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The ALPACA detector is currently being constructed to study high-energy gamma-ray astronomy
in the SubPeV region of the southern galactic sky. The ALPACA consists of a ground-based air
shower detector array(AS) and an underground muon detector array (MD) installed underground,
and this experiment uses the muon intensity measured by MD to increase sensitivity to cosmic
gamma rays. This study evaluated the hadronic interaction model dependence in in the detection
efficiency of gamma-ray-induced air showers using the ALPAQUITA configuration, which is the
prototype of the ALPACA. The model dependence on hadronic interactions is smaller than 3.6 %
in the typical gamma-ray flux estimation performed by ALPAQUITA. This is negligible compared
with other uncertainties such as absolute energy scale uncertainty in the energy range from 6
to 300 TeV, which is dominated by the Monte Carlo statistics. We also expect this small model
dependence can be applied to ALPACA.
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1. Introduction

Astronomical observation using electromagnetic waves has been conducted in a wide energy
range, from radio waves to gamma rays. Gamma-ray observations around the PeV region are
currently the highest energy region. Such observational research is important to study the origin
of cosmic rays in our galaxy and astronomical phenomena within a few Mpc. However, the
intensity of such high-energy gamma rays is extremely low. The only practical method is to
use a ground-based air shower detector which has a large effective area. Moreover, separating
between gamma-ray/cosmic-ray induced air shower (y-CR separation) to reject the large amounts
of hadronic cosmic rays that act as a background is essential for measuring faint gamma rays in
these experiments. One method is to leverage the muon-poor nature of gamma-ray-induced air
showers to separate them from hadronic cosmic-ray-induced air showers [1]. Tibet ASy deploys
a 65,700 m? surface-type particle detector array comprising 597 plastic scintillation detectors
arranged in a grid pattern on the Tibet plateau at an altitude of 4,300 m to continuously observe
hadronic cosmic-ray/gamma-ray-induced air showers above several TeV [2]. A large underground
water Cherenkov muon detector is installed 2.4 m below the surface detector array on the ground to
separate gamma-ray-induced muon-poor air showers from hadronic-cosmic-ray-induced muon-rich
air showers [3, 4]. This method enables to remove 98.9 % and 99.92 % of hadronic cosmic rays
at 10 and 100 TeV, respectively. Such techniques require Monte Carlo simulations of air shower
development to evaluate the measurement performances. Thus, differences in hadronic interaction
models in air shower development can cause systematic uncertainties in the detection efficiency
of the gamma-ray-induced air showers using the number of muons as a selection criterion. To
avoid this dependence, Tibet ASy experimentally estimates the background hadronic cosmic rays
using air showers from directions away from the gamma-ray point source to measure the flux [2].
On the other hand, systematic uncertainties in the detection efficiency of the gamma-ray induced
air showers using the number of muons as a selection criterion remain. However, the hadronic
interaction model dependence of the gamma-ray-induced air showers is believed to be small and
may be ignored, then the model dependence has yet to be quantified.

This paper evaluated the systematic differences in the detection efficiency of gamma-ray-induced
air showers caused by the y-CR separation in the energy range from a few TeV to several hundred
TeV with a small air shower array (ALPAQUITA [5]), which is the prototype of ALPACA [6, 7].

2. Survival ratio of gamma rays

To estimate gamma-ray flux from experimental data, we require to evaluate the survival ratio
of gamma rays (R}""Y(E,)) after the y-CR separation using the number of measured muons using
Monte Carlo simulation. Therefore, we examined the interaction model dependencies.
R} (E,) is calculated as

N (E,)

R?urV(Ey) — si

) 1
N (E,) )

where N

sim

(E,) is the number of reconstructed gamma-ray events, and N’ " "“(E,) denotes the

number of events deemed gamma-like among N (E, ). The index i represents hadronic interaction
model used for air shower simulation as mentioned in Section 2.1.
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2.1 Air shower simulation and simulation setting

