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Abstract

A new method using the muon lateral distribution and an underground muon detector
to achieve high discrimination power against hadrons is presented. The method is
designed to be applied in the Andes Large-area PArticle detector for Cosmic-ray
physics and Astronomy (ALPACA) experiment in Bolivia. This new observatory in
the Southern hemisphere has the goal of detecting >100TeV y rays in search for the
origins of Galactic cosmic rays. The method uses the weighted sum of the lateral
distribution of the muons detected by underground detectors to separate between air
showers initiated by cosmic rays and y rays. We evaluate the performance of the
method through Monte Carlo simulations with CORSIKA and Geant4 and apply the
analysis to the prototype of ALPACA, ALPAQUITA. With the application of this
method in ALPAQUITA, we achieve an improvement of about 18 % in the energy
range from 60 to 100 TeV over the estimated sensitivity using only the total number
of muons.

Keywords Sub-PeV y-ray astronomy - Gamma/hadron discrimination -
Muon lateral distribution

1 Introduction

Sub-PeV y-ray astronomy (>100TeV) is a growing and challenging field, which pro-
mises to shed light over the sources of Galactic Cosmic rays (CR) and their acceleration
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mechanism. Cosmic rays (protons and heavy nuclei) below 4 PeV are considered to
be produced in our Galaxy by Supernova remnants (SNR) [1, 2]. They arrive at the
top of Earth’s atmosphere isotropically, deflected on their way from the source by
galactic magnetic fields. Neutrinos and y rays are produced by CRs interacting with the
interstellar medium, yet preserving the direction of the parent particles. Nevertheless,
neutrinos are very difficult to detect due to their extremely small cross section. Under
such circumstances, photons become excellent galactic probes; as they provide source-
pointing capabilities and are easily detected through their interaction with matter [3,
4].

y rays at the 100 TeV are produced by the decay of neutral pions, which in turn
come from PeV hadronic interactions with the interstellar medium. In this process,
about 10 % of the parent particle’s energy is transferred to the secondary photons.
Therefore, in order to prove the Galactic origin of cosmic rays at the knee (around
4TeV) we need to observe y rays above 100 TeV. Observations by satellite of SNRs
showed spectral signatures that could be originated by neutral pion decay, pointing
to a hadronic origin in the emission [5, 6]. Moreover, more than 10 sources beyond
100 TeV have been identified in the Northern hemisphere by the Tibet ASy, HAWC and
LHAASO experiments [7-9]. Despite such results, there is still no conclusive evidence
regarding this matter and no observation in this energy range has been carried out in
the Southern hemisphere.

The first challenge to overcome in the detection of the sub-PeV extensive air show-
ers is the development of experiments covering extensive areas (on the order of 10° m?)
at high altitude regions. The high altitude location is needed to sample the maximum
development of the shower, which is close to 600gcm™ for the 100TeV y rays.
The second challenge to address is the discrimination against the dominant cosmic-
ray background. Cosmic rays above 100 TeV have an integral flux of 20.64m=2d~!,
meanwhile the integral flux of y rays from Crab Nebula is 2.84x107°m=2d~"! [7].
Considering a background reduction by a factor of 40 by observing events only in an
angular window, to obtain a 5o detection significance in one year of observation, we
require a background rejection factor of 10~ or more. To achieve this background
rejection level some experiments study the spatial and energy deposition characteris-
tics using the information registered by a surface array [10, 11]. Conversely, measuring
the number of muons in the shower through underground detectors is also a powerful
discriminator [12, 13]. Using machine learning to exploit correlations in the observ-
ables to achieve the classification is recently becoming an important trend in y-ray
observation [14-16].

