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Abstract

This work discusses the possibility of calibrating the e�ective e�ciencies of Water
Cherenkov detectors (WCDs) at the Southern Wide-�eld Gamma-ray Observatory
(SWGO) by utilizing pairwise charge asymmetry parameters. These parameters are com-
puted for single shower events and then averaged over all conducted simulations. The con-
cept, originally proposed for Imaging Atmospheric Cherenkov Telescopes (IACTs), has
proven successful for the Cherenkov Telescope Array (CTA) and is now being tested with
two possible approaches for asymmetry parameter computation for SWGO. We found
that following preliminary testing against grid anomalies, our method demonstrates
promising accuracy within the limitations of WCD-based gamma-ray observatories.
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1 Introduction

The study and investigation of gamma-ray or cosmic-ray induced air showers in Earth’s
atmosphere is a discipline of astroparticle physics and an observational method similar
to radio- and visual astronomy. As a product of astronomical events like Supernovae,
gamma- and cosmic-rays enter Earth’s upper atmosphere where they produce air showers
that can be detected indirectly either using pointing instruments like imaging atmo-
spheric Cherenkov telescopes (IACTs) or on the ground using water Cherenkov detectors
(WCDs) situated at high altitudes.

Water Cherenkov detectors are capable of surveying the entire sky for sources emitting
high energy particles without signi�cant interruption due to readjustments of the optics.
This advantage allows scientists to survey not only the entire sky but also short-lived
transient events like gamma-ray bursts. To produce useful contributions to scienti�c
research, these observatories have to be precisely calibrated in order to recreate a de-
tected event with a reasonable resolution. Only then is it possible to make a statement
about the origin and also examine properties of the recorded shower to gain knowledge
about its source.

So far, WCDs like the High Altitude Water Cherenkov Observatory (HAWC) and
the Large High Altitude Air Shower Observatory (LHAASO) are built and operate in
the northern hemisphere, with the southern sky being only observed via IACTs. The
Southern Wide-�eld Gamma-ray Observatory (SWGO) is a WCD planned to be built in
the Atacama desert to allow surveying the southern sky for gamma-ray and cosmic-ray
events and to complement IACT observations with a focus on the galactic center.

The proposed SWGO project will consist of around 3700 individual tanks, which
will each be separated in two chambers arranged above each other. This design is speci�-
cally created to optimize the separation between gamma and hadron induced air showers
and is said to have superior discrimination abilities compared to existing projects like
HAWC or LHAASO. To precisely calibrate a WCD, the e�ciency parameter of every
tank/chamber has to be determined. These depend on the installed Photo-Multiplier
Tube (PMT), the water purity, and the water level inside the tank/chamber. Hence, a
calibration technique is needed that addresses all possible e�ects.

The presented thesis will focus on the concept of cross-calibration using a �2-minimizer.
The goal is to reach a satisfactory level of recovered e�ciencies based on gamma-ray
and cosmic-ray simulations. Fundamental properties of extensive air showers (EASs),
the detection method of WCDs, and the design of SWGO will be discussed in order to
explain the process of cross calibration based on shower simulations.
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2 Fundamental topics and motivation

To understand the importance of calibration and the challenges that will be discussed
later on, it is necessary to �rst discuss underlying physical concepts and technical
methods. Therefore, an introduction and discussion of extensive air showers (EAS) will
be made alongside an introduction to shower detection. A special focus will be put
on the detection method utilizing the Water Cherenkov method and the designated
method of SWGO using double layered detector tanks. Moving further, the SWGO
project and its scienti�c goals will be introduced.
The description of air showers in section 2.1 is based on the work of J. Matthews and
fully satisfactory for the purpose of this work since only the intuition and the concept
of a shower event are needed to understand further elaborations [Matthews, 2005]

2.1 Properties of shower events

In general EASs, both hadronic and 
-ray showers, follow a similar structure of cascading
particle production from an initial primary particle that entered the upper atmosphere.
Since 
 induced showers also occur as sub-showers for hadronic events and also have a
simpler structure they will be introduced �rst. A realistic side by side comparison of
simulations for a 
-shower and a proton-shower are portrayed in Figures 4 and 5.

