4.5). The deviation from this reference efficiency is smaller than 1.5 % for a light
guide in the center and smaller than 2.5 % for a light guide at the edge of the camera
for all simulated wavelengths. These values show that the typical error in the simulated
light collection efficiency is smaller than 2.5 % if one assumes a wavelength-independent
angular acceptance, validating the initial approach.
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Figure 4.14: Top: Normalized light collection efficiency as a function of the inclination
angle X simulated for different wavelengths between 300 nm and 900 nm for isotropic
incident light. Bottom: Relative deviation from the light collection efficiency evaluated at
_ = 415 nm.

4.4 Data Acquisition System

All electronic components of the HAWC’s Eye telescope are located in an aluminum box at
the bottom of the telescope (see Figure 4.1). It contains the power supply unit of the SiPMs
and the data acquisition system, i. e. readout and trigger electronics. The data acquisition
is identical to the system installed in the FACT telescope. The modular design of the FACT
readout circuit can be used in the considerably smaller HAWC’s Eye telescope, which has
64 photosensors compared to 1440 in the FACT camera. A detailed description of the
readout circuit is given in [35]. The specific setup installed in the HAWC’s Eye telescope
is discussed in detail in [11, 14]. Based on these descriptions, the following paragraphs
only briefly summarize the essential features relevant to the understanding of this study.

The 64 pixels of the camera are grouped into eight patches The central patch consists of
seven pixels, while the six outer patches have nine pixels each. The three blind pixels at
the sides of the camera build the eighth patch. Figure 4.15 shows the segmentation of the
camera with each color representing one of the eight patches.

The path of the output signals is illustrated in Figure 4.16. The signal of each SiPM is
fed into one of two pre-amplifier boards (FPAs), which firstly amplifies and then splits the
signal into two separate processing chains.
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Figure 4.15: Trigger patches of the HAWC’s Eye telescope. Pixels with the same color
are connected to the same patch of the data acquisition system. The four blue patches and
the four red patches are separately connected to the two FPA boards.

One part of the amplified signal is used to make the trigger decision. The signals
of all nine pixels that form a patch are summed and compared to an adjustable threshold
value controlled by a digital-to-analog converter (DAC). If the summed signal exceeds this
threshold value (patch trigger), the trigger signal is transferred to the trigger unit board
(FTU) to make the final trigger decision. The FTU sums the patch triggers of four patches
and compares the signal to an adjustable threshold value, which defines the board trigger.

The other part of the signal is passed onto the digitizer board (FAD), which uses DRS4
(Domino Ring Sampling) chips to store the signal. These sampling chips store the signals
in ring buffers composed of 1024 capacitors. Each ring samples the signal with a rate
of 2 GHz and continuously overwrites the signal until the trigger decision is made. An
analog-to-digital converter (ADC) then reads out the analog signal.

Figure 4.16: Schematic diagram of the HAWC’s Eye data acquisition system. It shows
the signal path of one exemplary pixel. The HAWC’s Eye telescope comprises two sets of
FPA, FTU, and FAD boards, each of which processes the signals of four patches. Taken
from [11].
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4.5 Light Detection Sensitivity
The wavelength-dependent light detection sensitivity of HAWC’s Eye can be estimated
by combining the efficiencies of all optical components. These efficiencies include the
transmittance of the lens and the light guides, as well as the photon detection efficiency of
the SiPMs.

The transmittance g of an optical obstacle is defined as g = �C/�0, where �0 denotes
the intensity of an infalling electromagnetic wave and �C the intensity transmitted by the
obstacle. The total transmittance can be expressed in terms of the transmission coefficient
) , which accounts for losses due to reflection at both surfaces, and an exponential factor
describing the loss due to absorption inside the material. Following the Beer-Lambert law,
for an obstacle of thickness 3 with two surfaces, this leads to

g = )2 4−`3 (4.10)

with the extinction coefficient `, which is a material constant.
A measurement of the transmission spectrum of a layer of PMMA with a thickness of

3 = 1.5 mm is provided by [36]. The given values can be adapted for the thickness of the
Fresnel lens 3′ = 2.5 mm by using Equations 4.7 and 4.10:

g′ = )2 (g )−2)3 ′/3 . (4.11)

) denotes the transmission coefficient for light traversing an air-PMMA interface and is
calculated according to Equation 4.7. Similarly, one can calculate the transmittance of the
light guides. Since their exit window is optically coupled to the protective glass window
of the photosensor, only one interface with air has to be accounted. The similar refractive
indices of PMMA and the glass substrate of the protective window result in a transmission
coefficient ≈ 1, meaning that the reflection losses can be neglected. The above equation
can therefore be modified, and the transmittance of the light guides can be calculated via

g′′ = ) (g )−2)3 ′′/3 (4.12)

with the length 3′′ = 23.5 mm of the light guides, which corresponds to the path length of
vertically incident photons.

Figure 4.17 depicts the resulting light transmittance as a function of the photon wavelength.
It shows that the increased thickness of the light guides compared to the lens results in a
shift of the rising edge towards larger wavelengths.

It also includes the PDE of the HAWC’s Eye SiPMs at an overvoltage of 5 V. The
efficiency presented in Figure 4.7 is thereby divided by the transmission coefficient
) (=air, =glass) to account for the fact that the surface of the sensor is optically coupled
to the light guide in the HAWC’s Eye camera and not exposed to air. The total light
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detection efficiency of the telescope can finally be estimated by combining the discussed
efficiencies of all optical components.

Additionally, the spectrum of the Cherenkov photons at the ground is taken into
account. The spectrum shown in Figure 4.17 presents a normalized simulated spectrum
at an altitude of 2200 m. Although the spectrum might slightly differ for a different
observation height, it can still be used to estimate the sensitivity of the HAWC’s Eye
telescope.

The resulting total efficiency has its maximum at a wavelength of 415 nm. It shows that the
transmittance of the light guides ultimately limits the sensitivity for smaller wavelengths.
At large wavelengths, the sensitivity is mainly limited by the steeply falling photon detec-
tion efficiency of the used SiPMs.
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Figure 4.17: Wavelength-dependent light detection sensitivity of the HAWC’s Eye tele-
scope. It combines the transmittance of the optical components and the PDE of the
applied SiPMs and is weighted with a normalized Cherenkov spectrum. Data provided
by [13, 25, 36].
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5 The High-Altitude Water Cherenkov Observatory
The High-Altitude Water Cherenkov Observatory HAWC is an extensive air shower array
located at the Sierra Negra volcano in the state of Puebla, Mexico. It consists of 300
individual Water Cherenkov Detectors (WCDs) covering an area of about 22 000 m2. The
detector site has an altitude of 4100 m, allowing the observation of gamma-rays with ener-
gies as small as 100 GeV. Figure 5.1 gives an overview image of the HAWC detector array.

Figure 5.1: Overview of the HAWC gamma-ray observatory. The white building in the
center of the array (Counting House) contains data acquisition and calibration systems.
Photo courtesy of INAOE.

Each WCD consists of a steel tank with a diameter of 7.3 m and a height of 5 m, filled
with roughly 200 000 liters of purified water inside a plastic bladder. Four photomultiplier
tubes (PMTs) are anchored to the bottom of the tank and detect the Cherenkov light of
traversing air shower particles. Three PMTs of type Hamamatsu R5912 are arranged in
an equilateral triangle of side length 3.2 m. An additional central PMT of type R7081
with a high quantum efficiency increases the efficiency of the observatory to low-energy
showers [37]. Figure 5.2 presents an illustration of the working principle and shows the
dimensions of such a WCD tank.

HAWC is designed to observe gamma-rays in a broad energy range between 100 GeV and
100 TeV. It provides a field of view of almost 2 sr and a high duty cycle of more than
95 % due to its independence of the daytime or weather conditions. The observation of
gamma-rays requires an efficient rejection of background events. Cosmic rays are rejected
with an efficiency of > 99 % for shower energies above roughly 3 TeV [38]. The separation
efficiency further improves with the shower energy.
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Figure 5.2: Schematic illustration of a single HAWCWCD tank. Four PMTs are anchored
to the bottom of the tank and detect Cherenkov light of traversing shower particles. Taken
from [11], originally adapted from [37].

HAWC reconstructs properties of the primary particle such as the energy, arrival direction,
and the shower core location on the ground. The performance of the reconstruction is
evaluated with simulation studies and discussed in 6.3.
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6 Simulation of the Hybrid Detection
The Monte Carlo study of the hybrid setup combines the simulation of the HAWC detector
and the HAWC’s Eye telescope. 21 HAWC’s Eye telescopes on different positions are
simulated for each simulated air shower to analyze the advantages of a setup with multiple
telescopes. Their locations form seven equilateral triangles with different side lengths but
the same center. The side length ranges from 1 m to 100 m.3 Figure 6.1 illustrates the
setup of the hybrid simulation. It shows the positions of the HAWC tanks with respect to
the simulated telescope positions. The coordinate system is chosen such that the origin
coincides with the center of the telescope layout with the x-axis pointing east and the y-axis
pointing north, corresponding the conventionally used HAWC orientation.
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Figure 6.1: Layout of the hybrid simulation. The grey circles mark the HAWC tank
positions. The red points show the positions of the simulated HAWC’s Eye telescopes.
They are arranged in seven equilateral triangles with the same center.