In this paper, we present the development of a new method to achieve y/hadron
discrimination by the analysis of the muon lateral distribution detected with a large
area underground detector. We design this method with the purpose of applying it to
anew y-ray observatory in the Southern Hemisphere, the ALPACA experiment. The
method combines information from the total number of muons and their lateral spread
into a single variable, which may be also optimized to maximize the sensitivity to point
sources. Besides this, we also evaluate the sensitivity of the detector using this method
and compare it with the case when we use the total number of muons as discrimi-
nator. The paper is summarized as follows: Section 2 introduces the ALPACA and
ALPAQUITA experiments; Section 3 presents a general discussion of the properties
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of the muon lateral distribution in the energy range of interest, done through a Monte
Carlo study with CORSIKA. In Section 4 we apply the developed technique to the
case of ALPAQUITA and show the improvement in the sensitivity. Finally, Section 5
presents the conclusion of our work.

2 The ALPACA experiment

The ALPACA experiment is an hybrid array, composed of a surface air shower (AS)
array and underground water Cherenkov muon detectors (MD). The AS array will
cover and area of 83000 m? and comprises 401 plastic scintillators of 1 mx 1 mx0.05m
each. The AS detectors in the array are arranged in a grid pattern with separation of
15 m between elements. The scintillators are installed inside a pyramidal metal box
which reflects the light to 2 photomultiplier tubes (PMT) installed at the bottom. On
top of each box, a lead plate of 5mm thickness is used to convert secondary y rays
in the air shower into e* pairs, effectively improving the angular resolution. By using
the information from the particle density and relative timing registered by each PMT,
we may reconstruct the energy and incoming direction of the primary particle.

The MD array of ALPACA is composed of four 900 m? underground pools. One
MD is divided into 16 cells of 7.5 mx7.5 m, with one 50 cm (50 cm &) PMT installed on
the ceiling of every cell. The PMTs collect the Cherenkov light produced by particles
reaching the underground. Since the MD array is set up beneath a 2.0m thick layer
soil, the signal of the MD is produced by high energy muons (>1.2GeV) from the air
shower. Therefore, by observing in coincidence the air shower products with the AS
and the MD array; high sensitivity to y rays is achieved, as y-ray induced showers
are poor in muons in comparison to CR ones.

The ALPACA array is currently under construction in the Chacaltaya plateau
(16°23’S, 68°8’W) in Bolivia. This location is an ideal place for a cosmic-ray obser-
vatory, due to the large and flat area and high altitude of 4740m (572gcm™2). In
2022, the prototype of ALPACA, ALPAQUITA, was completed and started observa-
tions. ALPAQUITA consists of 97 AS detectors (1/4 of the full ALPACA) over an
area of 18450m?. Figure 1 shows a schematic diagram of the ALPACA array, with
ALPAQUITA located in the lower-left corner (shaded area). The construction of the
underground MDs will start soon. A detailed Monte Carlo simulation study and per-
formance study of ALPAQUITA, including one MD pool at the center of the array, is
reported in [17]. According to this study, ALPAQUITA will be capable of detecting
five y-ray sources above 10 TeV with high statistical significance (> 5¢') in one year
of observation.

3 Analysis of the Muon lateral distribution by MC simulation

In order to extract useful features from the Muon lateral distribution (MLD) to use it
as discrimination method, we adapted a similar method to the one proposed in [18],
as this avoids the analytical modeling of the MLD. For this matter we simulated the
development of y/CR ray induced air showers using CORSIKA 7.7410 [19]. In both
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Fig.1 Schematic diagram of the full ALPACA array with ALPAQUITA+MD indicated by the blue shaded
area

cases, the events are generated in the energy range from 1 to 1000 TeV with an uniform
angular distribution in the zenith and azimuth direction. The zenith angle is limited to
a maximum of 60°. The primary energy distribution of the generated y rays follows
a power-law with spectral index of 2. A total of 10 x 10° events are simulated until
they reach the altitude of the ALPACA experimental site. For cosmic-ray events we
use the model for chemical composition and energy spectrum proposed in [20]. We
use FLUKA [21] and EPOS-LHC [22] as low and high-energy hadronic interaction
models. In this case, the total number of simulated events is 100 x 10°.

