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A significant challenge encountered by ground-based gamma-ray observatories is the substantial
quantity of cosmic-ray particles that trigger detections. Therefore, it is crucial to implement
techniques that can distinguish and separate gamma-ray showers from cosmic-ray showers. The
Southern Wide-field Gamma-ray Observatory (SWGO) will be an array of water Cherenkov
detectors, currently planned for construction in Chile in the Southern Hemisphere. The current
simulation of the observatory includes a set of parameters as potential observables, some of which
have demonstrated strong potential for effective Gamma/Hadron separation. In this work, we
present an analysis of the performance of the most promising of these observables under different
ranges of reconstructed energy, core position, and arrival direction.
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1. Introduction

Successful high-energy source detection using indirect methods is dominated by arrays of Imag-
ing Atmospheric Cherenkov Telescopes (IACTs), which provide excellent sensitivity and good
separation between the cascades generated by gamma rays or hadrons [1]. Later, a different
and complementary observational technique was developed: water Cherenkov detectors, such as
HAWC [2] and LHAASO [3]. In fact, HAWC has discovered several new sources, as reported in
the second and third catalogs [4, 5], and has demonstrated the ability to monitor them [6], among
other capabilities. Like IACTs, this kind of observatory must implement gamma/hadron separation
during the source analysis phase.

The most traditional and simple way to distinguish between two species is to apply dedicated cuts
to observables. In the case of HAWC, two observables (Parameter for Identifying Nuclear Cosmic-
rays, PINC, as described in Section 3, and Logarithm Inverse of the Compactness1, LIC) [7] are
used to remove the hadron contribution from the data when analyzing gamma-ray sources. Recent
advances in the field of artificial intelligence, particularly in machine learning and deep learning,
have enabled the implementation of techniques that achieve excellent results in classification and
reconstruction tasks. Gamma/hadron separation is a perfect example of a classification problem.
HAWC and LHAASO have begun to explore these kinds of techniques, implementing a multi-
layer perceptron (MLP) [7, 8], which combines several observables to predict the type of particle
detected. Since the event data recorded by these observatories consist mainly of a matrix of pho-
tomultiplier tubes (PMTs), which can be interpreted as an image, deep learning models have also
been explored [9–11].

The Southern Wide-field Gamma-ray Observatory (SWGO) will be a ground-based experiment
installed in Pampa La Bola, Chile, at an altitude of 4,770 meters. SWGO will consist of an array
of water Cherenkov detectors (WCDs) distributed across three regional zones: a central zone with
the highest density of WCDs (with a fill factor, FF, of approximately 65–75%), and intermediate
and outer zones with decreasing WCD density (with FFs of 4% and 1.7%, respectively)2. Since the
establishment of the SWGO collaboration in 2019, one of the main efforts has focused on creating
observables that help distinguish between gamma and hadron events. One approach has involved
training and implementing a graph neural network (GNN) to identify patterns in the data for event
classification [11].

Currently, SWGO analyses use a MLP to combine all the gamma/hadron separation information
and produce a single value indicating the particle type. In this contribution, we present an analysis
aimed at identifying the most relevant parameters for the gamma/hadron separation task, which are
then used as input to the MLP model, as reported in Section 4. The description of these observables
is provided in Section 3, and the data used is described in Section 2. Section 5 summarizes the
results of this contribution.

1Where compactness is defined as the number of PMTs with charge during an event over the maximum charge far (>
40 m) from the shower core.

2See Figure 2 in [12] to visualize these regional zones.
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2. SWGO data

The simulation of SWGO data is based on that of HAWC. First, the extensive air shower is
simulated using CORSIKA; then, the interaction between secondary particles and the detector is
simulated with HAWCSim [13]; finally, the events are reconstructed using the charge and time
collected from each PMT [12]. An alternative simulation method, optimized for very high energies
(>100 TeV), is known as "fast simulation." This approach uses a parametrization of the signal
detected in the WCDs, making it more efficient in terms of computing time [14]. The data used
in this contribution were generated using this fast simulation method. The data were grouped into
five logarithmic energy bins from 4.5 to 7.0, with a step of 0.5; three core position bins: central,
intermediate, and outer3; and three zenith angle bins: vertical (0◦–30◦), moderate (30◦–45◦), and
horizontal (45◦–52◦) events. There are 45 bins in total; however, in this procedure, we analyze only
the 15 bins corresponding to vertical events across all logarithmic energy and core position bins. A
quality cut is applied, requiring successful reconstruction of energy, core position, and direction.