6.1 Air Shower Simulation

The air showers are simulated using the program CORSIKA (COsmic Ray SImulations for
KAscade), which performs detailed Monte Carlo simulations of extensive air showers and
is widely used by various groups and experiments [39]. It is based on well-known hadronic
and electromagnetic interaction models, simulating the interaction and propagation of the
primary and all secondary particles through the atmosphere.

3The triangles have side lengths of 1, 2, 5, 10, 20, 50, and 100 m.
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The air shower simulations presented in this study are performed with CORSIKA version
76900, using the high-energy hadronic interaction model QGSJET and the low-energy
hadronic interaction model GHEISHA. The program allows simulating the Cherenkov
photons, which is essential for the simulation of the HAWC’s Eye telescope. Table 6.1
summarizes the key parameters for the applied configuration of the air shower simulation
with CORSIKA. The same configuration is used to simulate proton-induced showers and
gamma-rays, i. e. primary photons.

Table 6.1: CORSIKA configuration for the air shower simulations.

Parameter Value/Range
Energy spectrum slope -1.5
Energy range 1 TeV-100 TeV
Zenith angle range 0° - 8°
Shower core scattering area 500 × 500 m2

Observation height 4100 m
Cherenkov wavelength range 250 nm - 700 nm
Atmospheric model US standard atmosphere
Magnetic field 27.717 µT (horizont.); 29.902 µT (vert.)

The simulated datasets consist of 821 000 gamma-induced showers and 549 000 proton-
induced showers. The energy spectrum of the primary particle is simulated with a spectral
index of −1.5. Figure 6.2 shows the energy distributions of both datasets. On a double-
logarithmic scale, the distribution can be fitted with a straight line of the form

log10(#) = ?0 + ?1 log10(�/GeV) (6.1)

with # denoting the number of simulated events. The bin width is increasing linearly with
energy, as d�/d log10(�) ∼ � . Therefore, the slope of the fit is larger by one with respect
to the input energy spectrum. Both distributions are fitted with a slope of −0.50± 0.01 and
thereby consistent with the simulated energy slope of −1.5.

The coordinates of the shower core are randomly scattered within a rectangle of 500 ×
500 m2. Figure 6.3 shows the corresponding shower core distributions. The events are
homogeneously distributed without clusters or other visible structures.
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Figure 6.2: Histogram of the simulated primary particle energies. The dashed lines
represent fits to the respective distributions and are consistent with the simulated spectral
index of 1.5.
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Figure 6.3: Shower core distribution for the simulated gamma-induced (left) and proton-
induced (right) showers. The color of each bin represents the number of contained showers.

Figure 6.4a displays the distributions of simulated azimuth angles. With j2/=3> 5 -values
of 1.2 (gamma-rays) and 1.7 (protons), both datasets are consistent with a flat distribution
of azimuth angles, which indicates that all azimuth angles are simulated with the same
probability. Figure 6.4b shows the distributions of simulated zenith angles. It is evaluated
as a function of sin2 \/2 as the solid angle increases with the zenith. Derived from the
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solid angle of a cone, a zenith angle \ corresponds to a solid angle of

Ω = 4c sin2 \/2. (6.2)

This relationmeans that the distribution sin2 \/2 is expected to be flat. With j2/=3> 5 -values
of 1.3 (gamma-rays) and 1.7 (protons), both datasets are consistent with this expectation.
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Figure 6.4: Distribution of simulated azimuth and zenith angles. Both datasets are
consistent with a flat distribution of both angles.

6.2 HAWC’s Eye Simulation
The simulation of theHAWC’s Eye telescope is based on theROOT-basedMAGICAnalysis
and Reconstruction Software MARS [40]. In a first step, the paths of all simulated
Cherenkov photons hitting the Fresnel lens of the telescope are tracked using a ray tracing
simulation. It uses the parameters of the utilized Fresnel lens ( see Section 4.2) and
calculates the reflection and refraction of the photons according to [41] without Schlick’s
approximation.

The simulation also considers transmission losses inside the Fresnel lens and the solid
light guides, as well as the angular acceptance of the light guides and the photon detection
efficiency of the SiPMs. All of these efficiencies have already been discussed in detail in
Chapter 4 and are summarized in Figure 4.13 and Figure 4.17.

The simulated and the real data undergo the same analysis and reconstruction chain, which
is divided into several steps. It includes the extraction of the amplitude and arrival time
for each pixel, followed by the image cleaning and parameter extraction. The extraction of
the signal aims to convert the pulse amplitude to the number of photon equivalents. The
amplitude scales with number of discharged cells in the SiPM and correlates to the number
of impinging photons. It is explained in more detail in [11, 14].
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6.2.1 Image Cleaning

The next step in the processing chain is the image cleaning, which cleans the image from
all pixels containing only night sky background. The goal of the cleaning algorithm is to
maximize the signal-to-noise ratio while ideally keeping all pixels with a signal.

The algorithm identifies separate islands, defined as groups of pixels where each direct
neighbor has an arrival time difference of less than 2.5 ns/deg to at least one of its neigh-
boring pixels. All islands within the defined arrival time difference are combined into a
single island. If no direct neighbor is within this arrival time window, it is treated as a
single-pixel island.

If the size of an island, defined as the sum of the signal of all its pixels, exceeds a
threshold value of 25 photon equivalents, it survives the image cleaning. All islands below
this threshold are treated as noise and are rejected.

6.2.2 Image Parameters

The cleaned shower images contain information about the signal amplitude and the arrival
time of each pixel. As introduced in [42], these complex distributions can be used to
calculate a set of parameters describing the shape, size, orientation and other characteristics
of the signal. These parameters can be used to represent each shower image as an ellipse,
see Figure 6.5 for an illustration.

Figure 6.5: Sketch of the elliptical representation of the cleaned shower image in the
camera of the HAWC’s Eye telescope. Taken from [14].
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A large number of parameters is calculated from the shower images, detailed information
about the calculation of the different parameters can be found in [43]. In the following only
a subset, including all parameters used in this analysis, is listed:

• Size : Sum of the signal amplitudes Bi of all pixels of the cleaned
shower image.

Size =
∑N

i=1 Bi

• xCOG, yCOG : Coordinates of the center of gravity of the cleaned shower image.
Calculated as the mean of all N pixel coordinates Gi and Hi
weighted with the signal amplitude B8 of each pixel:

GCOG =
∑N

i=1 Gi·Bi∑N
i=1 Bi

; HCOG =
∑N

i=1 Hi·Bi∑N
i=1 Bi

• dCOG : Distance of the center of gravity of the cleaned shower image
to the camera center:

3COG =
√
G2

COG + H
2
COG

• Delta : Angle between the major axis of the cleaned image and the
x-axis, corresponds to the angle X in Figure 6.5.

• Leakage : Fraction of the signal contained in the outermost pixel ring of
the camera. Calculated as the sum of the K ≤ N signals of
pixels in the outermost pixel ring, divided by the total size of
the cleaned image:

Leakage =
∑K

i=1 Bi∑N
i=1 Bi

• Length : Standard deviation of the signal size along the major axis of the
cleaned image.

• Width : Standard deviation of the signal size along the minor axis of the
cleaned image.

• TimeSpreadWeighted : Standard deviation of the arrival times of all pixels of the cleaned
image around the mean arrival time. The arrival times are
weighted with the signal amplitude of each pixel.

• SlopeLong : Slope of the arrival time distribution along the major axis of the
cleaned image.

• SlopeSpreadWeighted : Standard deviation of the weighted arrival times of all pixels of
the cleaned image around the slope along the major axis.
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• Asym : Distance of the pixel position with the largest signal amplitude
to the center of gravity of the cleaned image.

• CosDeltaAlpha : Cosine of the angle between the vector from the camera center
to the center of gravity and the vector along the major axis of
the image, defined with positive x-component.

• M3Long : Third moment of the cleaned signal distribution along the major
axis.

Based on these image parameters, a machine algorithm algorithm is trained to reconstruct
the energy and arrival direction of the simulated air showers. This method is discussed in
detail in Chapter 7.

6.3 HAWC Simulation
The simulation of the HAWC observatory is performed using the GEANT4-based [44]
software package HAWCSim, which accurately simulates the geometry and efficiency of
the HAWC WCDs. The simulation includes the reflection of particles at each media
interface. It takes into account the quantum efficiency of the PMTs and noise features
such as fluctuations of the released charge and electronics noise. The resulting output
of this simulation chain is then used to reconstruct the showers in the same way as real
data [45, 46]. The following sections present the performance of the HAWC reconstruction
algorithms applied to the air shower simulations. More details on the algorithms can be
found in [47].

The following event selection criteria have been applied to the reconstructed HAWC events:

• coreFitStatus=0: Requires a successful shower core fit.

• angleFitStatus=0: Requires a successful shower plane fit.

• CxPE40XnCh≥100: At least 100 PMTs within 40 m of the reconstructed shower core
position must record a signal. This cut limits the reconstructed shower core location
to the instrumented area of the HAWC array and ensures a core resolution in the
order of a few meters [48].