From the output of the simulation we only select the muons which have Ej >
1.0GeV and lie inside an area of 1000x 1000 m. After this, we divide the area into
detection elements (DE) of 10mx10m and count the number of muons N, inside
each element. Particle density distributions are then constructed, separating the y and
cosmic-ray sets into 16 bins in the energy range (4 bins per decade) and 4 bins in the
zenith angle range. The results from this analysis are shown in Fig. 2. The left panel
shows the density distributions from y-ray initiated showers in the energy range from
300to 500 TeV and zenith angles between 15 to 30°, meanwhile the right panel shows
the case for cosmic-ray showers. In both cases, the distributions are normalized by
the total number of muons, and then to a maximum value of one. This is done with
the purpose of examining only the spatial features of the MLD. The color scale in the
Figure represents the density of the distributions: darker color equals higher density
and lighter color equals low density.
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Fig.2 Particle density maps observed at an altitude of 4740 m, for y-ray initiated showers (left panel) and
hadrons (right panel). The simulated air showers have energies in the range between 300to 500 TeV and
zenith angles between 15t030°

Taking into account both distributions in Fig. 2, it is clear that muons generated
in the hadronic showers are distributed more broadly than in the y-ray counterpart.
To make the difference between the two distributions clearer, the normalized MLD
is presented on Fig. 3. The blue line represents the MLD for y-ray showers and the
orange line is the case for CRs. The normalization procedure and energy/angular
range presented are the same as the ones used on Fig. 2. From this we can see that the
MLD from y-ray initiated showers is steeper than the one for CRs, which agrees with
the similar situation comparing MLDs from different mass number cosmic rays [23].
Consequently, by taking the sum of the number muons N; at each DE j, weighted
by their distance R; from the shower axis, it is possible to distinguish between the
two classes of showers. This procedure introduces a new observable mj which can be

written using 1:
k

mk:§ij(§i) (1)

where R, is a normalization factor equal to 125 m and k is a free parameter used for
the optimization of the classification process. In general, my is dependent on both
the energy and zenith angle of the primary particles and therefore, the parameter k
is useful to maximize the separation between primaries according to different con-
ditions. As mentioned before, this method is similar to the one expressed in [18],
which is in turn inspired on an observable developed for composition studies [24].
Lastly, is important to notice that when k£ = 0, Equation 1 is equivalent to the total
number of muons in the shower (3} N,). We will use the analysis with k = 0 as our
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Fig.3 Normalized muon lateral distribution at an altitude of 4740 m, for y -ray initiated showers (blue) and
hadrons (orange). The simulated air showers have energies in the range between 300to 500 TeV and zenith
angles between 15to30°

reference, since it constitutes the main method for y/hadron discrimination in the
ALPACA/ALPAQUITA experiment [17].

Next, we will assess the performance of the classification using my;. We perform
this analysis by means of the separation power 1 defined in Eq. 2:

».50 _ CR.50
ik - ™

n = @

Ve t) (o)

In this Equation, m,’:’so (m,fR ’50) represents the median of the my distribution and

o (m}(’) (o (m,fR )) is a modified standard deviation considering the asymmetry of the
y/CRs distributions [24]. The n parameter is capable of measuring the overlapping
between two distributions and therefore it may be used to evaluate the improvement
in the classification for different values of k. However, a higher separation power does
not directly translate into a higher sensitivity, given that sensitivity is dependent of
both class separation and the number of events on each class.

