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The Latin American Giant Observatory (LAGO) is an observatory spanning over Latin America
in a wide range of latitudes with different rigidity cut offs and atmospheric depths. The motiva-
tion of the Observatory is to study, using Water Cherenkov Detectors (WCD), the atmospheric
radiation and the space weather through the measurement of secondary particles produced during
the interaction of astroparticles with the atmosphere. Here, we present the methodology for esti-
mating the number of Cherenkov photons detected by the photo-multiplier tube in a WCD in any
geographical position. To do this, the secondary particle flux of cosmic rays is calculated and a
geomagnetic field correction is applied. The CORSIKA and MAGCOS programs are used. In ad-
dition, the outcome of the simulation is used as an input to the Geant4 program in order to mimic
the response of the detector. As a result, the distribution of photo-electrons is obtained for the
total particle flux, where its behavior resembles the characteristic signals of this kind of detector
and could be used to calibrate the system. This methodology was applied for five LAGO detector
sites, located at different latitudes and altitudes above sea level, between Chile and Mexico.
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1. Introduction

The detection of secondary particles at the ground level is one of the techniques used in as-
troparticle physics. This technique can be used to study transient events such as gamma-ray burst or
Forbush decreases [1], or in applications such as muon radiography [2], known also as muography.
A detailed knowledge of how the secondaries are produced in the atmosphere and how they reach
a geographical position is needed for this investigations.

Currently, computational tools as CORSIKA [3] and FLUKA [4] allow the estimation of the
nominal flux of those particles that arrive to the ground (background radiation). This simulation
is based on the measured spectra of Galactic Cosmic Rays (GCR). The estimation allows for the
calculation of the detector response to the background radiation using computational models, such
as Geant4 [5], and the prediction of the effect that GCR fluctuations may have on it. The integra-
tion of these computational tools makes it possible to design new observatories for GCR, and to
apply models to understand how a fluctuation on the measured signal is correlated, or not, with a
perturbation on the nominal GCR flux; for instance, gamma ray burst or solar-related activity.

Detecting background radiation and using it to study astroparticles and geophysical phenom-
ena is one of the the main goals of the Latin American Giant Observatory (LAGO). This is an
extended observatory of water Cherenkov detectors (WCDs) at continental scale. It covers a large
range of geomagnetic rigidity cutoffs and atmospheric absorption depths [6], (see Figurel). In this
sense, LAGO is promoting training and research in astroparticle physics in Latin America, cover-
ing three main areas: search for the high-energy component of gamma ray bursts at high altitude
sites, space weather phenomena, and background radiation at the ground level [7, 8].

We developed the full computational framework to estimate the signals expected at the LAGO
detector sites. This framework, which includes the effect of the geomagnetic field on the GCR
propagation [8], is composed by a set of individual tools, collectively named as ARTI'.

In this document, Section 2 introduces the method implemented by LAGO to estimate the
nominal background radiation, including the correction by the geomagnetic field, at five repre-
sentative locations, referenced by latitude and altitude as follows (Latitude, Altitude): Ciudad
de Guatemala, Guatemala (14.63°, 1490 m a.s.l.); Bucaramanga, Colombia ( 7.14°, 956 m a.s.l.);
Quito, Ecuador (—0.2°, 2800 m a.s.l.); Chacaltaya, Bolivia (—16.35°, 5240 m a.s.l.) and La Ser-
ena, Chile (—29.90°, 28 m a.s.1.). The results of the estimated signal for a standard WCD, modeled
using Geant4 code, are presented for each of these positions in Section 3. Finally, in Section 4, the
final remarks and future perspectives are discussed.

2. Estimation of Cosmic Background Radiation at The Ground Level

The flux of secondary particles at the ground was calculated for each LAGO site, following the
method developed in [8]. In this method, the GCR flux (®) is calculated at an altitude of 112km
a.s.l. Here, ® is considered as

E o(Ey,Z,A)
D(E,,Z,A,Q) ~ jo(Z,A) (EIO’) , 2.1

Uhttp://wiki.lagoproject.net/index.php?title=ARTI
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Figure 1: (left) Geographical distribution and altitudes of the Latin American Giant Observatory water Cherenkov detectors: the ones
in operation are represented with blue triangles, orange squares are used for those in deployment and the planned sites are indicated in
red circles. (right) Vertical rigidity cutoff at each Latin American Giant Observatory site.

where E, is the energy of the particle, o(E,,Z,A) is considered constant with respect to the energy,
ie. a(E,,Z,A) ~ a(Z,A), from 10'! eV to 10'% eV [9], and E; has a value of 10'% eV.

In the first stage, ARTI uses CORSIKA to calculate the particles produced by the interaction of
each GCR with the atmosphere [3]. Thus, we can estimate the expected flux of secondary particles
at the detector level for each LAGO site.

To achieve this, the CORSIKA 76500 version was used, compiled with the following options:
QGSIJET-1I-04,[10]; GHEISHA-2002; EGS4; curved and external atmosphere and volumetric de-
tector. The IGRF-12 model provides the local geomagnetic field values, B, and B, required by
CORSIKA to take into account the geomagnetic effects on the particles propagation in the atmo-
sphere.