Assuming a gamma-ray source with a power-law energy spectrum with a spectral index of
-2 in the direction of RX J1713.7-394, we generated 108 gamma-ray air showers in the energy
range from 300 GeV to 10 PeV with CORSIKA 7.6400 [8]. Furthermore, we generated cosmic-
ray air showers assuming the same source orbit and considered their isotropic characteristics by
correcting the number of events using the weighting method described in [5]. As a chemical
composition model of cosmic rays, we used the Shibata model [9]. We generated 10° cosmic-
ray events ranging from 300GeV to 10PeV. Regarding the hadronic interaction models in air
shower generation, we employed QGSJET-11-04 [10], EPOS_LHC v3400 [11], SIBYLL 2.3¢01 [12,
13] at high energies (>80GeV), and FLUKA [14] and UrQMD [15] at low energies (<80GeV).
First, to investigate whether the low-energy models might cause any significant differences, we
performed a Monte Carlo simulation using QGSJET-1I-04 combined with FLUKA and QGSJET-
[I-04 combined with UrQMD. Then, we compared the following four combinations of interaction
models: QGSJET-1I-04 combined with FLUKA 2011.2x (QGSJET-II + FLUKA), QGSJET-II-
04 combined with UrQMD 1.3_cors (QGSJET-II + UrQMD), EPOS LHC v3400 combined with
FLUKA 2011.2x (EPOS_LHC + FLUKA), and SIBYLL 2.3c01 combined with FLUKA 2011.2x
(SIBYLL + FLUKA). Each incident particle is randomly injected within a 300 m radius from the
center of the air shower array.

2.2 Detector simulation of ALPAQUITA

Using a Monte Carlo simulation of ALPAQUITA [5] implemented in GEANT 4.10.02, we
investigated the effect of the four hadronic interaction models described in Section 2.1 on gamma-
ray efficiency. ALPAQUITA is a prototype detector for a new experiment ALPACA [6] [7] and in
operation from 2022 on the Chacaltaya plateau (4,740 m a.s.l., 16°.23’S, 68°.08’W) in Bolivia. At
15 m intervals, 97 plastic scintillation detectors with an area of 1 m? are arranged, which effective
array area is 18,450 m?.

The air shower array measures electrons, gamma rays, and charged particles, their total energy
loss is converted to the particle number density p (m~2). The primary energy is calculated from
the sum of particle number densities from all detectors, ), po. Based on the relative hit timing of
each detector, we reconstruct the arrival direction of the primary particle using an air shower front
surface, approximated with a cone [2]. The selection conditions described in [5] are imposed to
analyze the air shower array data.

An underground water Cherenkov-type muon detector (MD) is installed 2 m below the surface air
shower array. The MD comprises 16 water tanks (total area of 900 m?), and each tank has an air
layer of 0.9 m, a water depth of 1.5m, an area of about 56 m?. The concrete ceiling thickness is
20 cm, the thickness of concrete walls is 30 cm. The details of ALPAQUITA are described in [5].

2.3 Systematic difference in gamma survival ratio (R;"") due to the hadronic interaction
model
2.3.1 Separation method

The MD detects Cherenkov photons reflected by the tank walls and floor by one PMT mounted
downward on the ceiling [5]. The number of photoelectrons peaks at ~24 when a single muon
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passes through the water tank. We defined this value as one particle, calculate the number of muons
2. Ny, and use it to select a gamma-ray-induced air shower.

Fig. 1a shows a }, p vs. >N, scatter plot using the QGSJET-II + FLUKA model. As shown in this
figure, cosmic rays distribute in the upper region and the gamma rays distribute in the lower region.
Figs. 1b, c, and d show the same trend as the QGSJET-II + FLUKA model, with the QGSJET-II +
UrQMD model, EPOS_LHC + FLUKA model, and SIBYLL + FLUKA model, respectively. Fig. 2
shows the number of muon distributions for 100 < }; p < 178, corresponding to a representative
energy of ~56 TeV.
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Figure 1: Expected ), p vs. >} N, scatter plots of gamma-ray (red) and cosmic-ray (blue) events. Events
with 3’ N, < 0.1 are artificially piled up around ' N, = 0.01 distributed randomly within a width of
0.01 ~ 0.014. Each of the four figures shows the results calculated with the different hadronic interaction
models. The arrows over the upper horizontal axis show the corresponding gamma-ray energies, 10 TeV and
100 TeV. The solid black line indicates the optimal cut line determined by the method to separate between
gamma-ray and cosmic-ray events, described in [5].