Figure 6.6 displays the shower core distribution of the reconstructed HAWC events after
the selection criteria. It shows that the applied cuts limit the reconstructed shower core
location roughly to the instrumented area of the HAWC array (left). When looking at the
distribution of simulated core positions (right), it shows that most reconstructed events are
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simulated within 20 m outside of the HAWC array. A few events have distances of up to
50 m to the closest WCD tank.
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Figure 6.6: Shower core distribution for the selected HAWC gamma-ray events. The black
circles represent the HAWC WCD tanks. Left: HAWC reconstruction of the shower core.
Right: Monte Carlo value of the core position.

Table 6.2 summarizes the percentage of events passing the selection cuts. It contains the
values for HAWC events and the hybrid detection, i. e. showers that are reconstructed by
the HAWC detector and trigger at least one of the simulated HAWC’s Eye telescopes.

Table 6.2: Percentage of events passing the HAWC quality cuts. The cuts are applied
successively in order of their impact on the number of events which survive each cut.

Cut Gamma-rays Protons
HAWC Hybrid detection HAWC Hybrid detection

No cut 100 % 100 % 100 % 100 %
coreFitStatus = 0 100 % 100 % 100 % 100 %
angleFitStatus = 0 96 % 100 % 94 % 100 %

CxPE40XnCh ≥ 100 9 % 64 % 6 % 65 %

6.3.1 Energy Reconstruction

Figure 6.8 presents the residual distributions of the HAWC energy reconstruction for
gamma-rays and primary protons. The residual is defined as the difference between the
simulated and the reconstructed energy:

res = log10(�HAWC) − log10(�MC). (6.3)
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The energy spread and the mean deviation from the true energy determines the resolution
of the energy reconstruction. The bias thereby quantifies the mean deviation from the true
energy and can be calculated as the mean of the residual distribution with # entries:

bias =
1
#

#∑
8=1

res8 . (6.4)

The width of the distribution can be quantified using the standard deviation of the residual
distribution around and is calculated via

width =

√√√
1
#

#∑
8=1
(res8 − bias)2 (6.5)

The position of the red error bars represents the bias of the distribution. Their length
coincides with the width of the energy bin and the width of the distribution, respectively.

It shows that HAWC can reconstruct the primary energy without bias above about
3 TeV for gamma-rays and 10 TeV for protons. The value is larger for protons because of the
increased energy threshold. Smaller energies are, on average, overestimated. Section 7.2
discusses the bias of the energy reconstruction close to the energy threshold in more detail.
In the energy region without a bias of the reconstruction algorithm, the width of both
distributions reduces with increasing shower energies.
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Figure 6.7: Residual distribution of the HAWC energy reconstruction as a function of the
Monte Carlo energy for all reconstructed gamma-rays (left) and protons (right). The color
of each bin represents the number of contained showers. The error bars represent the bias
and the width of the distribution in each energy bin.

6.3.2 Arrival Direction Reconstruction

HAWC provides a reconstruction of the azimuth and zenith angle of the primary particle.
When evaluating the quality of the reconstruction, it is not sufficient to look at the distri-
bution of zenith and azimuth angles. Since the azimuth angle is not defined for vertical
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showers, the quality of the azimuth reconstruction for near-vertical showers does not limit
the reconstruction of the arrival direction. More suitable for evaluating the performance
is the angle between the simulated arrival direction #»A MC and the reconstructed arrival
direction #»A reco. The angle Δ between these vectors is defined via their scalar product:

cos(Δ) = #»A MC · #»A reco. (6.6)

This angle, in the following also referred to as the angular distance, ultimately determines
the quality of the reconstruction and is used to quantify the angular resolution.

The arrival direction in Cartesian coordinates can be expressed as a function of the azimuth
angle q and the zenith angle \ via

#»A =
©«
G

H

I

ª®®¬ =
©«
sin(\) cos(q)
sin(\) sin(q)

cos(\)

ª®®¬ . (6.7)

Here the arrival direction is normalized to one.

Figure 6.8 shows the distribution of angular distances between the HAWC reconstruction
and the simulated arrival direction for the selected HAWC events. The red data points
represent the 68 % containment fraction of the distribution. 68 % of all events in each
respective energy bin are reconstructed within this angular distance.
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Figure 6.8: Distribution of angular distances between the simulated arrival direction and
the HAWC reconstruction as a function of the Monte Carlo energy for gamma-rays (left)
and protons (right). The color of each bin represents the number of contained showers.
The red data points represent the 68 % containment fraction.

For gamma-rays, the width of the distribution decreases from about 0.5° at 1 TeV to just
below 0.3° at 40 TeV. It slightly increases again for larger energies.

For protons, the width of the distribution decreases continuously from about 0.6° at
1 TeV to about 0.2° at 100 TeV.
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6.3.3 Shower Core Reconstruction

The HAWC shower core reconstruction is used as an input to the hybrid reconstruction
discussed in Chapter 7. Figure 6.9 shows the distribution of the distances between the
HAWC shower core reconstruction and the Monte Carlo position for the hybrid events of
the gamma-ray dataset. The mean value of 3.55 m defines the average distance between
the reconstruction and the simulated value. The 68 % containment distance of 3.62 m of
the distribution is close to the mean. Both values can be used as an estimator for the core
resolution. The shower core resolution for both the proton and the gamma-ray dataset is
below 5 m, which is essential for the performance of the hybrid reconstruction.
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Figure 6.9: Histogram of the distances between the HAWC shower core reconstruction
and the Monte Carlo core position for the gamma-ray dataset. The vertical lines indicate
the mean and the 68 % containment distance of the distribution, respectively.
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7 Analysis Methods
This chapter discusses reconstruction of the energy and arrival direction of the simulated
showers using a machine learning algortihms. The performance of the reconstruction is
evaluated for the gamma-rays. The angular and energy resolution for both gamma-rays
and protons are presented in Chapter 8. The developed algorithms have already been
applied to hybrid data, taken by the two HAWC’s Eye telescopes at the HAWC site, for the
measurement of the cosmic ray spectrum [49].

7.1 Random Forest

The following paragraphs only give a short introduction to the concept of a random forest
and summarize the most important characteristics relevant in the context of this analysis.
A detailed introduction into random forests can be found in [50].

A random forest is a machine learning algorithm applicable for classification and regression
tasks. It combines a large number of independent decision trees and averages the results
of the individual trees.

Usually, classification and regression trees select the features with the largest influence
on the target variable to split on. When training a large number of trees, this often leads
to strong similarities between the different trees and therefore correlated predictions. In
random forests, the correlation between the trees is minimized by using a training method
called feature bagging: At each node, the possible number of input features tried for
splitting is limited to a random subset of all input features. This method prevents that a
few features dominate the training of all trees, as the subset of input features is chosen
randomly and minimizes the correlation between the trees.

While the computation time for the training of the random forest is significantly
increased, it usually outperforms a single decision tree. It reduces the effect of overfitting
and can handle a large number of input parameters.

In this analysis, random forests are used to reconstruct the energy and arrival direction
of the primary particle using the parameters of the cleaned HAWC’s Eye shower images
and the HAWC reconstruction parameters as its input features. The training and testing of
the random forests is done using the software package ranger [51]. It supports regression,
classification, and survival trees. As input, it takes a text file with a list of all input features
and the true value of the target parameter, such as the energy, for each event. The random
forests are trained with the following configuration of ranger:

• treetype=3: Sets the tree type to regression, i. e. the prediction of a target variable
with continuous values.

• ntree=500: Number of decision trees. A larger number does not improve the results
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for the applications of random forests discussed in this analysis while significantly
increasing the computation time.

• mtry=√?: Number of input features tried for splitting at each node. Set to the
rounded down square root of the total number of input features ?.

• targetpartitionsize=5: Sets a lower limit on the node size and stops growing
if a node reaches a size smaller than 5. This parameter implicitly limits the depth of
the trees.

When training the random forests, ranger produces a prediction error defined as the mean
squared error of the predicted values. In the following, the datasets are split into a subset
used for training and an independent subset used for testing the performance of the random
forest.

7.2 Energy Reconstruction

The number of charged particles, which are produced in an extensive air shower, scales
with the primary energy. For gamma-induced showers, the number of charged particles at
the shower maximum can be approximated to

#
W
4<0G =

0.31√
ln(�0/��)

(
�0
��

)
=

1
6

(
�0
��

)
(7.1)

known as the Greisen approximation with the critical energy �� and the primary energy
�0 [5]. The factor 1/6 is only weakly dependent on the primary energy, which means
that the number of charged particles is approximately proportional to the primary energy.
Similar approximations can be made for proton-induced showers.

All charged particles above the threshold energy for Cherenkov emission contribute to
the light yield of Cherenkov photons reaching the ground. Consequently, the number of
Cherenkov photons detected by an IACT is expected to scale with the primary energy.