3. Gamma/hadron separation observables

The reconstructed files generated by the fast simulation contain diverse information, such as
energy estimators, core position, arrival direction, several gamma/hadron separation observables,
and a fit of the lateral distribution function (LDF) using the NKG equation. Some observables
originate from the HAWC observatory but have been optimized for the characteristics of the
SWGO detector. For example, the PINC quantifies the evenness of the lateral charge distribution
function [13], and LDFChi2 represents the chi-square value from the LDF fit [7]. Other observables
were developed by the SWGO collaboration, such as LCm, which evaluates fluctuations in the WCD
signal at the azimuthal level [15]; and variables related to the quality of the angle and energy fits,
AFQ and LHQ. Additionally, two observables based on deep learning models have been implemented.
Both models use WCD information, charge and time, as input and compute a value between 0 and 1 to
predict the primary particle type (gamma or hadron). These models differ in architecture: one uses
Graph Neural Networks (GNNs) [11, 16], while the other, Deep learning for Extensive Air Shower
Targeted Event Reconstruction (DeepEASTER), employs an attention-based neural network [17].
These are not the only available observables in the reconstruction; however, we focus on those with
the highest gamma/hadron separation power in order to provide a reduced input list for the MLP,
leading to improved classification performance.

4. Analysis & results

The goal of the gamma/hadron separation task is to retain the largest possible fraction of gamma
events while rejecting as many hadron events as possible. A typical metric used in high-energy
astrophysics to quantify the separation between them is the Q factor. It is defined as: 𝑄 = 𝜖𝑔/

√
𝜖𝑝,

where 𝜖𝑔 is the fraction of gamma events correctly classified (called gamma efficiency), and 𝜖𝑝 is
the fraction of proton events misclassified (proton efficiency)4.

3Same three regional zones in SWGO.
4Although this is typically referred to as hadron efficiency, in this work only proton events are employed; for this

reason, we refer to it specifically as proton efficiency.
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(a) DeepEASTER. (b) DeepEASTER.

(c) GNN. (d) GNN.

(e) LDFChi2. (f) LDFChi2.

Figure 1: The performance of the DeepEASTER, GNN, and LDFChi2 observables is presented. The Figures
in the left column show the distributions of these observables for gamma and proton events, along with their
corresponding gamma efficiency, proton efficiency, and Q-factors, represented by the red, blue, and green
lines, respectively. The events used have logarithmic energies between 5.5 and 6.0 and the intermediate
core bin. The Figures in the right column display the ROC curves for these observables across five different
energy bins, using events within the same zenith angle and core position ranges as those in the Figures on
the left.

An independent performance analysis was conducted for each bin across all observables in the
reconstruction list. This process allowed us to identify which observables offer the most effective
gamma/hadron separation. The selected observables exhibit minimal overlap between the gamma
and proton event distributions. This pattern is shown in the left column of the Figure 1, where
histograms of three observables are presented for a specific bin corresponding to the intermediate
core region and logarithmic energies between 5.5 and 6.0. Additionally, these Figures display
the gamma and proton efficiencies and Q factors at different thresholds. The optimal cutoff is
defined as the threshold yielding the maximum Q factor, subject to the condition that the gamma
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efficiency is greater than 80%. The efficiency information is used to build the Receiver Operating
Characteristic (ROC) curves shown in the right column of Figure 1. The ROC curves provide a
visual representation of the correlation between gamma and hadron efficiencies. The best classifier
corresponds to the curve closest to the top-left corner of the figure5. Observables with curves
closest to this point are selected as the best classifiers.

