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The Southern Wide-field Gamma-ray Observatory (SWGO) is an international collaboration work-
ing on a ground-based gamma-ray observatory that will be located in the southern hemisphere.
A crucial step in the analysis is to identify the showers produced by gamma rays and separate
them from the abundant background of hadronic showers. In this work, we propose to adapt the
observable, Sj,, used successfully to composition studies in the Pierre Auger Observatory to the
SWGO detector. This observable takes into account the signal and the position of each triggered
detector. It characterizes the shape of the lateral distribution of the signal, which depends on the
nature of the primary particle. The value of Sj, is therefore suited to identify gamma induced
showers and to reject the more frequent hadronic showers. This analysis has been performed
using a scaling factor to link the observable, Sj, between the central and outrigger array. Also we
explore how this new observable improves the separation of primary proton and gamma-induced
air showers in terms of the merit factor.
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1. Introduction

In this study, we propose the adaptation of the observable Sp [1, 2], which is currently
utilized in the Pierre Auger Observatory (PAO) [3, 4] for the purpose of gamma hadron separation,
to be employed in the upcoming SWGO (Southern Wide-field Gamma-ray Observatory). The
modification of S}, is required to take into account the higher, varying density of detector statoin in
SWGO. §;, captures the combined influences of the muon and electromagnetic components on the
lateral distribution function of air showers, originating from different primary species at any given
primary energy. It is defined as follow [1]:
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where the sum runs over all the triggered stations, S; is the signal recorded in the ith station, r; is
the distance of this station to the shower axis, r is a distance of reference, and the parameter b is a
free parameter, allowing for the maximization of the discriminating power of this observable.

In the original work, the S, observable has been investigated for different array configurations,
including square and triangular grids. In the case of the triangular grid, various separation distances
between stations were considered, ranging from 500 m to 2000 m.

This observable was initially proposed for proton-iron discrimination [1] and has also been
utilized within the Pierre Auger collaboration for gamma-hadron separation [2].

The Surface Detector of the Pierre Auger Observatory consist of a triangular configuration
with a station separation distance of 1500 m to detect cosmic rays with energies above 10163 eV
[3]. In this study, we propose the utilization of the S observable for gamma discrimination in a
detector designed to operate within a lower energy range (100s GeV to 100s TeV) and employing
a denser array configuration. This implies taking into account smaller station separations and core
distances thank previously studied.

To assess the discrimination power of this observable, we computed the merit factor (equation
2) and the Q factor (equation 3, [5]). These factors are defined as follows:

Hy = Hp
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where ¢ and o are the mean and the standard deviation of values of S; the subscripts ¥ and p
correspond to distributions for gammas and protons.
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where €, is the fraction of gamma ray events retained after a cut, and €, is the fraction of proton
induced events retained after the same cut applied.

2. SWGO detector

The SWGO detector is a ground-based gamma-ray detector, which boasts a wide field of view
and a high duty cycle. It is planned to be situated in South America at an approximate altitude of
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4.4 km. The detector’s scope spans primary particles within an energy range from the hundreds
of GeV up to the PeV scale [6]. The design primarily relies on water Cherenkov detector stations,
characterized by a dense core area extending 160 m radius, followed by a lower density outer array
or outrigger area reaching up to 300 m (radius) (see Figure 1 left). Each station will be equipped
with two Photo Multiplier Tubes (PMTs), with one positioned to observe the top of the tank, thereby
capturing the electromagnetic component of the shower, and another situated to observe the bottom,
enabling the detection of the muonic component.

In our analysis, we simulated proton and gamma-induced showers using the CORSIKA Monte
Carlo simulation program [7]. We then applied the detector simulation and reconstruction frame-
work developed by the SWGO collaboration, which is based on the code developed by the HAWC
Collaboration. The simulation library follows a E~2 spectrum to evenly distribute the computational
time across each energy decade.