The normalized my—q distribution for 100 TeV showers is shown on the left panel of
Fig. 4. The filled histogram corresponds to y-ray events, whereas CRs are represented
by the solid line. The right panel of Fig. 4 shows the distribution of m;-q against
the primary energy of the particles. The color scale represents the density of the
distributions, that is: darker colors correspond to higher density regions and lighter
represent lower density. The distribution depicted on purple is for y-like showers
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Fig.4 Left panel: normalized distribution of n_( for 100 TeV showers. The filled histogram corresponds
to y rays and the solid line to CRs. Right panel: distribution of m—q (total number of muons) against
primary energy for air showers induced by y ray (right distribution) and CR (left distribution). The red
dashed line represents the optimum decision criteria. Events accumulated at —1.0, are events that does not
register any muon in the MC simulation

meanwhile the hadron-like showers are depicted in green-blue. The showers that do
not produce any muon are accumulated in bin —1.0 on the Figure (below the dashed
line). Considering both panels, we can see that CR initiated showers tend to produce
a larger number of muons than y-like showers, which in general are observed to be
poor in muons. The red dashed line in the right panel optimum represents the decision
boundary between the two groups (the details of the method to obtain the decision
boundary are presented in Section 4).

After obtaining distributions for values of k = 0, 1 and 2, we estimate the separation
power for each energy bin. The left panel in Fig. 5 shows the separation power as a
function of primary energy for my—¢. In general, the separation power increases with
increasing energy, except for the region between 20to40TeV. By inspecting each
element on Eq. 2, we found that the behavior in this energy region is produced by
the sudden change in the y-ray distribution, which changes from being dominated by
muon-less showers (located at bin —1.0 on the right panel of Fig. 4) to showers with
a small number of muons. Furthermore, this characteristic is also present when using
other values of k, although the location of the breaking point can be shifted to higher or
lower energies. The ratio (performance ratio) between the separation power for k = 1
(k =2) and k = 0 is shown on the right panel of the Fig. 5. By considering this results,
we can conclude that the discrimination against the CR background is improved 2 or
4 times when we use the MLD for classification, in comparison with the case when
only using the total number of muons. However, this should be interpreted as an ideal
case, because several factors relating to the development of the air showers in the
atmosphere and physical limitations of the detector impact the real separation power.
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Fig.5 Left panel: separation power as a function of energy for £ = 0 (total number of muons). Right panel:
ratio between MLD with different values of k and k = 0

4 Analysis of the Muon lateral distribution with ALPAQUITA+MD
4.1 MCsimulation of ALPAQUITA+MD

In this section we will study the performance of the MLD method using the MC simu-
lation of the ALPAQUITA detector plus one MD (ALPAQUITA+MD is shown inside
the shaded area on Fig 1). The parameters included in this simulation are described
in detail in [17]. Regarding the generation of air shower events with CORSIKA, the
main difference with the analysis in Section 3 is that the events are simulated coming
from a hypothetical point source along the path of RX J1713.7-3946 [25, 26]. Both
CR and y-ray events are generated in the energy range of 0.3 to 10000 TeV; following
the same trajectory in the sky, with a minimum zenith angle of 23.4°and maximum
of 60.0°. In total 40x10° y-ray and 900x10° CR events are simulated. The core of
the showers is distributed randomly within a 300 m radius from the center of the AS
detector.

The response of the detector to the secondary particles from the shower is simulated
using Geant4 10.07p02 [27]. Using the MC we record the position, energy deposit and
relative timing from the particles interacting with each of the AS detectors. To convert
from energy deposits into particle densities p (particles/m”) we use the single particle
peak defined as 9.4 MeV. Considering this, a trigger event is defined as any event where
4 or more scintillators register > 0.5 particles/m? within a time window of 600 ns. This
definition is the same as the one used in the Tibet ASy experiment [12].

An schematic diagram of the underground MD pool is shown in Fig. 6. Whenever
an air shower triggers the AS array, the secondary particles that survive until reaching
underground emit Cherenkov light in the MD. Then, light is reflected diffusely in
the walls of the cells of the MD. In the MC simulation we count the number of
photoelectrons (N, ) that hit each 50cm @ PMTs and also register their arrival time
and position. The number of photoelectrons is sensitive to characteristics of the light
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Fig. 6 Schematic diagram of one underground MD pool in the ALPACA experiment and principle of
function

transport in the cells, the PMTs efficiency (quantum and light collection) and the
geomagnetic field at the location, as well as saturation effects. All effects have been
included in our simulation [12]. The background noise in the MD array is dominated by
muons generated by lower energy cosmic rays. We include the effect of the accidental
hits in the MD by adding to the N . signal a Poisson distribution with an expected value
Ama = 0.011 muons/cell. The threshold for the detection in a MD cell is 0.1 muons.