A 
-shower is initialized by a 
-ray entering the upper atmosphere. After interac-
tion with the electromagnetic �eld of an atmospheric molecule the 
-ray undergoes
pair-production resulting in an electron-positron pair after traveling a �xed length given
by

d = ln(2) �r (1)

where �r is the radiation length of the medium the photon has passed. This process
is the initial reaction of the shower cascade. The resulting particles propagate deeper
into the atmosphere radiating energy by emitting photons via bremsstrahlung. These
photons again undergo pair-production into another set of e� e+ forming the second
step of the cascade. Here for simplicity reasons the reaction is only displayed for the
relaxation of a single electron

e�

e�

e+

e�



Figure 1: Feynman diagram of the second step in the 
-shower cascade.

This process happens until the particle energy is too low to initiate pair-production. The
broadest lateral extension of the shower is reached when the energy of a shower particle
falls below a critical energy where the reaction cross-section for scattering reactions
is greater than the one for bremsstrahlung in case of electrons or pair production in
case of photons. The loss of energy via scattering now dominates the probability of
bremsstrahlung or pair-production. With further penetration into the atmosphere
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the number of particles contributing to the shower decreases due to de
ections from
scattering reactions. As a result, the e�ective size of the shower and the number of its
particles decreases. Hence the number of particles depends on the depth of the shower
in the atmosphere. The number of particles in the shower after n cascade evolutions is
approximated by N = 2n and the depth of the shower may be expressed as

D = n � d = n � ln(2) �r: (2)

The critical energy depends on the density of the propagation medium. From that point
forward the shower decreases in size again. For this reason, it is bene�cial to operate
WCDs at high altitude near the lateral shower maximum. However, installation and
maintenance are increasingly di�cult with higher altitudes.

For the case of hadronic shower events the production of particles is more complex than
for 
-showers. The initial hadron which can vary from single protons to large nuclei
like Iron will interact through the strong force with molecules of the upper atmosphere
to produce both neutral and charged pairs of mesons like pions and kaons. Here we
modify the expression de�ned in equation (1) to read

d = ln(2) �I (3)

with �I denoting the interaction length for strong interactions. The length d now de�nes
an atmospheric layer of interaction. The reaction releases a set of Nch charged pions
and 1

2Nch uncharged pions where the number of produced pions Nch depends on the

initial energy E
1=5
0 of the primary particle [Matthews, 2005]. From this step the �0

propagates for a short time before it decays into a set of photons which themselves will
introduce 
-sub-showers as described above.

u; d 


u; d 


Figure 2: Feynman diagram of a �0 decay

The �� propagates onward into the next layer d where it may again interact strongly to
produce similar reaction products. In that manner a new set of �0 induced 
-sub-showers
is introduced to the hadron shower while the produced �� interact again. In each
evolution a third of the initial proton or later �� energy is released into the 
-sub-shower
meaning that the produced charged pions yield an energy of 2

3Ei where Ei is the initial
energy of the proton or pion prior to the interaction. Typically with each step of the
cascade multiple pions are produced each pion has signi�cantly less energy than its
predecessor particle. Similar to the 
-ray the charged pion will reach a critical energy
where the decay into muons dominates.
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u; d

d; u �; ��

��; �

W�

Figure 3: Feynman diagram of a weak pion decay through a W-boson whereas a �+

decays into a � and a �� and a �� into a �� and a �

Since muons are primarily produced in hadronic air showers they will therefore also
be used to di�er a detected shower between 
 or hadron induced. A detailed analysis
of this discrimination is provided in chapter 2.3. Similar to the 
-shower the hadronic
shower reaches its lateral maximum at the depth of maximum lateral expansion of the

-sub-showers.

The introduced model of EASs describes the origin of an air shower and its prop-
agation towards the detector and Earth’s surface. A more detailed description of EASs
is surely possible to derive but not necessary for the purpose of this work so this work
will stick to the simpli�ed model.
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Figure 4: CORSIKA simulation of
a 100 GeV gamma shower entering
earths atmosphere [DESY, 2025a].

Figure 5: CORSIKA simulation of
a 100 GeV proton shower entering
earths atmosphere [DESY, 2025b].