In this simulation, each secondary particle is tracked up to the lowest energy threshold that
CORSIKA allows (Ej), according to the type of the secondary. Currently, these threshold are E; >
5MeV for u* and hadrons (excluding 7°); and E; > 5 KeV for e, ¥ and . Since the atmospheric
profile is a key factor for the production of secondary particles, and a parameter for CORSIKA, we
have to set atmospheric MODTRAN profiles models [11] according to the geographical position of
the LAGO sites: a tropical profile for Bucaramanga (BGA), Ciudad de Guatemala (GUA), Quito
(UIO), La Serena (LSC) and Chacaltaya (CHA). In this way, we estimate the spectrum of secondary
particles (&).

ARTI uses input parameters such as the city code (the IATA and/or ICAO airport code?),
time length for the flux simulation, the magnetic field, energy range, type of primary particle and

2]ATA: https://en.wikipedia.org/wiki/IATA_airport_code; ICAO: https://en.wikipedia.org/wiki/ICAO_airport_code
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the angular distribution to create a CORSIKA data file?, needed to perform the corresponding
simulations, one for each GCR.

In this work, the flux E has been calculated for each of the five LAGO sites. Figure 2 shows
examples of the results for the obtained spectra, for each type of secondary at CHA (5240 m a.s.l.)
and LSC (28 m a.s.l.). As expected, there are less particles at low altitude due to atmospheric
absorption. Namely, the flux at CHA is larger than the one at LSC for each type of secondary.
Furthermore, the CORSIKA energy cuts (E;) over the respective types of secondaries can also be
seen in the plots.
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Figure 2: Spectrum of the secondary particles at two LAGO sites: (left) Chacaltaya, Bolivia (5240 m a.s.l.); (right) La Serena, Chile
(28 m a.s.1.). The comparison of the two plots put in evidence a difference of one order of magnitude (at ~ 1072 GeV/c) in the total of
secondaries (black line). At ~ 3.5 x 10~! GeV/c, the neutron component (yellow line) for Chacaltaya dominates over the u*
component (orange line), while for the La Serena estimation is the opposite. Since the LAGO detectors calibration is based on the
muons, it is important to note that the prediction for the muon component is larger than for the ¢ (green an blue lines) ones at La
Serena; meanwhile, at Chacaltaya, e* dominates with respect to u* due to atmospheric development of hadronic cascades.

2.1 Cosmic Background Radiation at ground corrected by Geomagnetic Field

Low energy GCRs (E, < 20 GeV) trajectories are deflected by the Earth magnetic field (GF).
The deflection is parametrized by the magnetic rigidity term (Ry,) [12, 13, 14]. For instance, tran-
sient solar phenomena, such as Forbush decrease (FD) events, change the GF lines, the flux at
low energy and, therefore, the cosmic background radiation at the ground[15, 1, 16]. The FD
events have been registered by different observatories using WCDs [17, 18, 19, 20]. In this sense,
the LAGO Collaboration have developed the LAGO Space Weather (LAGO-SW) program [8], to
study the variations in the flux of secondary particles at ground level and their relation to the he-
liospheric modulation of GCRs[8]. The GF effect on the flux £ has been included in this work
for each of the five LAGO sites, following the LAGO-SW method, i.e. ignoring the secondaries
produced by GCRs that do not reach the respective location. This effect is the second component
of the ARTI framework.

It is important to remark that this method builds a magnetic rigidity cutoff (Rc) as a function
of the geographical latitude, longitude, altitude above sea level, the arrival direction (¢ and 6) and
a cumulative probability distribution function for the penumbra region, at it is explained in [8].

3 ASCII file with all the parameters listed
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The results for the estimated flux of cosmic background radiation at ground, including the GF
correction, for the five LAGO sites are presented in Table 1 and Figure 3. Here, we can see a
correlation between the flux E and the altitude, i.e., & increases with the altitude.

Table 1: Flux of cosmic background radiation at ground (E [m~2 s‘l]) estimated at for five LAGO sites: Chacaltaya, Bolivia (CHA);
Quito, Ecuador (UIO); Ciudad de Guatemala (GUA); Bucaramanga, Colombia (BGA); and La Serena, Chile (LSC). The flux for each
secondary type is presented as follow: ¢ and y (EFM); u® (ZH); neutrons (E); and all secondaries (2A1"). GE! [%] represents how
bigger was the GF effect over each type of secondary (estimated as the percent difference with respect to the flux £ without GF effect),
with 7 according to the Z notation before.