After simulating the response of ALPAQUITA+MD to the air showers with Geant4,
we reconstruct the events to obtain the estimate arrival direction, core position, sum
of particle densities from all detectors ) p in the AS array and the total number of
photoelectrons Y’ N, in the MD. Figure 7 shows examples of a simulated y ray
(top panels) and CRs events (bottom panels). In both cases, the left panels show the
response of the AS array and right panels show the underground MD. In the left panel
the color scale represents the relative time of the particles in the shower, which is used
in the reconstruction routine to estimate the arrival direction. The red arrow in the
panel points to the estimated shower core and arrival direction. The size of the circles
represents the particle density measured by each detector.

To estimate the energy of primary particles we use the correlation between primary
energy and the particle densities detected with the AS array. For this purpose, > p
is defined as the sum of the density of detected particles p over all the hit detectors
except for the detector that records the largest density. Considering the largest signal
value is greatly affected by air shower development fluctuations, removing this value
from the total density helps to improve the energy resolution. The conversion function
between Y p and primary energy for gamma-ray events is presented in [17]. Using
this definition we achieve an energy resolution of +£50 % in the 10 TeV energy range
and +20% for 100 TeV.

For the response of the MD (right panel Fig. 7) the color scale represents the number
of muons (N,) in each cell. To obtain the number of muons from the values of N,
we use the definition of single particle in the MD, which is defined as Ngp = 24.0pe.
In addition to the trigger condition previously mentioned, the criteria used in the
reconstruction of the events is summarized as follows:

o At least 4 scintillator counters must register a density of 0.8 particles/m> or more.
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Fig. 7 Event shower maps from the MC simulation and their reconstructed parameters. Top panels corre-
spond to a y-ray event and the bottom panels to a CR one. The left panels show the response from the AS
array. The size and color of each circle represent the particle density and the relative timing in each detector,
respectively. The squares indicate positions of each detector. The arrow head and direction indicate the air
shower core position and arrival direction, respectively. The right panels show the response of the MD and
the color scale represents the N, in each cell

o Three out of the four detectors with the largest particle densities should be inside
the inner area of the detector (area enclosed by the dashed line in Fig. 1).

o The residual error (x) in reconstructing the arrival direction of the shower by
means of the least-squares method must be less than 1 m.
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Considering the case of point-source analysis, we imposed two further conditions:
reconstructed zenith angles are less than 40°and the reconstructed direction lies inside

a window of angular radius equal to 5.8° x (Z o/ m_z)_l/z. Furthermore, the angular

radius is set to a maximum value of 1.5°when ¥ p < 15m~2 and a minimum of 0.5°
when ¥ p > 135m™2.

Following the event selection we will look for the optimum classification method
using the distributions of my against ) p for the two types of showers. Figure 8 shows
an example for the case of m g (total number of muons). The distribution for the case
of y-ray showers is shown on the left panel of the Figure and the distribution for CR is
shown on the right panel. In the upper horizontal axis on both panels, the equivalent y -
ray energy of the shower E,, is presented. In this context, the equivalent y-ray energy
is the representative energy of the . p-bin, obtained by taking the weighted average of
the logarithm of primary energies. The definition of the weight is the same as the one
in Eq. 3, which takes into account the spectral index of the y-ray source. Regarding
Fig. 8, the weight factor is employed to change the energy distribution of the events
from —2.0 (used in CORSIKA) to —2.62 (Crab-like source). From the distribution in
the right panel we found, that for energies < 40 TeV, around 50 % of the y-ray events
do not produce signal in the MD (3 N, = 0.01 muons). Further inspection of these
events shows that the majority comes from contamination of background muons.