2.2 CORSIKA Simulations

This work will use shower simulations created with the CORSIKA event simulation tool
developed by the Karlsruhe-Institute of Technology (KIT) [D. Heck, 1998]. CORSIKA
is a software that simulates cascades of particle production in the atmosphere and
therefore is mainly used in astroparticle physics to simulate shower events. CORSIKA
allows the simulation of shower events under universal assumptions regarding important
physical models of particle interaction.
The event cascades of this work are a set of Monte Carlo simulations created with COR-
SIKA used for the D8 layout of the SWGO array as discussed in [SWGO-Collaboration
et al., 2025]. The actual dataset is labeled M7 internally since it was simulated in
progress of Milestone 7 of the SWGO project (see �gure 6 for the milestones). The PMT
response is simulated using HAWCsim and evaluated using AERIE, which are software
tools originally developed for HAWC [HAWC, 2025]. Two or more events triggering the
array are possible but not discussed for the current simulation setup.
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2.3 Discussion of the Water Cherenkov detection method

This subsection will introduce the water Cherenkov detection technique that will be
used for SWGO and also explain the designated setup using double layered water tanks.
In general an EAS is detected via secondary photons by shower particles. In the past,
detection was traditionally carried out using a scintillator to count event particles. This
was proven ine�ective for 
 -shower events due to a very low sensitivity of a scintillator
array with only 1-2 % while yielding an energy threshold of around 100 TeV [Sinnis,
2010]. A further approach of detection was made using a water tank to detect Cherenkov
light. The underlying principle of this detection method is the Cherenkov e�ect. It
describes a phenomenon of light emission when a particle moves faster than the local
speed of light. Cherenkov light is emitted by the medium if charged particles travel
faster than the local speed of light. The �rst proof of this concept was made by the
Milagro project which was capable of detecting multiple low TeV sources [Sinnis, 2010].
The general theory states that for a particle with a speedv < c where c is the vacuum
speed of light Cherenkov light can be produced when the relation

v
c

= � >
1
n

with n as the refractive index (4)

is satis�ed. In that case the particle that entered the medium moves faster than the
local speed of lightclocal which also can be derived from the refractive index. For pure
water the local speed of light is given asclocal � 0:75c. The Cherenkov e�ect can be
simpli�ed as a shock front formed by the moving particle similar to a supersonic shock
wave. The Cherenkov shock is detected as a light cone of UV- or visible blue light,
depending on the medium. The Cherenkov angle describes the angle enclosed by the
propagation direction of the particle and a normal vector placed onto the shock front
and is de�ned as

cos �Ch =
1

�n
: (5)

Depending on the size of the WCD tank, multiple photomultiplier tubes (PMTs) are
used to reconstruct the detected Cherenkov light or, as proposed in the wide-�eld
 -ray
observatories such as SWGO, Cherenkov light is detected with only a single PMT.
Hence, certain dimension ratios as well as re
ectivity abilities of the inner tank walls
are required. The following design details are based on the SWGO white-paper, which
outlines the current status of the project and discusses the considered tank dimensions
[SWGO-Collaboration et al., 2025].
The currently designated design features tanks with a radius of 5.2 m and a height
of 4 m. Inside there will be two chambers to optimize
 /hadron separation and the
lower chamber will have a height of 80 cm. The upper chamber is set to host a 10 inch
PMT and the lower chamber will host an 8- to 10-inch PMT which is still to be decided.
Furthermore, the lower chamber will have a highly re
ective lining at the top end of
the chamber to improve the detection of Cherenkov light.
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2.4 Analysis and reconstruction of shower events

A detected air shower allows the deduction of information about its source; hence,
parameters like age or activity may be examined. The intensity of a shower indicates
the physics of the initial particle acceleration and therefore carries information about
properties of its source. To reconstruct shower parameters, the zenith angle, shower
core, azimuth angle and shower energy must be determined. While the energy can
be reconstructed from the total photoelectron yield in the PMTs, information about
the impact location and angles is usually derived from timing information between the
tanks. From the detection time of each tank the shower front can be reconstructed
and together with the information about the recovered integrated PMT charge in any
tank the impact location and angles can be recovered [Abeysekara et al., 2017]. A
di�erent approach to reconstruct the core and energy is proposed by [Abreu et al., 2023]
which is only dependent on the recovered charge in each tank. The technique has been
originally developed for the High Altitude Water Cherenkov array (HAWC) and was
adapted for SWGO. It has been proven to reconstruct events based on Monte Carlo
simulations. The main idea of the approach is to consider the charges recovered in each
tank and create an amplitude function for the event. For this function using Monte
Carlo (MC) simulations and HAWCSim a probability distribution function is computed
for each tank and �tted against the observed amplitude function. From the best �t one
can retrace parameters like zenith angle, shower impact location, etc. and therefore
reconstruct the recorded event.