Following the reasoning above, the image size can be used as a first estimator for the energy
of the primary particle. Figure 7.1 shows the two-dimensional distribution of the image
sizes for the simulated gamma-rays as a function of the Monte Carlo energy �MC, i. e. the
simulated energy of the primary particle. It shows a broad distribution with a center of
mass that can be roughly approximated with a straight line. A straight line with a slope
of one has been fitted to the plot by hand (red line). It shows that the distribution flattens
at high energies (log10(�MC/GeV) & 4.5), which can be explained by saturation effects:
Large primary energies correlate with a large light yield of Cherenkov photons that can
saturate individual pixels.
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No perfect correlation is expected for various reasons. Firstly, there are physical
shower-to-shower fluctuations: Both the number of charged particles contained in an
atmospheric shower and also the number of emitted Cherenkov photons undergo statistical
fluctuations. Secondly, the Cherenkov light yield on the ground depends on the location of
the shower core: As explained in Section 3.4, the number of detected showers decreases
for larger distances between the telescope and the shower axis. This effect can be seen
in the presented distribution, which is not symmetric around its center of mass but rather
shows an excess of events towards large energies and small sizes. Those events can be
explained by showers with larger distances to the telescope, and therefore a reduced number
of Cherenkov photons hitting the telescope.
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Figure 7.1: Event distribution of the image size as a function of the Monte Carlo energy.
The color of each bin represents the number of contained events. The red line is fitted to
the center of mass of the distribution by hand.

The image size, however, is only one of many properties that can be extracted from the
HAWC’sEye images. The following sections present different approaches to reconstruct the
primary energy using random forests, startingwith onlyHAWC’s Eye image parameters and
followed by the inclusion of the HAWC shower core position and a full hybrid analysis. The
number of events for each simulated HAWC’s Eye telescope is too small to train a random
forest with reasonable statistics. Therefore, events from all 21 simulated telescopes are
combined and the shower core position is always given relative to the respective telescope
position.
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7.2.1 HAWC’s Eye Reconstruction

The first approach to reconstruct the primary energy uses only image parameters of the
HAWC’s Eye telescope, which is done to achieve a better understanding of the telescope
and for a comparison with the hybrid analysis in the following sections.

The parameters used to train the random forest are partly motivated by physics and partly
chosen as a result of trial and error. The image size, for example, as discussed at the
beginning of this chapter, is a fundamental parameter as the Cherenkov light yield increases
with the primary energy. Another important parameter is the leakage, i. e. the fraction of
the signal contained in the outermost ring of pixels: A large leakage value close to one
indicates that the shower hit the camera only partly, which leads to a decreased image size.
The following image parameters are used to reconstruct the primary energy with a random
forest:

• log10(Size)
• Leakage
• Length
• Width
• 3COG

• Asym
• TimeSpreadWeighted
• SlopeSpreadWeighted
• SlopeLong × sign(CosDeltaAlpha)

It has shown that the usage of additional parameters does not improve the reconstruction.
Furthermore, the random forest is trained with a set of 100 000 events and tested with the
remaining events. While significantly increasing the computation time, the performance
of the random forest does not improve considerably with a larger training set. The quality
of the reconstruction is thereby determined by analyzing the resulting correlation between
reconstructed and simulated energy, as explained in the following.

Figure 7.2 shows the distribution of the reconstructed energy as a function of the true
energy for the gamma-ray dataset. It presents a broad distribution of events around the red
line representing the line of perfect correlation, i. e. �MC = �reco. When comparing the
distribution with the image size distribution shown in Figure 7.1, it can be seen that the
inclusion of additional image parameters significantly outperforms the image size as as a
simple estimator for the primary energy.

The examination of the residual distribution as a function of the true and reconstructed
energy can help to reveal features of the reconstruction that can not be easily seen in the
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Figure 7.2: Two-dimensional histogram of the reconstructed energy as a function of the
Monte Carlo energy for the gamma-ray dataset. The reconstruction is performed only with
HAWC’s Eye image parameters.

correlation plot of these two quantities. The residual as a function of theMonteCarlo energy
is depicted in Figure 7.3. Similar to the HAWC energy reconstruction (Section 6.3.1), the
position of the red error bars represents the bias of the distribution. Their length coincides
with the width of the energy bin and the width of the distribution, respectively.

Thewidth of the distribution is almost constant over the whole energy range, but the random
forest overestimates the energy at small simulated energies while underestimating it at the
highest energies. This is a result of various factors:

Close to the energy threshold of the HAWC’s Eye telescope, only the showers with
certain characteristics, causing them to appear brighter on average than showerswith similar
energies, will trigger the telescope. The same characteristics will cause an overestimation
of the energy of these events. Consequently, the random forest produces a bias at the
smallest observed energies.

Furthermore, the reconstruction with a random forest will always produce a bias at the
edges of the simulated energy range, as it can only predict values that are within this range.
For energies close to the maximum simulated energy of �MC = 105 GeV, the random forest
can not overestimate the energy, since it has not been trained with values outside of this
range. It will, on average, underestimate the energy, leading to a bias in the reconstruction.
The same reasoning can be applied to the smallest simulated energies, where this effect
adds to the bias caused by the energy threshold of the telescope discussed above.
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Figure 7.3: Residual distribution of the energy reconstruction as a function of the Monte
Carlo energy for the gamma-ray dataset. The reconstruction is performed only with
HAWC’s Eye image parameters. The red error bars are centered around the bias of the
reconstruction, their height represents the width of the distribution.

This effect is an intrinsic feature of a random forest trained with a limited energy range.
While it can explain the observed structure in the distribution of events reconstructed close
to the true energy, it can not fully explain the heavily asymmetric distribution of events
that are reconstructed far away from the true energy. This effect is also caused by the
limited energy range, which effectively cuts off the distribution. For energies close to the
maximum simulated energy, there will always be events reconstructed with much smaller
energies. However, if the width of the distribution exceeds the gap to the maximum energy,
those events are cut off.

This effect artificially reduces the standard deviation while increasing the bias. It is
present almost over the whole simulated energy range as a result of the broad width of
the distribution, but it is especially prominent at the lowest energies: The width of the
distribution, calculated as the standard deviation from its mean, increases with the Monte
Carlo energy although in Figure 7.2, the apparent relative spread of events seems to be
maximal at the lowest energies.

The residual distribution as a function of the reconstructed energy helps to understand this
effect, see Figure 7.4. The loss of events due to the maximum simulated energy appears
as a sharp rising edge in the shown distribution. The inverse effect at small energies is
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less prominent, as the energy threshold of the telescope causes a less sharp lower limit of
the energy range. It also shows that the residual distribution has no bias when evaluated
as a function of the reconstructed energy. The occurrence of such a bias would mean that
the random forest is not trained properly. The absence of a bias does not mean that the
energy resolution is smaller, as both plots display the same reconstruction algorithm. The
events contributing to the bias in Figure 7.3 cause a broadening of this distribution and thus
an increased width. It is maximal at the smallest energies and slightly decreases towards
larger reconstructed energies.
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Figure 7.4: Residual distribution of the energy reconstruction as a function of the recon-
structed energy for the gamma-ray dataset. The reconstruction is performed only with
HAWC’s Eye image parameters. The red error bars are centered around the bias of the
reconstruction, their height represents the width of the distribution.

7.2.2 Shower Core Location

The inclusion of the shower core location is expected to improve the energy reconstruction,
as it complements the lack of information about the telescope distance to the shower axis
inherent to IACTs.

For hybrid events, i.e. events that are reconstructed with HAWC and also trigger the
HAWC’s Eye telescope, the HAWC shower core reconstruction can be added as an input
parameter for the random forest. For this analysis, it has shown that simply adding the
shower core reconstruction to the set of parameters presented in Section 7.2.1 does not
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produce the best results. Instead, the performance of the random forest worsens when the
set of input parameters is too large. Again, the best set of parameters is determined by
testing different combinations and determining those parameters with the biggest impact
on the energy reconstruction. The best results when including the distance of the HAWC
reconstructed shower core position to the telescope position are achieved with the following
set of image parameters:

• log10(Size)
• Leakage
• Length
• Width
• TimeSpreadWeighted
• SlopeSpreadWeighted

It has shown that the usage of the x- and y-coordinate of the shower core position does
not improve the performance of the random forest; neither when it is used instead of the
distance of the shower core to the telescope nor when both are combined. Figure 7.7
depicts the resulting distribution of the reconstructed energy as a function of the Monte
Carlo energy.
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Figure 7.5: Two-dimensional histogram of the reconstructed energy as a function of the
Monte Carlo energy for the gamma-ray dataset. The reconstruction is performed with
HAWC’s Eye image parameters and the HAWC shower core reconstruction.
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It is not easy to assess the possible improvement of the reconstruction with the inclusion of
the HAWC shower core reconstruction when comparing the two-dimensional distributions
of events. Therefore, again the bias and the width of the residual distribution are calculated.
Figure 7.6 displays the residual distribution as a function of the Monte Carlo energy. The
addition of the telescope distance to the shower core improves the performance of the
reconstruction and reduces both the bias and the width of the distribution over the whole
energy range. In particular, the bias is close to zero for energies between roughly 104.0 GeV
and 104.6 GeV. Without the HAWC core position, there was no extended energy range with
a bias close to zero.
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Figure 7.6: Residual distribution of the energy reconstruction as a function of the Monte
Carlo energy for the gamma-ray dataset. The reconstruction is performed with HAWC’s
Eye image parameters and the HAWC shower core reconstruction. The red error bars are
centered around the bias of the reconstruction, their height represents the width of the
distribution.

Figure 7.7 shows the residual distribution as a function of the reconstructed energy. Again,
no significant bias is visible, and the width decreases with the reconstructed energy. The
width is reduced by about 25 % compared to the reconstruction with only HAWC’s Eye
image parameters.