Moreover, high energy electromagnetic components (EM) in the region close to the
shower core may also penetrate the soil overburden and contaminate the signal in the
pool. As EM components from the shower are distributed in space more compactly than
muons, this effect can be lessen by excluding in the analysis of the MLD the signals
close to the shower core. To estimate this effect, we record the signal generated by the
EM component in the pool and then obtain the punch-through coefficient P, by the
ratio of the EM signal against the full signal (S, /S;or). The calculation of this param-
eter is done for all the events that pass the analysis conditions previously mentioned.

Equivalent energy [TeV] Equivalent energy [TeV|
4.0 25.0 4.0 25.0

180.0 180
. L 103

10°

10°

=0

.

10!

g <01

10° 10°

100 10! 10? 10° 100 10! 10% 10°
Yo [m?] Lo [m?]

Fig. 8 Distribution of the my_q (3 Ny.) against particle density 3 o for different types of showers. Dis-
tribution in the left corresponds to y-ray events and the one on the right is for CR. The red dashed line
represents the optimum decision boundary. Events with m_q < 0.1 are accumulated at the bin 1072. The
scale in the upper horizontal axis represents the equivalent y -ray energy
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The P,,, coefficient as a function of the distance from the shower axis is shown on
Fig. 9. The panel on the left corresponds to y -ray showers with25m™2 < ¥ p < 32m™2
(y-ray equivalent energy of 14 TeV) and the panel on the right of showers in the range
60m=2 < ¥ p < 100m~2 (equivalent energy of 30 TeV). In both cases we can see that
the effect of the contamination from the EM component is higher for distances from the
shower axis R < 20 m with a maximum value of 25%. As expected, the punch-through
effect falls rapidly for distances far from the shower axis. The larger value at distance
R =70m (including error bar) comes from the physical size of ALPAQUITA and the
limited statistics. Taking these results into account, we conclude that the contamination
from the electromagnetic component is negligible and we did not exclude the events
with core positions inside the area of the MD pool since this reduces the total number
of analyzed events.

4.2 Point-source sensitivity using the muon lateral distribution

In order to estimate the sensitivity to point-sources, we first need to establish the opti-
mal decision boundaries for each k. We perform this analysis by using the Q-factor
(which may be interpreted as a signal noise ratio) defined as: S/v/S + N, where S
represents the expected number of y-ray events in one year of observation and N
represents expected number of CR events. Taking into account each energy bin, we
search for the value of mj which maximizes the Q-factor in that region and then define
an optimum decision boundary between y and hadron-like events. The determination
of the decision boundaries using the Q-factor distributions first requires the normal-
ization of the number of events in the simulation. For the case of y-ray events, we
suppose a hypothetical source following the path of RX J1713.7-3946, but with the
spectral characteristics of Crab Nebula: spectral index of 2.62 and integral flux above
0.3TeV: F,yqp = 1.228 x 107°m~2 57! [28]. On the other hand, for CR events we use

0.30

0.254 B {
0.20 4 B

) 4

0.154

Punch through coefficient

0.104 4 *

-ttt | |

0.00

T T T

y v T T T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Distance from shower axis [m| Distance from shower axis [m]|

Fig. 9 Electromagnetic punch through coefficient for y-ray initiated showers at different energy ranges.
The left panel corresponds to showers with 25 m2 < >Yp <32 m_z(Ey = 14TeV). The right panel

corresponds to showers in the range 60m~2 < >Yp< 100m 2 (Ey =40TeV).
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the model in [20] to obtain the all particle differential spectrum dJ/dE. After inte-
gration, we obtain an integral flux above 0.3 TeV equal to Fog = 1.022m™%s™ ' sr™.
Using the integral fluxes we normalize the total number of events Ny, i (NcR sim) 1O

the expected number of events during one year of observation N;yr (N, éer )using Eq. 3:

| 1 Ny [j]
Nyyr [/] = Ferab * Ssim - ler,9<60° Z Wk 3)
y.sim =1

where Sq;, = 300 x 300 x 77 m? is the covered area in the MC simulation, Tiyr,0<60 18
the total time of observation of the source from the site within a zenith angle < 600,
N, [j] represents the total number of events in the j-th Y p bin and wy is the weight
factor used to take into account the change of spectral index in the analysis (from 2 to
2.62). The process for normalizing the CR does not require changing the energy spec-
trum, but to consider the isotropic characteristics of this source. Hence, we employ
the definition of the weight factor following the procedure described in [17].

After normalization, we search for the value mi’” , which is the threshold value
yielding a maximum Q-factor in a given ). p bin. Afterwards, in order to compensate
the statistical fluctuations, we fit Eq. 4 to determine the optimal decision boundary:

mo Z,OS(ZP)O

b-logig(2o/(Zp) ) +mo To>(Tr) @

logo(mi"") =

From this, we obtained the 3 parameters needed to establish the decision boundary:
mo, b and ( > ,0) o- Figure 10 shows the values of m{*" giving a maximum Q-factor for
the case of £ = 0 and the resulting optimum decision boundary (orange dashed line).
It is important to stress that the general behavior of the optimum decision boundary
is determined by both the characteristics of the m; y-ray and CR distributions on
each ) p bin. However, the CR distribution has a positive gradient with respect to
increasing energy (for all values of k). Therefore, the break point in the decision
boundary (( ) ,0) o) and other discontinuities in the separation power are produced by
the changes in the y -ray distribution and are also dependent on the weight of the MLD.

Next we investigate the separation power, considering different values of k, ranging
from 1.0to 2.8 atintervals of 0.2. In order to assess the improvement over the separation
power as we change k, we obtain the ratio (performance ratio) between the separation
power for a given k, and k = 0. The separation power for the case k = 0 is shown
on the left panel of Fig. 11. The performance ratio for all the range of values of k
is shown on the right panel. The color scale in the right panel corresponds to the
different values of k; from the lowest (dark color) to the highest one (light color).
The equivalent y-ray energy is presented in the upper horizontal axis on both panels.
Overall, the separation power (left panel) increases with increasing Y’ p, until reaching
a maximum around ¥ p < 100m~2. Similarly to the result presented in Fig. 5, the
break point is originated by the y-ray distribution changing from being dominated
by muon-less showers. Considering the result regarding the performance ratio, we
observe that a maximum separation power can be achieved with k = 2.4 in the range
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Fig. 10 Distribution of the values of mi”’ in each Y p bin for the case of k = 0 (total number of muons).
The solid line represents the optimum decision boundary obtained after fitting Eq. 4. The scale in the upper

horizontal axis represents the equivalent y-ray energy

200m™2 < ¥ p < 400m~2, equivalent to y-ray energies from: 60to 100 TeV. On the
other hand, the apparent decrease in performance for values of k > 1.6 in the )" p <
50m~2 region, is again produced by the break point in the y-ray distributions (in
this case by not being aligned between each other). We should regard both results
(the maximum separation power and decrease in performance) first only qualitatively,
since the real performance of the method is determined by the separation between
classes and the number of events on each bin (signal noise ratio).
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Fig. 11 Left panel: separation power as a function of > p using the total number of muons (k = 0). Right
panel: performance ratio as a function of 3 p for different values of k. The color scale represents the values
of k, ranging from k = 1 (dark) to k = 2.8 (light color) in intervals of 0.2. The scale in the upper horizontal