As shown in Fig. 2, the }, N,, of a gamma-ray-induced air shower is obviously smaller than
that of a cosmic-ray-induced air shower with the same }; p.
Events with 3} N, < 0.1 are artificially piled up at 3] N, = 0.01, where majority of gamma rays are
contained. We define gamma-like events below the threshold and cosmic-ray-like events above the
threshold using a threshold value of 3, N, (3 Ny cur). We fitted the relationship to the following
equation:

0.1 (x < X po)
b
0.1 % (z%o) (x > Y po)

In the case of QGSJET-II + FLUKA, the optimal cut line is the solid black line shown in Fig. 1,
where b becomes 1.6 with a fixed )’ pg = 31.2 [5]. Utilizing the optimal cut line shown in Fig. 2,

f(x) = 2
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we obtained a survival ratio of ~0.75 for all models at the representative energy of ~56 TeV.

[Model dependence of gamma survival ratio (R}""™)]
As shown in Fig. 1, we calculated R?"" using the optimal cut line obtained with the QGSJET-II +
FLUKA model to investigate the differences in R;"""'s due to the hadronic interaction models. After
selecting gamma-ray events using the optimal cut line, we obtained R;"", as shown in Fig. 3

As shown in Fig. 3, R}"" varies from 0.7 to 0.9 as a function of }; p, and is 7.3 X 107!
at 10.9 TeV and 8.8 x 10! at 135.9 TeV. To evaluate the differences in R caused by hadronic
interaction models, we defined the relative change R(R;"") to the QGSJET-II + FLUKA model

using the following equation:
surv _ psurv

R(RS™) = (3)

RV
where i = 1,2,3, and 4 represent QGSJET-1I + FLUKA, QGSJET-II + UrQMD, EPOS_LHC +
FLUKA and SIBYLL + FLUKA, respectively. The R for each model in the energy range between
6 TeV and 300 TeV varies by less than +3 x 1072, As shown in Fig. 3, R deviates from zero by
5.5% 1073 + 1.2 x 1072, for the SIBYLL + FLUKA model (i = 4), assuming the optimal cut line,
and by 2.0 x 1073 + 9.5 x 1073 for the QGSJET-II + UrQMD model (i = 2). The y? values of the
three fitted lines are 6.3, 7.8, and 9.0 (DOF=7), and the upper cumulative probabilities correspond
to 0.50, 0.35, and 0.25, respectively, indicating no significant energy dependence.

We estimated the final hadronic interaction model dependence. The final hadronic interaction model

dependence includes conservatively differences among the models in the high-energy region |the
average fitting result R(R™)) = 5.5 x 1073 £ 1.2 X 102

MCstat
(RR“M)max =2.2X 1072 £ 1.1 X 10,5 ] and differences among the models in the low-energy

and bin-by-bin maximum difference

and bin-by-bin maximum

region [the average fitting result R(R?E”) =2.0x1073+£9.5x% 101:,ICgtalt

difference (R(RY))max = 1.8 X 107 2+1.0x IOMszlt ] We then estimate the final hadronic

interaction model dependence, adding the differences above in quadrature,

\/(R(RSUI‘V) + R(RSUI”V))Z + R(RSUI‘V)MCStat + (R(RSUI’V))maX + (R(RSUI”V))

max, MCstat+

—_—2

surv
R (R MCstat

+ (R(Rburv))max + (R(Rburv))max MCstat
=3.6x1072

We obtained the final hadronic interaction model dependence of less than 3.6 x 1072, which is
dominated by Monte Carlo statistics.