The performance of the energy reconstruction is only slightly impacted by the limited
resolution of the HAWC shower core reconstruction. When training the random forest with
theMonteCarlo shower core position instead of theHAWCreconstruction, the results do not

59



3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00
log10 (Ereco / GeV)

1.5

1.0

0.5

0.0

0.5

1.0

1.5

lo
g 1

0
(E

re
co

/G
eV

)
lo

g 1
0
(E

M
C

/G
eV

)

500

1000

1500

2000

2500

Figure 7.7: Residual distribution of the energy reconstruction as a function of the recon-
structed energy for the gamma-ray dataset. The reconstruction is performed with HAWC’s
Eye image parameters and the HAWC shower core reconstruction. The red error bars are
centered around the bias of the reconstruction, their height represents the width of the
distribution.

change significantly. It shows that a shower core resolution of. 5 m does not significantly
worsen the performance of the energy reconstruction. This was tested by smearing out the
Monte Carlo shower core position according to a two-dimensional Gaussian distribution
and repeating the training of the random forest with different widths.

To estimate the impact of the shower core resolution, the bias and resolution of the residual
distribution in a reference energy bin between 3.9 ≤ log10(�MC/GeV) ≤ 4.1 are calculated.
The resulting relative increase of the bias and resolution with respect to the Monte Carlo
shower core position, i. e. a resolution of 0 m, is shown in Figure 7.8. Both the bias
and the resolution grow with increasing core resolution. For a resolution of . 5 m,
the width increases by 4 %, while the bias increases by 13 %. These values can not be
directly transferred to other energy bins but give an impression of the impact of the shower
core resolution on the performance of the random forest. For comparison, the HAWC
shower core resolution results in a relative increase of 3 % in width and 12 % in bias in
the reference energy bin, which corresponds roughly to the results achieved with a two-
dimensional Gaussian of 5 m width.
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Figure 7.8: Increase of the bias and width of the energy reconstruction in the energy bin
3.9 ≤ log10(�MC/GeV) ≤ 4.1 in relation to the results achieved with the Monte Carlo
shower core position. The shower core is smeared out according to a two-dimensional
Gaussian distribution. The shower core resolution corresponds to thewidth of theGaussian.
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7.2.3 Hybrid Reconstruction

The reconstructed shower core position is only one of many HAWC parameters that can
be used to complement the HAWC’s Eye image parameters as input for the energy recon-
struction. To use the full capacity of the hybrid detection, other HAWC reconstruction
parameters are implemented as input for the random forest.

It has shown that the HAWC reconstruction of the primary arrival direction, i. e. the
reconstructed zenith and azimuth, does not improve the energy reconstruction. Instead,
the HAWC energy reconstruction, when added to the set of image parameters listed at
the beginning of Section 7.2.2, provides a significant improvement. A proper hybrid
reconstruction would include the parameters used for the HAWC reconstruction instead of
the already reconstructed energy. This promises further improvements for the performance
of the hybrid setup in future reconstruction algorithms but has not been investigated in this
analysis.

Figure 7.9 shows the distribution of reconstructed energies as a function of theMonte Carlo
energy. The number of outliers, i.e. events reconstructed far away from the true energy, is
significantly reduced.
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Figure 7.9: Two-dimensional histogram of the reconstructed energy as a function of the
Monte Carlo energy for the gamma-ray dataset. The reconstruction is performed with a
combination of HAWC’s Eye image parameters and HAWC parameters in a hybrid setup.

The residual distribution as a function of theMonteCarlo energy is presented in Figure 7.10.
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It reveals a significant improvement of the energy reconstruction with the addition of the
HAWC energy. The bias is close to zero for a broad energy range between 103.8 GeV and
104.7 GeV. Additionally, the width of the distribution is further reduced by approximately
50 %. The improvement is also easily visible in the residual distribution as a function of
the reconstructed energy, see Figure 7.11. It shows a substantially decreased width and
less prominent features at the edges of the reconstructed energy range.
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Figure 7.10: Residual distribution of the energy reconstruction as a function of the Monte
Carlo energy for the gamma-ray dataset. The reconstruction is performed with a combi-
nation of HAWC’s Eye image parameters and the HAWC reconstruction parameters. The
red error bars are centered around the bias of the reconstruction, their height represents the
width of the distribution.

63



3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00
log10 (Ereco / GeV)

1.5

1.0

0.5

0.0

0.5

1.0

1.5

lo
g 1

0
(E

re
co

/G
eV

)
lo

g 1
0
(E

M
C

/G
eV

)

500

1000

1500

2000

2500

3000

3500

Figure 7.11: Residual distribution of the energy reconstruction as a function of the re-
constructed energy for the gamma-ray dataset. The reconstruction is performed with a
combination of HAWC’s Eye image parameters and the HAWC reconstruction parameters.
The red error bars are centered around the bias of the reconstruction, their height represents
the width of the distribution.

7.3 Arrival Direction Reconstruction

The position of the shower image in the camera depends on the arrival direction of the
impinging Cherenkov photons. While vertical photons hit the camera in its center, the
shower image shifts towards the edges of the camera for increasing incidence angles. The
Cherenkov photons are emitted under the characteristic angle \� , and their direction is not
identical to the arrival direction of the primary particle. Consequently, the position of the
shower image in the camera does not only depend on the arrival direction of the primary
particle but also on other factors such as the core position and orientation of the shower
relative to the telescope.

Figure 7.12 presents the angle of the center of gravity in the camera as a function of the
Monte Carlo azimuth qMC of the primary particle. Most events are distributed around the
line of perfect correlation. The two event clusters visible in the upper left and lower right
corner of the plot are a result from the representation, as an azimuth angle of −180° is
identical to 180°. The other events far away from the red line of perfect correlation are
mainly caused by shower images close to the center of the camera. For a hypothetical
shower image with a center of gravity directly in the camera center, its angle is not defined.
In reality no such event exists but the angle of the center of gravity for showers close to the
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camera enter can differ significantly from the azimuth angle following the same reasoning.
The width of the distribution is influenced by the limited resolution of the camera (each

pixel has a field of view of ∼ 1.5°) and the fact that the arrival direction of the Cherenkov
photons differs from the primary direction.

Additionally, one can identify accumulations of events at six different azimuth angles
caused by the asymmetrical geometry of the camera and the hardware trigger. As explained
in Section 4.4, the camera is divided into trigger patches. A shower image that is fully
contained in a single trigger patch is more likely to trigger the telescope than a shower
in between two trigger patches, as the signal is divided and may not exceed the threshold
value in either of the two patches. Apart from the central patch, the outer three pixel rings
are divided into six trigger patches (see Figure 4.15), explaining the event clusters at six
different azimuth angles.
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Figure 7.12: Event distribution of the angle of the center of gravity in the camera as a
function of the Monte Carlo azimuth. The color of each bin represents the number of
contained events. The red line indicates perfect correlation.

As explained above, the distance of the center of gravity to the camera center is expected
to correlate with the zenith angle of the shower. The corresponding distribution of this
distance as a function of the Monte Carlo zenith \MC is shown in Figure 7.13. The distance
3COG of the center of gravity to the camera center can be transformed into an angle via
arctan(3COG/ 5 ), with the focal length 5 of the Fresnel lens. The histogram shows that
while the distance to the camera center clearly correlates with the zenith angle, multiple
effects influence the distribution of events and induce deviations from the line of equality.
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The arrival direction of the Cherenkov photons differs from the primary direction by \� ,
which means that the incidence angle of the photons differs from the primary zenith angle.
The distribution consequently shows that the events cluster on two lines above and below
the red line. The impinging photons originating from vertical showers, for example, have
an incidence angle of \� and therefore do not hit the camera in its center.

The maximum distance to the camera center is limited by the field of view of the telescope
of ∼ 6.8°. Air showers with zenith angles close and even slightly above this field of view
can still trigger the telescope and have a center of gravity close to the edge of the camera,
leading to the saturation of events at large zenith angles.

Horizontal lines are visible in the distribution at a distance to the camera center of
about 1.5°, 3°, 4.5°, and 6°. These distances correspond very roughly to the distances of
the four rings of pixels to the center of the camera. The center of gravity is calculated as
the average of all pixel positions weighted with the signal size of each pixel. Therefore, it
is expected that the events, which are mainly contained in a single pixel, cluster around the
respective pixel position.
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Figure 7.13: Event distribution of the distance of the center of gravity in the camera as
a function of the Monte Carlo zenith. The color of each bin represents the number of
contained events. The red line indicates perfect correlation.

It was shown that the position of the center of gravity can be used as a first estimator of the
zenith and azimuth angle of the primary particle. Similar to the energy reconstruction, the
following sections present different approaches to reconstruct the primary arrival directions
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using random forests.

7.3.1 HAWC’s Eye Reconstruction

The first approach to reconstruct the primary arrival direction uses only image parameters
of the HAWC’s Eye telescope. A random forest is not designed to predict a periodic
variable such as the azimuth angle. It averages the results of all regression trees and would
overestimate (underestimate) the zenith angle at the lower (upper) border of the azimuth
range. The borders of this range are arbitrary and only defined by the orientation of the
coordinate system. The random forest can not account for the periodicity of the variable.
Therefore, rather than reconstructing the azimuth and the zenith of the primary particle,
random forests are trained to reconstruct the Cartesian components of the arrival direction
independently.