2.5 The proposed SWGO project

The SWGO is a project that aims to investigate very high energy (VHE) 
 -ray events
originating in the southern hemisphere. The project will be summarized along the lines
of the SWGO white paper [SWGO-Collaboration et al., 2025]. Once fully operational,
the wide �eld capability of SWGO allows for a continuous monitoring of the galactic
plane to observe and study particle acceleration and the galactic structure. Figure 8
displays the accessible regions of the sky also highlighting the extension of the observable
sky by collaborating with Fermi-LAT. The high energy detection capability and large
Field of View (FoV) combined enable the detection of transient events like Gamma Ray
Bursts (GRB)s, 
ares from active galactic nuclei (AGN 
ares) and Nova or Supernova
explosions. Further proposals regarding beyond Standard Model physics are also under
discussion, namely detection of dark matter (DM) annihilation or decay which in theory
would also create VHE or ultra high energy (UHE) 
-ray detectable for SWGO.
A further notable extension is the The Utility for Radio Beam-formed Observations
(SWGO-TURBO) project which will enhance angular resolution and shower characteris-
tics for large zenith angles.
The designated site Pampa La Bola in the Atacama Astronomical Park lies at 4.7 km
above sea level and is located 45 minutes of driving away from the town San Pedro de
Atacama. This site is a well established location for astrophysical observatories also
hosting the Large Millimeter/submilimeter Array (ALMA) for example. The altitude is
a dominant factor since it allows the indirect detection of secondary shower particles in
water tanks as explained in section 2.3. The project is still in development nearing the
�rst construction phase [SWGO-Collaboration et al., 2025]. The project is categorized
in milestones with the latest achieved milestone M7 being the decision for the project
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site. All de�ned milestones can be retraced in Figure 6 and show that the project is
nearing its operational status with construction beginning after the design is �nalized.

Figure 6: Table of Milestones taken from
[SWGO-Collaboration et al., 2025]

Figure 7: Plot of the M7 tank layout.

With the current status of the project, a tank layout as seen in Figure 7 consisting of
3 stages with a total of 3763 WCDs. The stages di�er mainly in terms of �ll factor
with the center-most stage yielding 70% the middle stage 4% and the belt stage 1.7%.
The high �ll factor in the center is necessary to allow for transient and distant source
detection while the low �ll factor and therefore larger ground area covered by the two
outer stages allow a higher rate of PeV shower detections. With this setup the entire
array will cover 1 km2 on the ground. The tank design for the center stage follows
the principle explained in section 2.3. The double layered design features superior
capabilities in terms of 
 /hadron separation when compared to single chamber tanks
used for the HAWC array [Kunwar et al., 2023]. The WCD units consist of steel tanks
with a bladder incorporated to hold the water and PMTs. These tanks are set with a
radius of 5.2 m and height of 4.1 m whereas the bladder has a total hight of 4 m and
depth of 3.2 m for the upper chamber. The used PMTs are still under discussion but
for the upper chamber a 10-inch PMT is favored whereas for the lower chamber an 8-
to 10-inch PMT is said to be reasonable.
For the two outer array stages the �nal tank design has not been determined due to
ongoing discussions about dimensions and chamber layouts. A similar design as used in
the center is possible yet di�erent designs with �nancial and logistic bene�ts are still
plausible. Possible alternative options contain a smaller tank design which may be built
on site but lack the superior 
 /hadron separation ability [SWGO-Collaboration et al.,
2025]. A �rst feasibility test of possible tank designs will be conducted under the project
name SWGO-Path�nder (SWGO-PF) consisting of six tanks of di�erent setups to
investigate the individual response under real conditions on site. After completion of the
SWGO-PF test SWGO-A will be constructed in close proximity and begin observations
with a fraction of the center stage tanks. SWGO-A will consist of 385 WCDs grouped
in 7 clusters with a central Field-node (FN) for power supply and data recovery and a
grid �ll factor of 65%.
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