LAGO Alt =EM GEM ) GEH =0 GE" zAl GEA!
site | masl] | [m2s7'] | [%] | [m2s7' | [%] | m2s7 | [%] | [mZsTY | [%]
CHA 5240 4030 -15.4 231 -12.5 150 -81.3 4450 -17.7
UIO 2800 1073 -9.87 147 -7.48 35.0 -60.0 1263 -11.6
GUA 1490 591.0 -3.72 123 -2.43 16.0 -31.2 733.0 -4.22
BGA 956.0 424.0 -5.42 109 -3.66 9.00 -44 .4 544.0 -5.88
LSC 28.00 282.0 -2.48 96.0 -1.04 4.00 -25.0 384.0 -2.60
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Figure 3: Flux (E) of cosmic background radiation at ground for each LAGO site and for the different components: electromagnetic in
blue squares (7, e, e™), muonic in yellow triangles (1, ™) and neutrons in red diamonds (n). The flux is showed as a function of
the altitude above sea level. On each component, a correlation between = and altitude is observed, i.e. E, increases with the altitude as
expected due to atmospheric absorption.

3. Estimation of the signal detected by the LAGO’s WCD to the flux of cosmic
background radiation

The third element of the ARTI framework is the LAGO-GD, a Geant4 [5] code that allows
a detailed simulation of the interaction between the flux obtained in the previous section and the
WCD. The signal detected by the LAGO detectors is estimated with this code, taking into account
its geometry. The LAGO WCDs are cylindrical containers of water with an inner coating made of
Tyvek® [21], and a single photo-multiplier tube (PMT, Hamamatsu R5912) at the center and top
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of the cylinder [22]. LAGO-GD uses the estimated flux Z as an input parameter, distributing the
number of particles on a circular area A, just above the WCD, during a time ¢, always conserving
the flux E.

With any cylindrical configuration (radius and height), LAGO-GD models and estimates the
signal produced by Cherenkov effect as the number of photo-electrons (pe) produced in the PMT
device. A pe is produced according to the quantum efficiency (QE) of the corresponding PMT (in
this case, the QE from [23]). In this work, a standard LAGO WCD has been modeled with 1.05 m
of radius and 0.90 m of height for all the sites. The geometry of the PMT (fully immersed in
water) is taken as the photo-cathode surface with a semi-ellipsoid of semi-axis (0.101 m, 0.101 m,
0.065 m).
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Figure 4: Distribution of the number of photo-electrons obtained for 10° 3 GeV VEM using LAGO-GD. The mode of 100 pe
represents the unit of calibration (1 VEM), i.e. 100 pe corresponds to ~ 180 MeV of energy deposited.

The results obtained with LAGO-GD are presented according to the calibration process de-
scribed in [24, 25]: converting the signal detected (in this case the number of pe) into physical
units of energy deposited (Eq). A single high-energy muon impinging vertically at the center of
the WCD, called Vertical Equivalent Muon (VEM) [24, 26], is the calibration unit defined as the
average charge collected in the PMT.

In order to estimate the signal detected, the number of pe produced by VEM was calculated
first. Figure 4 shows the distribution of pe obtained with LAGO-GD for 10° VEMs of 3 GeV
of energy, where the most probable number of pe is ~ 100. This number corresponds to Egq ~
180 MeV, with a muon stopping power in water of 2MeV/cm ; thus, our unit of calibration is
1VEM ~ 100pe ~ 180 MeV.

The charge histograms obtained for Chacaltaya and La Serena are shown in the Figure 5, where
the black curve represents the total contribution of all the particles detected with the WCD. Through
the simulations, it is possible to estimate the response of the WCD to different components of the
Extensive Air Showers (EAS), showed in different colors. It is remarkable that the main source
of the first peak is the electromagnetic component (gammas, electrons and positrons) while the
second peak is dominated by the muon component. Those particles travel more distance in water,
producing more Cherenkov photons than the VEM. The rate of particles detected (£P) and its
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contribution to the total energy deposited in the WCD are shown in the Table 2.

Chacaltaya (5240 m a.s.l.)

Counts

10

T T
All particles
Wt
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Counts

Energy deposited [MeV]

La Serena (28 m a.s.l.)

T T
All particles
Wt

ee*

Y
n
Hadrons

Energy deposited [MeV]

Figure 5: Charge histograms obtained for Chacaltaya (left) and La Serena (right) in an exposition time of 1 second. The black curves
represent the total deposited energy and the colour ones represent the contribution of the EAS components.

Table 2: Rate of the secondary particles detected in the WCD for five LAGO sites, Z°, and the energy deposited by the

electromagnetic component, EEM, muon component, E K , neutrons, Eg, and all the particles, E All from =P,

D

LAGO Site | Z2 x 10° [m2s7'] | EEM[GeV] | E*[GeV] | E" x 107'[GeV] | EA[GeV]
CHA 1.80 1.49 0.22 0.49 1.77
19)(0) 0.52 0.40 0.14 0.11 0.55
GUA 0.31 0.22 0.11 0.05 0.34
BGA 0.23 0.16 0.10 0.03 0.26
LSC 0.17 0.11 0.09 0.01 0.20

4. Conclusions

The ARTI framework, which we present here, allows us to estimate what would be the charge
histogram for each site of LAGO. Therefore, those histograms can be compared with the data
collected experimentally in order to calibrate the WCDs. In addition, this work agrees with the
results presented in [27] where the relationship between the secondary particle flux and the height
at which the detector is located was shown; see Figure 2. Finally, we were able to develop a tool
that estimates the flux of secondary particles detected by a WCD in any geographic position and at
any time of the year.
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