As already introduced in Section 6.3.2, the arrival direction can be expressed as a function
of the azimuth angle q and the zenith angle \ via

©«
G

H

I

ª®®¬ =
©«
sin(\) cos(q)
sin(\) sin(q)

cos(\)

ª®®¬ . (7.2)

Because it is normalized to one, the arrival direction is unambiguously determined by
its x- and the y-component. Two random forests are trained to predict both components
independently. The zenith is then given as

\ = arcsin
(√
G2 + H2

)
. (7.3)

The azimuth can be calculated via

q = arctan
( H
G

)
. (7.4)

Similarly to the energy reconstruction, the input parameters of the random forest are chosen
as a result of trial and error. Some of the parameters, such as the position of the center of
gravity in the camera and its distance to the camera center, are motivated by physics and
are expected to correlate with the arrival direction, as discussed at the beginning of this
chapter. The following image parameters are used to train random forests to predict the
Cartesian components of the arrival direction:

• GCOG, HCOG

• 3COG

• Leakage
• TimeSpreadWeighted
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• Delta
• Asym
• SlopeLong × sign(CosDeltaAlpha)
• M3Long × sign(CosDeltaAlpha)

Figure 7.14 shows the distribution of reconstructed azimuth angles as a function of the
Monte Carlo azimuth. While the width of the distribution seems to be reduced compared
to the distribution presented in Figure 7.12, and it has fewer events far away from the line
of equality, both distributions can not be compared easily because they contain a different
number of events. One can still see the effect of the increased trigger efficiency in the center
of the trigger patches, which leads to accumulations of events at approximately equidistant
azimuth angles.
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Figure 7.14: Event distribution of the reconstructed azimuth angle as a function of the
Monte Carlo azimuth angle of the primary particle. The color of each bin represents the
number of contained events. The red line indicates perfect correlation.

Figure 7.15 depicts the corresponding distribution of reconstructed zenith angles as a
function of the Monte Carlo zenith. It has less features than the distribution shown in
Figure 7.13. All events seem to be distributed around the line of equality. At the largest
simulated values, the random forest considerably underestimates the zenith angle. Such
showers with zenith angles close to or even slightly above the field of view of the camera
need to have certain characteristics to still trigger the telescope. These events are, on av-
erage, underestimated. As previously discussed, the direction of the impinging Cherenkov
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photons differs from the primary arrival direction. Furthermore, it depends on the position
of the telescope in the Cherenkov light pool on the ground. Another possible contribution
to the bias is the applied reconstruction algorithm. As explained in more detail in Chap-
ter 7.2, the random forest inherently produces a bias at the edges of the parameter space of
the input parameter.
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Figure 7.15: Event distribution of the reconstructed zenith angle as a function of theMonte
Carlo zenith angle of the primary particle. The color of each bin represents the number of
contained events. The red line indicates perfect correlation.

Figure 7.16 presents the distribution of the angular distances between the reconstructed
and simulated arrival direction in two different energy bins. The dark blue line represents
a fit of the Rayleigh distribution. The blue boxes contain the fit parameters. The Rayleigh
distribution is expected to describe the one-dimensional distribution of angular distances if
the Cartesian components of the arrival direction are reconstructed independently without
bias and normally distributed around the true value with the same variance. The Rayleigh
distribution has the form

5 (G |�, f) = � G

f2 · 4
− G

2f2 (7.5)

with the amplitude � and the variance f2 of the underlying Gaussian distributions.

The right histogram of Figure 7.16 shows that the Rayleigh distribution is well-suited to
describe the events in the energy bin 4.4 ≤ log10(�MC/GeV) ≤ 4.6. However, it can not
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sufficiently describe the event distribution at lower energies. Both energy bins contain a
comparable number of events. The deviation at smaller energies could be a result of a
reconstruction bias different from zero.

A commonly used quantification of the angular resolution of telescopes is the 68 %
containment fraction. When observing a point source, this value defines the opening angle,
which contains 68 % of all events and is directly connected to the signal-to-noise ratio
and the sensitivity of the telescope. The dashed red lines represent the 68 % containment
fraction for the two displayed distributions. In the following, this value is used as a reference
value for the angular resolution of the reconstruction.
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Figure 7.16: Histogram of the angular distance between the reconstructed and simulated
arrival direction of the primary gamma-rays in two different energy bins. The dashed red
vertical line indicates the 68 % containment fraction, the dark blue line represents a fit of
the Rayleigh distribution to the histogram.

Figure 7.17 shows the two-dimensional event distribution of angular distances as a function
of the Monte Carlo energy. The red error bars represent the 68 % containment fraction in
each energy bin. The maximum angular distance between the simulated and reconstructed
primary direction increases with energy. Contrary, the center of gravity of the distribution
shows a tendency towards smaller distances with increasing energies. The resulting 68 %
containment fraction is almost constant over the simulated energy range. It drops only
slightly from 1.1° at 10 TeV to about 1.0° at 40 TeV. The small rise at the highest energies
is probably a result of the reduced statistics due to the decreased particle flux.
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Figure 7.17: Two-dimensional histogram of the angular distance between the reconstructed
and simulated arrival direction of the primary gamma-rays as a function of the Monte
Carlo energy. The reconstruction is performed with HAWC’s Eye image parameters and
the HAWC shower core reconstruction. The red error bars represent the 68 % containment
fraction, their width corresponds to the bin width.

7.3.2 Shower Core Location

In the next step, the HAWC reconstructed shower core location is used as an additional
input parameter for the random forest. The best results are achieved by adding the x- and
y-coordinate of the shower core location relative to the telescope position to the following
set of image parameters:

• GCOG, HCOG
• Leakage
• Dist
• Delta
• Asym
• SlopeLong × sign(CosDeltaAlpha)
• M3Long × sign(CosDeltaAlpha)

Figure 7.18 presents the distribution of angular distances as a function of the Monte Carlo
energy. It has similar characteristics to the previously discussed reconstruction with only
HAWC’s Eye image parameters. The angular resolution drops from 0.36° at 10 TeV to
0.32° at 30 TeV. The resolution rises again for larger energies above 30 TeV.
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Similar to the energy reconstruction, the shower core location significantly improves the
reconstruction of the arrival direction. The HAWC shower core location improves the
angular resolution roughly by a factor of three. This reduction translates to a factor of nine
when transforming the containment fraction to a solid angle.

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00
log10 (EMC / GeV)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

An
gu

la
r D

ist
an

ce
 [d

eg
]

68% containment

200

400

600

800

1000

1200

Figure 7.18: Two-dimensional histogram of the angular distance between the reconstructed
and simulated arrival direction of the primary gamma-rays as a function of the Monte
Carlo energy. The reconstruction is performed with HAWC’s Eye image parameters and
the HAWC shower core reconstruction. The red error bars represent the 68 % containment
fraction, their width corresponds to the bin width.

Similar to the approach discussed in Section 7.2.2, the impact of the limited resolution
of the HAWC shower core reconstruction is evaluated by training the random forest with
the Monte Carlo shower core position. The shower core position is smeared out with a
subsequently increased width following a two-dimensional Gaussian distribution and used
to train the random forest.

Figure 7.19 presents the relative increase of the angular resolution with respect to theMonte
Carlo shower core position in a reference energy bin 3.9 ≤ log10(�MC/GeV) ≤ 4.1. The
angular resolution worsens by more than 60 % for a shower core resolution of 20 m. For
a shower core resolution of . 5 m, the angular resolution increases by less than 8 %. The
values do not directly apply to other energy bins but give an impression of the impact of a
limited shower core resolution on the performance of the arrival direction reconstruction.

For comparison, the HAWC shower core resolution results in a relative increase of
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2 % of the angular resolution in the reference energy bin. This value corresponds to the
result achieved with a two-dimensional Gaussian distribution with a width of < 5 m. This
value is consistent with the impact of the shower core resolution on the performance of the
energy reconstruction (see Section 7.2.2).
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Figure 7.19: Increase of the 68 % containment angle in the energy bin 3.9 ≤
log10(�MC/GeV) ≤ 4.1 in relation to the results achieved with the Monte Carlo shower
core position. The shower core is smeared out according to a two-dimensional Gaussian
distribution. The shower core resolution corresponds to the width of the Gaussian.

7.3.3 Hybrid Reconstruction

The final step of the arrival direction reconstruction is combining the HAWC reconstruction
with HAWC’s Eye image parameters. It has shown that the HAWC energy reconstruction
does not improve the performance of the random forest. The usage of the HAWC arrival
direction reconstruction as an additional input to the set of parameters given in the previous
section provides a significant improvement.