The parameter Sj is derived from the total signal measured in each triggered detector for
a given event. Consequently, it relies on the normalization and shape of the lateral distribution
function of the total signal. Figure 1 (right) displays the logarithm of the total charge of the PMT at
the top of the tank as a function of the distance to the shower axis for protons and gamma primaries.
The plotted lines represent fits of the lateral distribution function to an NKG-like function. This
figure clearly illustrates the distinction between the proton and gamma lateral distribution functions
observed in the SWGO standard configuration (Figure 1 (left)).
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Figure 1: Left: Schema of the SWGO detector design: central array in red, outrigger array in blue. Right:
Lateral distribution signal for gamma and proton-induced showers with zenith angle (5°-7°) and similar
number of triggered stations (4000-5000).

3. Scaling Factor

Previous studies of S, focused on uniform array configurations. However, in the case of
SWGO, the array exhibits varying densities, which changes the relative contribution of station to
Sp in different regions. To address this, a scaling factor is employed to compensate.
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A preliminary method for calculating the scaling factor involves utilizing the ratio of detector
densities between the central and outrigger arrays. The ratio of the area occupied by stations to the
total number of stations in each configuration is found to be 16, serving as the scaling factor.

Another approach for calculating the scaling factor involved constructing a unit cell using
the three closest stations from the outrigger array. Figure 2 (left) illustrates the unit cell under
investigation, highlighted by the yellow-colored sides, along with neighboring unit cells formed by
stations surrounding it in the outrigger array.

Each station in the unit cell shares a common vertex with six neighboring cells. Thus, the
analysis shows that the three stations in the unit cell collectively contribute only half a station per
cell.

One can apply the same procedure to the central array with a unit cell size similar to the
outrigger array (see Figure 2), which has 1/4 the station distance. For an equivalent cell, one
obtains the following: vertex stations (3 X 1/6), edge stations (9 X 1/2), and inner stations (3 X 1).
Therefore, the total contribution of stations per unit cell in the central array is equal to 1/2 + 9/2
+ 3 = 8. By comparing the central array’s contribution of 8 stations to the outrigger array’s 0.5
stations, it becomes evident that there are 16 stations in the central array for every station present in
the outrigger array. This comparison confirms the scaling factor to be 16.
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Figure 2: The red lines outline the boundaries of the unit cells, while the yellow lines indicate the unit
cell under observation for different configurations of the SWGO array. On the left side is the outrigger
configuration, while on the right side is the central array configuration.

We verify the scaling method by extending the outrigger configuration to the central array.
This is done by removing stations in the central array to generate a sub-array of the density of the
outrigger array. In this part of the analysis, the observable S}, is calculated for both configurations
of the central array: first for the original configuration, then for the modified configuration, where
the central array is adjusted to be similar to the outrigger array, but including the scaling factor.

In order to ensure that a significant portion of the shower is well contained within the array
and to avoid potential irregularities at the array boundaries, the analysis focused on events with
a core distance between 70 to 90 meters away from the center of the array. Additionally, only
triggered stations within a distance of less than 50 meters from the shower core were considered for
calculating the observable S; by two methods:
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Figure 3: The histograms display the distributions of S; values obtained through standard and weighted
calculations, considering the denser (blue histogram) and outrigger configurations (red and green histograms),
respectively. On the left side, the histograms represent events with the core located in the central array, shown
by the red and blue histograms. On the right side, the analysis expands to include events with the core in the
outrigger array, represented by the green histogram.

* Standard calculation: This method considers all the PMTs triggered (with a distance of less
than 50 meters from the core) corresponding to the normal configurations of the central array.

The calculation of Sy, is defined as follows: S, = YV [Si X (%)h].

* Weighted calculation (outconf): In this method, the PMTs triggered in the central array are
considered, but with the outrigger configurations. To account for the dismissed stations and
change the array configuration, a scaling factor of 16 is applied. The definition of S, for this
method is: Sp = Zf\:’ 1 [Sl- X (l%)b X 16]. The same events used in the Standard calculation
are utilized for comparing the results.

In the left plot of Figure 3, the results for S, obtained using the two methods described above are
presented. The plot demonstrates that both sets of results closely match each other, indicating that
the scaling factor of 16 successfully reproduces the results obtained in the central array when using
the outrigger configuration.