axis in both panels represents the equivalent y-ray energy
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Finally, we estimate the effects of the increase in separation power over the sensitiv-
ity curve for ALPAQUITA+MD. The sensitivity analysis is done for a point source with
5o detection significance or higher than 10 events (in the case where the number of
background events is smaller than 1) in one year of observation. The result considering
the case for my—q is shown in Fig. 12. For this analysis, we have applied the optimum
decision boundary and estimate the number of events y-ray and CR surviving after the
selection to achieve the 5o sensitivity. The dotted line represents the integral flux of
the hypothetical source, while the thick line represents the sensitivity curve. Besides,
Figure 13 introduces the ratio of sensitivities (Sx/Sx=o) after varying the weight of the
MLD. We made this comparison by obtaining the ratio of a sensitivity curve with a
given value of k to the sensitivity with k = 0. The color scale represents the change in
values of k, ranging from k = 1 (dark) to k = 2.4 (light color) at intervals of 0.2. Before
interpreting the results on Fig. 13, we should emphasize the following characteristics.
First, in contrast to the results regarding the separation power, a lower ratio S /Si-¢ in
this case indicates better performance. Secondly, the apparent decrease in sensitivity
above 100 TeV for all values of k is not an effect of the MLD analysis itself, but from
reaching the background free region and the change of definition of the sensitivity
(number of y-ray events > 10). Hence, is clear that using the weight MLD we are
able to enhance the sensitivity of ALPAQUITA+MD. In particular, by using a weight
between 1.0t02.2 we achieve an improvement between 5to 18% in the energy range
from 10to 100 TeV. Nevertheless, from the results in the Figure we should exclude
the use of values k > 1.8, since they achieve worse performance. That means, despite
these values having higher separation powers (taking into account the right panel of
Fig. 11), the sensitivity for £ > 1.8 is affected by the Q-factors in each bin and the
shift in break point of the distribution. Consequently, the best sensitivity is achieved

10-10

10114

10124

Integral Flux x E [TeVem™2s71]

101

w o o wo e e
Energy [TeV]

Fig.12 Sensitivity curve for ALPAQUITA+MD considering a hypothetical Crab-like source in the Southern
hemisphere. The dotted line represents the hypothetical source and the thick line represents the sensitivity
curve
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Fig. 13 Ratio of sensitivities Sy /S for different values of k. The color scale represents the values of k,
ranging from k = 1 (dark) to k& = 3 (light color) in intervals of 0.2

with k£ = 1.6, which in turn could lead to the observation of 1 or 2 more y-ray point
sources in this energy range (taking into account Figure 17 in [17]).

5 Conclusion

The observation of y with energies above 100TeV will be crucial to establish the
sources of cosmic rays in our Galaxy and understand its acceleration mechanisms.
Recently, successful observations have been carried out in the Northern hemisphere
by the Tibet ASy, HAWC and LHAASO experiments. ALPACA is new experiment
for detecting sub-PeV y rays in the Southern Hemisphere for the first time. ALPACA
is now under construction in Bolivia, and the prototype ALPAQUITA has been taking
data since 2022.

To achieve large discrimination power against the dominant CR background the
ALPACA experiment uses the same technique as Tibet ASy, making the classification
of air showers by detecting the muon component with an underground pool. The
performance of ALPAQUITA+MD has been studied by MC simulation before and
we concluded that it will be capable of detecting at least 5 y-ray sources in one
year of observations. In this paper we have developed a new analysis method, taking
into account the design of ALPAQUITA+MD, and achieved an improvement over
the separation power and sensitivity curves using the muon lateral distribution. From
this we were able to establish the best parameter to use in the analysis as well as
determine the optimal decision boundaries to made the classification. According to
the calculation presented in this article, an improvement around 5to 18% is expected
when using the technique presented here, which could translate in the observation of
one or two more y-ray sources in one year of observation.
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Furthermore, taking into account the study presented in Section 3, we conclude that
better performance may be achieved by improving some factors imposed in the current
analysis. One of these is the limited physical size of ALPAQUITA and the MD pool.
We therefore expect that the sensitivity gain should be higher for the full array using the
4 MDs. Lastly, we should mention that using any machine learning techniques or other
multivariate non-linear analysis, to include the spatial characteristics of the shower
detected by the surface array could improve the discrimination against hadrons.
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