Figure 7.20 depicts the corresponding distribution of angular distances as a function of
the Monte Carlo energy. It shows a significantly smaller maximum angular distance and
a decreased width of the distribution. The angular resolution drops from 0.12° at 10 TeV
to 0.08° at 30 TeV. This resolution means that the inclusion of the HAWC arrival direc-
tion reconstruction as an input for the random forest again further improves the resolution
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roughly by a factor of three.
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Figure 7.20: Two-dimensional histogram of the angular distance between the reconstructed
and simulated arrival direction of the primary gamma-rays as a function of the Monte
Carlo energy. The reconstruction is performed with HAWC’s Eye image parameters and
the HAWC shower core reconstruction. The red error bars represent the 68 % containment
fraction, their width corresponds to the bin width.
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8 HAWC’s Eye Performance
This chapter discusses some of the essential performance parameters of the HAWC’s Eye
telescope, such as its energy threshold and collection area. It presents the angular and
energy resolution of the hybrid setup with the HAWC observatory and the benefits of the
combination of multiple telescopes.

8.1 Energy Threshold
The energy threshold of a Cherenkov telescope is ultimately limited by its aperture. The
larger its light collection area, the more Cherenkov photons are collected for a given shower
brightness. Furthermore, the light yield is limited by absorption and reflection losses, the
efficiency of the photosensors, the hardware trigger, and the image cleaning algorithm.
The trigger efficiency of the telescope increases with the brightness of the shower and,
therefore, with the primary energy. The energy spectrum, on the other hand, falls steeply
for most known sources.
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Figure 8.1: Differential gamma-ray energy spectrum of events reconstructed by the HAWC
detector, by a single HAWC’s Eye telescope, and by the hybrid setup. The spectra are re-
weighted according to the energy spectrum defined in Equation 2.1 with a spectral index
of −2.7.

Figure 8.1 shows the differential energy spectra observed by HAWC, by a HAWC’s Eye
telescope in the center of the HAWC array, and by the hybrid detector setup. The simulated
spectrum with the spectral slope of −1.5 is re-weighted according to the cosmic ray energy
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spectrum defined in Equation 2.1. The spectral index of 2.7 corresponds to a Crab-like
spectrum. The normalization is calculated using the simulated area of 500 × 500 m2 and
solid angle of 61 µsr following the maximum simulated zenith angle of 8°. Each event is
weighted with a factor of 1/(� ln 10) to account for the logarithmic binning, as per:

dq(�)
d�

=
dq(�)

d log(�)
d log(�)

d�
=

dq(�)
d log(�)

1
ln(10)� . (8.1)

At the highest energies, the HAWC’s Eye flux exceeds the HAWC flux. The collection
area of HAWC is ultimately limited by its instrumented area. The HAWC’s Eye telescope
can observe showers with a core outside the instrumented HAWC area. The maximum
distance to the telescope increases with the shower brightness and thus with the energy.
The collection area of the telescopes is discussed in more detail in Section 8.3.

At the smallest energies, the trigger efficiency of the HAWC’s Eye telescope suppresses the
spectrum and limits the minimum energy of gamma-rays, which the telescope can observe.
The energy threshold is not a hard cut-off but rather a reference value for the smallest
observable energies. It can be defined as the position of the peak of the reconstructed
energy spectrum.
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Hybrid detection, Eth = 3.74 ± 0.02

Figure 8.2: Differential gamma-ray energy spectrum of the HAWC’s Eye telescope and the
hybrid setup for a re-weighted input spectrum with a spectral index of −2.7. The energy
threshold �th is estimated by fitting a Gaussian distribution around the peak of the spectrum
(dashed lines).
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Figure 8.2 depicts the region around the peak of the energy spectrum for the HAWC’s
Eye telescope and the hybrid setup with HAWC. The energy threshold is estimated by
fitting a Gaussian distribution around the peak. This method yields an energy threshold of
�th = 5.8±0.3 TeV. This value is consistent with the threshold of the hybrid setup because
of the substantially smaller threshold of the HAWC detector.

For protons, this method yields an energy threshold of �th = 10.7 ± 0.5 TeV, which is
increased almost by a factor of two compared to gamma-rays.

8.2 Field of View

Figure 8.3 shows the zenith angle distribution of the reconstructed HAWC’s Eye events.
The events are weighted with a factor of 1/sin(\), which adjusts for the increase in solid
angle following

dΩ = sin(\) d\ dq. (8.2)
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Figure 8.3: Zenith angle distribution for gamma-ray events reconstructedwith theHAWC’s
Eye telescope. The histogram is normalized to the highest bin. The dashed red line
represents the incidence angle of photons hitting a pixel at the edge of the camera.

The histogram is normalized to the highest bin. The distribution of events appears flat for
zenith angles up to 5° and falls for larger angles.

It shows that there is no sharp cutoff zenith angle. The vertical red line represents
the incidence angle of 6.8° of Cherenkov photons which hit the center of a pixel at the
edge of the camera (see Section 4.3). It is expected that the telescope starts to become less
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sensitive for zenith angles < 6.8°, as the incidence angle of the Cherenkov photons differs
from the arrival direction of the shower by \C ∼ 1°. Contrary, showers with zenith angles
> 6.8° can still hit the edge of the camera and trigger the telescope.

The field of view of a pixel at the edge of the camera can be used as a geometrical
estimate of the HAWC’s Eye telescope’s field of view, resulting in a total field of view of
about 14°.

8.3 Collection Area
The brightness of the shower increases with the energy of the primary particle. This effect
leads not only to an enhanced trigger efficiency (see Section 8.1) but also to an enlarged
collection area. The light intensity falls exponentially at the edges of the Cherenkov light
pool. While bright showers may still trigger telescopes at the edge of the light pool, a lower
energetic shower with fewer Cherenkov photons is too faint to be detected. Figure 8.4
presents the distribution of Monte Carlo shower core positions, which trigger a telescope
approximately located in the center of the HAWC array, in four different energy bins. It
shows that the maximum distance of showers that still trigger the telescope increases with
energy. In particular, in the two highest energy bins, even showers located far outside the
HAWC instrumented area can trigger the HAWC’s Eye telescope.

The energy-dependent collection area of the instruments can be quantified via

�collection(�) =
#reco
#sim

�sim (8.3)

with the simulated area �sim, the number of simulated events #sim, and the number of
reconstructed events #reco. Figure 8.5 shows the resulting light collection area as a function
of the Monte Carlo energy for the HAWC observatory, a single HAWC’s Eye telescope in
the center of the HAWC array, and the hybrid setup of both instruments.

The collection area of HAWC saturates at the size of its instrumented area of about
22 000 m2. At the highest energies, the collection area of the HAWC’s Eye telescopes
exceeds the one of HAWC. As discussed above, this can be explained with showers located
outside of the HAWC array. Such showers are not reconstructed by HAWC. The resulting
collection area of the hybrid setup is limited by the HAWC’s Eye energy threshold at small
energies and by the instrumented area of HAWC at the highest energies.
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Figure 8.4: Shower core distribution of events triggering a HAWC’s Eye telescope in
the center of the coordinate system in different energy bins. The HAWC tank positions
(cyan) and the Monte Carlo core location of each shower are given relative to the telescope
position.
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Figure 8.5: Gamma-ray collection area of the HAWC detector, a single HAWC’s Eye
telescope in the center of the HAWC array, and the hybrid setup of both detectors.

8.4 Energy Resolution
Figure 8.6 shows the energy resolution of the hybrid reconstruction discussed in Sec-
tion 7.2.3. The resolution is thereby defined as

flog � =
√

width2 + bias2 (8.4)

and combines the bias and the width of the residual distribution. It also presents the
resolution of the HAWC energy reconstruction for the same events.

For gamma-rays, the hybrid reconstruction outperforms HAWC for all energies. The
logarithmic energy resolution is reduced by about 30 % above the energy threshold of the
hybrid setup of 5.8 TeV.

The HAWC energy reconstruction of primary protons outperforms the hybrid recon-
struction for the smallest analyzed energies below 5 TeV. Above the energy threshold of
10.7 TeV, the hybrid reconstruction reduces the energy resolution by about 30 % compared
to HAWC.

The logarithmic energy resolution can be converted to calculate the linear resolution via:

f� = 10log �±flog� − �. (8.5)

This calculation yields an energy interval, which is asymmetric around the true energy.
Table 8.1 presents the relative energy resolution f�/� at different primary energies.
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Figure 8.6: Energy resolution of the HAWC and the hybrid reconstruction as a function of
the Monte Carlo energy for gamma-rays (left) and protons (right). The energy resolution
combines the bias and the width of the residual distribution.

Table 8.1: Comparison of the linear energy resolution f�/� of the HAWC reconstruction
and the hybrid system of one HAWC’s Eye telescope with HAWC. The values for 3 TeV
protons are missing due to the increased energy threshold compared to gamma-rays.

Energy Gamma-rays Protons
HAWC Hybrid HAWC Hybrid

3 TeV +51 %
−34 %

+41 %
−29 %

10 TeV +32 %
−24 %

+22 %
−18 %

+54 %
−35 %

+40 %
−29 %

30 TeV +26 %
−21 %

+19 %
−16 %

+42 %
−30 %

+30 %
−23 %

8.5 Angular Resolution

Figure 8.7 shows the angular resolution of the hybrid reconstruction discussed in Sec-
tion 7.3.3. The angular resolution is thereby defined as the 68 % containment fraction of
the distribution of angular distances between the true and reconstructed primary arrival
direction. Similar to the energy resolution, the HAWC reconstruction for the same events
is shown as a reference.