After this, the weighted calculation was applied to events with a core located in the outrigger
region (220 - 240 meters from the center of the array), considering only the stations within a
distance of less than 50 meters from the core. The results of this calculation are presented in the
green histogram in the right plot of Figure 3. These new results align with the previously discussed
results, demonstrating consistency (within statisical fluctuations).

4. S, observable

The total number of triggered stations in an event is a crucial parameter that reflects the size of
the shower.

Due to the distinct densities present in the SWGO array, it is recommended to adjust the total
number of triggered stations in an event using a scaling factor that accounts for these variations in
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Figure 4: The station multiplicity (nHit, ) as a function of primary energy is displayed as a blue profile
curve. The red curve represents the scaled nHit, ,. The left panel corresponds to gamma primaries, while
the right panel corresponds to proton primaries.

density. Consequently, sample events generated by proton and photon primaries are corrected with
a scaling factor of 16 for stations located in the outrigger region.

In this analysis, the signal from the PMT positioned at the top of the tank is utilized to compute
the S;, values. Figure 4 displays the relationship between the total number of hits in the top PMT
(nHit, ) and the energy for gamma (right) and proton (left) primaries. The blue curve represents
the overall number of up PMTs triggered in an event, while the red curve accounts for the scaled
nHit,,, (When a station is in the outrigger array, its nHit, , count is multiplied by 16 before being
included in the calculation).

Another step in the analysis of the power discrimination of the S}, observable involves grouping
our data based on the scaled nHit, , in an event. The entire sample has been divided into 8 bins of the
scaled nHit, ,,: (1000-2000), (2000-3000), (3000-4000), (4000-5000), (5000-6000), (6000-8000),
(8000-11000), and (11000-15000). These intervals were selected to ensure sufficient statistics in
all the bins. As the flux of particle primaries decreases with increasing energy, the higher energy
bins, as shown in Figure 4, correspond to wider intervals.

For each bin of scaled nHit, ,, the merit factor of S, is calculated as a function of the parameter
b. The results of this analysis are illustrated in the left panel of Figure 5, where the optimal value
of b that maximizes the merit factor can be observed.

Figure 5 (right) shows the distribution of S; values, with the blue curve representing gamma
primaries and the red curve representing proton primaries. These curves are obtained using the
optimal value of b = 1.6, as determined from the left plot of the same figure. This figure corresponds
to the range of nHit, , from 4000 to 5000. Moreover, the median value of the S; distribution is
indicated by a vertical line to evaluate the contamination at 50% efficiency, resulting in a value of
0.2%. The median value for Sj is 750, and the associated Q factor is determined to be 11.3.

This analysis has been applied to each nHit,, bin, and the results are summarized in Table 1.

We have included the results of both the merit factor and the Q-factor as a function of b for the
first bin used in our analysis (see figure 6). Notably, these two quantities exhibit a similar behavior.
Based on this observation, we have opted to utilize the merit factor for the optimization of b.

The S}, observable proves to be effective in discriminating photons, as indicated by the Q factor
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Figure 5: Left: Discrimination power of S; measured by the merit factor for different b values(optimum
value at b = 1.6). Right: Distribution of S; ¢ for gamma (blue) and proton (red) primaries. The median
value of the gamma distribution is represented by a vertical line.
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Figure 6: The discrimination power of the observable S;, as a function of b is shown on the left, measured
by the merit factor, and on the right, measured by the quality factor Q for nHit,, in the range (1000-2000).

values listed in Table 1. The majority of Q factor values are greater than 3.

The highest Q factor, 11.3, was achieved in the nHit, ), range of 4000 to 5000, corresponding
to an energy of approximately 10 TeV.

On the other hand, the lowest Q factor value, 2.0, was obtained in the last bin of the nHit,,
range. This can be attributed to the wider bin mixing showers from a larger range of energies and
therefore different characteristics.