The figures in the right column illustrate the behavior of three observables across different log-
arithmic energy bins within the intermediate core bin. It is important to note that the separation
power of these observables varies across energy bins. Better separation is achieved at higher
energies, where more WCDs typically participate in the detection footprint, providing richer infor-
mation for event reconstruction. Despite this energy dependence, these observables offer the best
gamma/hadron separation performance across the full energy range of SWGO. A similar trend is
observed across the core bins. The observables exhibit different separation performance depending
on the core location, with the best results obtained for events whose cores are located near the center
of the array. This is because central events are almost fully detected, providing more complete
information for reconstruction (see Figure 2).

(a) Central core bin. (b) Intermediate core bin.

(c) Outer core bin. (d) ROC curves.

Figure 2: The performance of the LDFChi2 observable is shown for three different bins corresponding to the
central (a), intermediate (b), and outer (c) core bins, using the same colors and line definitions as in Figure 1.
The events have energies between 4.5 and 5.0 (logarithmic scale). In (d), the ROC curves for this observable
across these three core bins are presented, demonstrating good overall performance with distinct behaviors
in each.

After optimizing the selection of observables for this classification task, all this information can
be combined to obtain better results. To achieve this, a MLP was trained. This model was fed with

5This point represents the optimal classification, where the model correctly classifies all events, regardless of particle
type.
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(a) Central core bin. (b) Central core bin.

(c) Intermediate core bin. (d) Intermediate core bin.

(e) Outer core bin. (f) Outer core bin.

Figure 3: The performance of the MLP is shown for three different bins corresponding to the central (top
Figures, a & b), intermediate (middle Figures, c & d), and outer (bottom Figures, e & f) core bins. The
Figures in the left column (using the same color and line definition as in Figure 1) display the MLP output
distributions and efficiencies for events with logarithmic energies between 5.5 and 6.0. The Figures in the
right column present the ROC curves of the MLP across five energy bins, following the same color scheme
as Figure 1. These results demonstrate that combining multiple gamma/hadron separation observables
significantly improves classification performance.

ten input parameters: seven gamma/hadron separation observables (AFQ, DeepEASTER, GNN, LCm,
LDFChi2, LHQ, and PINC) and three additional reconstructed parameters (energy, zenith angle, and
the distance between the shower core and the array center). An independent MLPmodel was trained
for each bin using the ADAM optimizer, with an architecture of 10:12:12:1 (ten neurons in the
input layer corresponding to the ten input parameters; two hidden layers with twelve neurons each;
and one neuron in the output layer). The left column of Figure 3 shows the performance of three
different trained models, where the MLP predictions for each event are presented as histograms,
with their distributions clearly separated and minimal overlap. The right column presents the ROC
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curves for all bins analyzed in this contribution, with one Figure for each core bin showing curves
for the five logarithmic energy bins. Although performance varies across energy and core bins,
the MLP output consistently demonstrates excellent discrimination of proton events while retaining
more than 80% of gamma events.

5. Discussion and Conclusions

A performance analysis of gamma/hadron separation was conducted using the full list of recon-
structed observables available in the SWGO dataset. This analysis identified the most effective
observables for this task. In Section 4, the three most powerful observables were reported, and their
performance was shown to depend on energy and core position. The seven strongest gamma/hadron
separation observables (AFQ, DeepEASTER, GNN, LCm, LDFChi2, LHQ, and PINC), together with
three key shower parameters (energy, zenith angle, and distance from the core to the array center),
were selected as inputs for the MLP model. An independent MLP model was trained for each bin to
optimize the classification of detected particle events.

In this contribution, the first 15 bins corresponding to vertical events (zenith angles between
0◦ and 30◦) were analyzed. The results demonstrate that the MLP models significantly outperform
individual gamma/hadron separation observables. Although performance varies across energy and
the core bins, the MLPmodels consistently achieve strong proton rejection while retaining more than
80% of gamma events. For example, the MLP performance for the logarithmic energy bin between
6.5 and 7.0 in the intermediate core bin (purple line in Figure 3c) is higher than that of the three
best individual observables (purple line in the right column of Figure 1). This improvement is due
to the MLP combining all input information to provide a better classification, which is why its ROC
curve is closer to the ideal classifier.
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