3. Conclusion

Using an extensive air shower array and an underground muon detector to measure high-energy
gamma ray, we studied the performance of a hybrid experiment. The experiment separates between
gamma-ray-induced muon-poor air showers and cosmic-ray-induced muon-rich air showers using
an underground muon detector. To investigate the performance of this type of experiment, such as
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Figure 2: Expected numbers of gamma-ray and cosmic-ray induced air showers per year by ALPAQUITA
as a functions of the number of detected muons }; N, for 100 < 3} p < 178 corresponding to the gamma-ray
equivalent energy E, of 56 TeV. The red histograms indicate gamma-ray induced air shower events, and
the blue histograms show cosmic-ray induced air shower events. Each of the four figures show the results
calculated with a different hadronic interaction model, (a) QGSJET-II + FLUKA, (b) QGSJET-II + UrQMD,
(c) EPOS_LHC + FLUKA, and (d) SIBYLL + FLUKA, respectively. Events with 3, N,, < 0.1 are artificially
piled up at 3, N, = 0.01. The shaded gray band indicates the threshold values of 3} N, which depend on

>, p, as shown in Fig 1.

10TeV 100TeV
1
; L)

o
2 0.9 " LS
T 08 =
£ * % QGSJET-II+FLUKA —e—
s 07 ¥ ¥ % ° QGSJET-II+UrQMD 1
a . EPOS_LHC+FLUKA

0.6 SIBYLL+FLUKA —x— |

0.04
9 003 1
S 002 1
5 001 % I X ¥
Rl i Ny f
g oo
i} .
T 003 !

0.04

10 10° 10°
zp (m?)

Figure 3: Expected survival ratio of gamma-ray events after applying the >, N,, selection criterion (see
the black lines shown in Fig. 1) and R (the survival ratio relative to the QGSJET-II + FLUKA model) as a
function of ) p, assuming the optimal survival line in Fig. 1 in ALPAQUITA. Each horizontal straight line
results from fitting the R to a constant value for each model (QGSJET-II + UrQMD, EPOS_LHC + FLUKA,
and SIBYLL + FLUKA). The arrows over the upper horizontal axis show the corresponding gamma-ray
energies, 10 TeV and 100 TeV. Adapted from [16]
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ALPAQUITA, a Monte Carlo simulation of air showers based on hadronic interaction models is
required. This simulation might have some model dependence. Air shower experiments such as
ALPAQUITA estimate the gamma-ray flux from the difference between the number of on-source and
off-source event by real data, using the gamma-ray detection efficiency calculated by a Monte Carlo
simulation, which depends on the hadronic interaction models, whereas the oftf-source, background
cosmic-ray events, can be estimated experimentally. In particular, the models affect the number of
muons in the gamma-ray-induced air showers.

Thus, we evaluate the hadronic interaction model dependence in the gamma-ray flux measurements
between 6 and 300 TeV with the four models—QGSJET-II + FLUKA, QGSJET-II + UrQMD,
EPOS_LHC + FLUKA, and SIBYLL + FLUKA.

Using the ALPAQUITA simulated detector, we evaluated the impact of these small differences in
the characteristics of air shower muons on the gamma-ray flux estimation. For optimal cut line
obtained with QGSJET-II + FLUKA, the survival ratio of gamma-ray events varied from 0.7 to 0.9
for ) p in the energy range from 6 to 300 TeV. Thus, the survival ratio’s model dependence is less
than 3.6 % in the energy range from 6 to 300 TeV. The survival ratio is used in the flux calculation in
the form of (Rl?“r")‘l; thus, the model dependence in the flux estimation is of the same magnitude,
which is dominated by Monte Carlo statistics. The contribution of the hadronic interaction model
dependence to the gamma-ray flux estimation is negligible compared to other systematic errors,
such as the energy scale uncertainty (typically ~10 %) corresponding to the 20 %-30 % gamma-ray
flux uncertainty. Furthermore, as Monte Carlo statistics account for most of the 3.6 % uncertainty
due to hadronic interaction model dependence, it is projected to be significantly less than 3.6 %.
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