5. Conclusions

The S;, observable in the SWGO detector was adjusted using a scaling factor that accounted
for the different configurations of the outrigger array. This scaling factor served as a weight to



The S}, observable for SWGO L. Nellen

nHit, , range optimum b | MF | contamination at €50% | Q
(1000 — 2000) 1.1 1.08 2.8% 297
(2000 — 3000) 1.3 1.32 1.3% 4.42
(3000 —4000) 1.3 1.33 1.3% 4.37
(4000 — 5000) 1.6 1.55 0.2% 11.3
(5000 — 6000) 1.8 1.46 0.3% 8.82
(6000 — 8000) 23 1.48 0.8% 5.53
(8000 — 11000) 2 1.22 1.9% 3.63
(11000 — 15000) 3.1 1.02 6.2% 2.0

Table 1: Discrimination power Sj observable: nHit,,, range, optimum b, merit factor, contamination at 50
% efficiency and quality factor Q are shown in this table.

compensate for the lower density of the outrigger array in the calculation of station multiplicity
(nHit,p).

We investigated the optimal value of the parameter b for S;, in different nHit, , intervals. The
maximum separation was achieved with a merit factor of 1.55 and a contamination rate of 0.2%
(where one proton contaminates the sample) at energies around 10 TeV (nHit,,, = [4000, 5000]),
corresponding to a Q value of 11.3.

The S observable demonstrates good performance in separating gamma-ray and hadron show-
ers in a dense array, particularly within the energy range detected by SWGO. However, the discrim-
ination power decreases for larger nHit,, values, as wider bins are used, which mix showers from
different energies to obtain more statistical data.
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26 Department of Physics, University of Roma Tor Vergata, Viale della Ricerca Scientifica 1, 1-00133 Roma, Italy

27 Facultad de Ciencias Exactas, Universidad Nacional de Salta, Avda. Bolivia 5150, A4408FVY, Salta, Argentina

28 Institute of High Energy Physics, Chinese Academy of Science, 19B Yuquan Road, Shijingshan District, Beijing 100049, China

29 CCTVal, Universidad Tecnica Federico Santa Maria, Chile

30 Instituto Nacional de Astrofisica, Optica y Electrénica, Puebla, Mexico

31 Universidad Nacional de Ingenieria, Av. Tdpac Amaru 210 - Rimac. Apartado 1301, Lima Perd

32 Centro de Investigacion en Computacion, Instituto Politécnico Nacional, Ciudad de México, Mexico

33 Universita di Napoli “Federico II”’, Dipartimento di Fisica “Ettore Pancini”, Napoli, Italy

34 INFN , Sezione di Napoli, Napoli, Italy

35 Universita degli Studi di Torino, I-10125 Torino, Italy

36 INFN, Sezione di Torino, Torino, Italy

37 politecnico di Milano, Dipartimento di Scienze e Tecnologie Aerospaziali, Milano, Italy

38 INFN, sezione di Milano, Milano, Ttaly

39 Departamento de Fisica, Universidad de Santiago de Chile, Chile

40 Facultad de Ciencias Fisico Matemadticas, Benemérita Universidad Auténoma de Puebla, Av. San Claudio y 18 Sur, Ciudad
Universitaria 72570, Puebla, Mexico

41 Instituto de Astronomia y Fisica del Espacio (IAFE (CONICET-UBA)), Ciudad Universitaria, CABA, Argentina

42 Department of Physics, University of Wisconsin-Madison, Madison, WI, USA

43 Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

44 Departamento de Raios Césmicos e Cronologia, Instituto de Fisica "Gleb Wataghin", Universidade Estadual de Campinas, C.P. 6165,
13083-970 Campinas, Brasil

45 Centro Federal de Educacgdo Tecnoldgica Celso Suckow da Fonseca (CEFET), Rio de Janeiro, Brasil

46 Technische Universitit Dortmund, D-44221 Dortmund, Germany

47 Department of Physics, University of Maryland, College Park, MD, USA

48 Middle East Technical University, Northern Cyprus Campus, 99738 Kalkanli via Mersin 10, Turkey

49 Instituto Argentino de Radioastronomia (CONICET, CIC, UNLP), Camino Gral. Belgrano Km 40, Berazategui, Argentina

50 politecnico di Milano, Dipartimento di Energia, Milano, Italy

51 Key Laboratory of Particle Physics and Particle Irradiation (MOE), Institute of Frontier and Interdisciplinary Science, Shandong
University, Qingdao, Shandong 266237, China