The hybrid reconstruction significantly outperforms HAWC for all analyzed energies. The
angular resolution for 30 TeV gamma-rays of 0.09° is smaller than the HAWC resolution
of 0.27° by a factor of three. This reduction in the angular resolution translates to a factor
of nine in the signal-to-noise ratio and, therefore, the sensitivity for the observation of
gamma-ray point sources.
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Figure 8.7: Angular resolution of the HAWC and the hybrid reconstruction as a function of
the Monte Carlo energy for gamma-rays (left) and protons (right). The angular resolution
is defined as the68 % containment fraction of the distribution of angular distances between
the reconstructed and the Monte Carlo arrival direction of the primary particle.

8.6 Stereo Observation

The combination of multiple telescopes is referred to as stereo observation. The detection
of the same air shower with multiple HAWC’s Eye telescopes promises an improved
reconstruction of the shower properties. This section briefly discusses the observation of
gamma-rays with three HAWC’s Eye telescopes in a hybrid setup with HAWC.

The HAWC’s Eye telescopes are simulated in seven equilateral triangles with various side
lengths between 1 m and 100 m. Figure 8.8 presents the collection area for the hybrid
observation for different distances. It only includes showers that are reconstructed by all
three telescopes of the respective triangle. When also considering showers reconstructed by
one or two of the three telescopes, the collection area exceeds the one of a single telescope.

It shows that the collection area decreases for larger distances between the telescopes.
This effect is caused by the limited collection area of each telescope. It was shown in
Section 8.3 that the maximum distance of reconstructed showers to the telescope increases
with energy. The larger the distances between individual telescopes, the smaller the
probability that all three telescopes are within this limited distance to the shower core. The
result is a decreased collection area and an increased energy threshold.

The number of showers that trigger all three telescopes is too small to train a random forest,
even when using multiple combinations of telescopes. Therefore, the shower image of
each telescope is used to predict the energy and arrival direction of the primary particle
independently. For showers that are reconstructed by each of the three telescopes forming
a triangle, the results of the individual predictions can be averaged. This approach is
expected to improve the resolution, as it combines multiple measurements of the same
property. However, a proper stereo reconstruction, which combines the image parameters
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Figure 8.8: Gamma-ray collection area of the HAWC detector and the hybrid stereo setup
of three HAWC’s Eye telescopes with various distances between 1 m and 100 m.

of the different telescopes, could lead to even better results.

Figure 8.9 shows the angular and the energy resolution of the stereo observation. Due to
the small number of events, it combines all available telescope distances. The results of
the reconstruction with a single telescope are shown as a reference. The angular resolution
is reduced to 0.06° for 30 TeV gamma-rays. This reduction corresponds to a relative
improvement of approximately 35 % compared to the resolution of a single telescope. The
energy resolution is reduced by about 30 % for energies above 10 TeV.

Both values are within the improvement expected when combining three independent
measurements of the same variable: 1/

√
3 = 58 %. Rather the improvement of the

discussed approach is smaller, as the predicted values are not fully independent, and each
uses the HAWC reconstruction parameters as an input.
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Figure 8.9: Gamma-ray angular resolution (left) and energy resolution (right) for the
stereo reconstruction with three HAWC’s Eye telescopes arranged in a equilateral triangle.
Various distances between the telescopes, ranging from 1 m to 100 m, are combined.
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9 Summary and Outlook
This thesis presents the first analysis of the energy and angular resolution of the HAWC’s
Eye telescope in a hybrid setup with the HAWC gamma-ray observatory. A full hybrid
simulation of both detectors is used to analyze the improvements achieved by combining
both detection techniques.

Random forests are trained to reconstruct the energy and the arrival direction of primary
gamma-rays and protons. The combination of the HAWC’s Eye image parameters with
HAWC reconstruction parameters improves the resolution of the reconstruction and out-
performs the individual detectors. Table 9.1 summarizes the energy and angular resolution
for gamma-rays achieved with a single HAWC’s Eye telescope in a hybrid setup with
HAWC. Above 10 TeV, the collection area exceeds 10 000 m2. Especially significant is the
improvement of the arrival direction reconstruction: The simulated angular resolution of
the HAWC observatory above 30 TeV is about three times as large as the one achieved with
the hybrid reconstruction.

Table 9.1: Performance of the hybrid setup of a single HAWC’s Eye telescope in a hybrid
setup with the HAWC observatory for gamma-rays with different energies. The collection
area is evaluated for a telescope in the center of the HAWC array.

3 TeV 10 TeV 30 TeV
Angular resolution 0.2° 0.12° 0.09°
Energy resolution +41 %

−29 %
+22 %
−18 %

+19 %
−16 %

Collection area 500 m2 10 000 m2 18 000 m2

Field of View 14°

An improved reconstruction algorithm, which uses other HAWC parameters than just the
reconstructed shower core position, energy, and arrival direction, could further improve the
performance of the hybrid detection. The combination of multiple HAWC’s Eye telescopes
has shown to decrease both the angular and the energy resolution at the cost of an increased
energy threshold. Currently, more air shower simulations are performed with an updated
layout of telescope positions. This layout features a hexagonal grid covering the whole
instrumented area of HAWC. It will allow for analyzing combinations of multiple HAWC’s
Eye telescopes in different distances with improved statistics. Additionally, the simulation
of heavier nuclei will show if the HAWC’s Eye telescope can be used to reconstruct the
mass of the primary particle.

The impressive results of the presented hybrid reconstruction motivate considerations to
use HAWC’s Eye telescopes not only together with the HAWC observatory but also for
other future experiments.
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HAWC’s Eye as an extension of the SWGO observatory

The Southern Wide-field Gamma-Ray Observatory (SWGO [52]) is a next-generation,
ground-based array of Cherenkov detectors. Based on the success of HAWC, SWGO will
be the first such instrument in the southern hemisphere and is expected to begin full op-
erations in 2026. The foreseen layout of the array features 5000 individual detectors on a
total instrumented area of 221 000 m2, roughly ten times as large as the HAWC array.

The SWGO observatory is expected to achieve an angular resolution of 0.3° at a
primary gamma-ray energy of 3 TeV (0.15° at 30 TeV). The energy resolution is estimated
to improve from 50 % at 3 TeV to 25 % at 30 TeV. The science goals include the search
for galactic particle accelerators, the observation of phenomena like active galactic nuclei
(AGNs), and the possibility to probe physics beyond the Standard Model [15].

The potential istallation of an array of HAWC’s Eye telescopes as an extension of SWGO
promises an improved angular and energy resolution. The performance of such a hybrid
setup depends on the layout of the telescope array, e. g. the number of telescopes and the
distances between them. Since SWGO will provide an improved reconstruction of the
energy, arrival direction, and shower core position compared to HAWC, the values given
in this analysis can be seen as an estimate for the lower limit of the potential resolution. A
proper hybrid reconstruction with other observation parameters of SWGO promises further
improvements.

Similar to other Cherenkov telescopes, HAWC’s Eye has a limited field of view of about
14° and a duty cycle of ∼ 30 %. Although several proposed purposes of SWGO require a
large and unbiased duty cycle and a wide field of view, the HAWC’s Eye telescopes still
could facilitate the accomplishment of several different science goals.

Based on the results of this thesis, a reasonable estimate for the proposed hybrid setup
is an improved angular resolution by a factor of two or three for gamma-ray energies
above 10 TeV. This improvement could be the key to resolve the morphology and identify
structures of extended sources.

For point sources, an improved angular resolution directly translates to an improved
background suppression and an increased signal-to-noise ratio. A factor of three in the
angular resolution corresponds to a factor of nine in the signal-to-noise ratio and the
sensitivity. Although the duty cycle of the hybrid setup is limited by the HAWC’s Eye tele-
scopes, such an improvement still considerably increases the sensitivity for the observation
of gamma-ray point sources.

The science case for the SWGO observatory is discussed in detail in [15]. The following
examples can be used to motivate the scientific purpose for the potential installation of
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multiple HAWC’s Eye telescopes:

• Pulsar emission: The measurement of surface brightness profiles of pulsar regions
will unveil the properties of the accelerators and help to characterize the accel-
eration mechanisms. Pulsars are considered as candidates for the acceleration of
positrons. The observation of gamma-rays, which are expected to be produced in
the positron acceleration regions, will help to understand the origin of the positron
excess [53]. HAWC’s Eye telescopes could be used to track the most promising can-
didates amongst the known pulsars. The improved angular resolution of the hybrid
setup will help to resolve the morphology of these sources.

• Pevatrons and SNRs: Pevatrons are sources that can accelerate protons up to
PeV energies. Such high-energy protons are expected to produce gamma-rays with
energies up to 100 TeV. Supernova remnants (SNRs) are considered as pevatron
candidates and could clarify the still unknown origin of the cosmic rays above the
knee. The study of SNR pevatron candidates requires a sensitivity of the detector
to gamma-rays in the 100 TeV region, which is certainly given by the HAWC’s Eye
telescopes. The improved angular resolution of the hybrid setup will facilitate the
characterization of known SNR pevatron candidates.

• Star-forming regions: Star-forming regions have already been detected in gamma-
rays. SWGO is expected to constrain the spectral properties in the 100 TeV region.
The improved angular resolution of the hybrid setup can further constrain the spatial
origin of the emission and help to resolve the morphology of the emission regions.
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