52 Friedrich-Alexander-Universitit Erlangen-Niirnberg, Erlangen Centre for Astroparticle Physics, Nikolaus-Fiebiger-Str. 2, D 91058
Erlangen, Germany

33 Tecnologico de Monterrey, Escuela de Ingenieria y Ciencias, Ave. Eugenio Garza Sada 2501, Monterrey, N.L., Mexico, 64849

54 Dept. of Engineering Physics, Tsinghua University, 1 Tsinghua Yuan, Haidian District, Beijing 100084, China

35 Universidad Metropolitana de Ciencias de la Educacién (UMCE), Chile

56 School of Mechanical Engineering and Electronic Information, China University of Geosciences, Wuhan, Hubei 430074, China

5T IFLP, Universidad Nacional de La Plata and CONICET, La Plata, Argentina

38 Department of Physics and Astronomy, Michigan State University, East Lansing, MI, USA

39 Michigan Technological University, Houghton, Michigan, 49931, USA

60 University of Rijeka, Faculty of Physics, 51000 Rijeka, Croatia

6! Universita di Catania, Catania, Italy

62 Department of Physics and Astronomy, University of Utah, Salt Lake City, UT, USA

63 University of Seoul, Seoul, Rep. of Korea

64 School of Physics and Astronomy, Sun Yat-sen University, Zhuhai, Guangdong 519082, China

65 School of Astronomy and Space Science, Nanjing University, Xianlin Avenue 163, Qixia District, Nanjing, Jiangsu 210023, China

% Dipartimento di Fisica, Universita degli Studi di Trieste, Trieste, Italy

67 INFN - Sezione di Trieste, via Valerio 2, I - 34149, Trieste, Italy

68 Aerospace Information Research Institute, Chinese Academy of Science, 9 Dengzhuang South Road, Haidian District, Beijing 100094,
China

69 Departamento de Fisica y Matematicas, Universidad de Monterrey, Av. Morones Prieto 4500, 66238, San Pedro Garza Garcia NL,
México

70 Instituto de Tecnologias en Deteccién y Astroparticulas (CNEA, CONICET, UNSAM), Buenos Aires, Argentina

"1 Instituto Nazionale Di Astrofisica (INAF), Torino, Italy

72 Comisién Nacional de Investigacién y Desarrollo Aeroespacial, Pert

73 Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de México, Circuito Exterior, C.U., A. Postal 70-543, 04510 Cd.
de México, México

74 Universidad Nacional de Moquegua, None

75 Universita degli Studi di Bari Aldo Moro, Ttaly

76 Department of Physis, Sungkyunkwan University, Suwon, South Korea
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77 Universidad de Chile, Chile

8 Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama, 35487, USA

79 IMAPP, Radboud University Nijmegen, Nijmegen, The Netherlands

80 Unidade Académica de Fisica, Universidade Federal de Campina Grande, Av. Aprigio Veloso 882, CY2, 58.429-900 Campina
Grande, Brasil

81 Instituto de Fisica de Sdo Carlos, Universidade de Sdo Paulo, Av. Trabalhador Sao-carlense 400, Sdo Carlos, Brasil

82 School of Integrated Circuit, Ludong University, 186 Hongqi Middle Road, Zhifu District, Yantai, Shandong, China

83 I11. Physics Institute A, RWTH Aachen University, Templergraben 56, D-52062 Aachen, Germany

84 Center for Astrophysics and Cosmology (CAC), University of Nova Gorica, Nova Gorica, Slovenia

85 College of Engineering, Hebei Normal University, 20 South Second Ring East Road, Shijiazhuang, Hebei, China

86 School of mechanical engineering, University of Science and Technology Beijing, 30 Xueyuan Road, Haidian District, Beijing
100083, China
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