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The TAX4 project is an extension of the Telescope Array (TA) experiment, aimed at clarifying
the origin of the highest energy cosmic rays. It has deployed 4 fluorescence detectors (FDs) and
130 surface detectors (SDs) at the northeast lobe of the original TA array and 8 FDs and 127
SDs at the southeast lobe of the original TA array, expanding the detection area about four times
larger than the TA experiment. This expansion enables us to sample larger data. The TAXx4
has been collecting data to obtain solid evidence of the excess of events in the arrival direction
distribution, known as the TA hotspot, reported in 2014 by the TA experiment. The north and
south observations began in 2018 and 2019, respectively, and are ongoing except for a hiatus from
February to June 2020 due to the COVID-19 pandemic. In this presentation, we will report the
details of TAx4 FD monocular analysis.
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1. Introduction

The TAX4 experiment is an extension of the Telescope Array (TA) experiment by a factor of 4
in its observation area, with the goal of revealing the origin and nature of the highest energy cosmic
rays. The TAx4 experiment is collecting data to obtain solid evidence for an intermediate scale
anisotropy of arrival direction distribution of cosmic rays with energies greater than 5.7 x 10'? eV,
the so-called TA hotspot, which was reported by the TA collaboration in 2014 [1].

Currently, 4 fluorescence detectors (FDs) and 130 surface detectors (SDs) are deployed north-
east of the TA Middle Drum (MD) station, and 8 FDs and 127 SDs are deployed southeast of TA
Black Rock Mesa (BRM) station. As a result of these deployments, the observation area, which
includes the TA SD array, is approximately 2.5 times larger than the area covered by the TA SD
array alone.

The TAx4 SDs are arranged in a square grid pattern at 2.08 km intervals, which is wider
than the original TA SD spacing of 1.2 km, suitable for detecting secondary particles induced
by a primary cosmic ray with energy greater than 3 x 10! eV. The TAx4 Northern FDs at MD
station (TAX4FD@MD) observe the sky 3°-17° in elevation and 12°-76° in azimuth clockwise
from North overlooking the Northern TAXx4 SD array, and the TAx4 Southern FDs at BRM station
(TAx4FD@BRM) view the sky with the same elevation and azimuth angles of 238°-350° clockwise
from North, overlooking the TAx4 Southern SD array.

The atmospheric fluorescence light generated by the air shower is focused by a spherical mirror
with an aperture of ~2.3 m and imaged by a photomultiplier tube (PMT) camera at the focal point.
The camera’s array of PMTs has a light sensitive area of 690 mm wide X 580 mm tall and the
camera optically obscures an area of 750 mm X 635 mm in front of the mirror. The PMTs in the
camera are hexagonal with a flat-to-flat dimension of 42 mm. A 16x16 (256 in total) close-packed
array of these PMTs makes up the image sensor of the camera, with each PMT covering a 1° field
of view [2]. The spherical mirrors are reconditioned ones from the previous HiRes experiment [3].

The TAX4FD @MD and TAx4FD @BRM started observations in June 2018 and October 2019,
respectively, and have been observed regularly except for a pause from February to June 2020 due
to the COVID-19 pandemic. In this study, we generate Monte-Carlo (MC) events and investigate
the accuracy of TAx4 FD monocular and hybrid reconstructions. We also compared the accuracy
of the FD monocular and hybrid analyses.

2. Fluorescence Detector Monocular Analysis

To ensure an accurate measurement of the flux of ultra-high energy cosmic rays (UHECRsS), it
is crucial to properly calculate the acceptance of detectors. To this end, we employ the Monte-Carlo
Method to simulate both the interactions of cosmic rays in the atmosphere and the response of the
detectors.

2.1 Monte-Carlo Simulations

The air shower simulation uses the CORSIKA code [4], which can simulate the interaction
and trajectory of air shower particles. We used QGSJET II-04 as a hadronic interaction model [5],
assuming protons as the primary particles of UHECRs. The number of photons incident onto the
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FD is estimated from the air shower generated according to the particle species and energy of the
primary cosmic rays. The detector simulation uses the obtained photon counts to create waveform
data considering the structure of each FD. Note that the detector simulation accurately reproduces
the position of the telescope and shielding by structures.

The simulation conditions for TAX4FD@MD and TAxX4FD@BRM monocular analysis are
summarized in Table 1.

Table 1: Monte-Carlo simulation conditions for monocular analysis

particle type proton

energy log,o(E/eV) =19.0,19.5,20.0
Number of event 5000

Zenith 0-65°

Azimuth 0-360°

Shower generator ~ CORSIKA (QGSJET I1-04)

2.2 Reconstruction and Resolution Studies

Monocular reconstruction is a method to determine the development of air showers of primary
cosmic ray particles using the signal waveform and time of photons incident onto each PMT of a
single FD station. First, PMT sorting is performed to remove noise such as noctilucence. Next, the
Shower-Detector Plane (SDP) is determined from the trajectory of photons captured by the PMT
camera, and the geometry is reconstructed from the time of photon incidence. Finally, the obtained
geometry is used to reconstruct the longitudinal development, taking into account the amount of
energy loss in the atmosphere.

Once the event reconstruction is complete, it is crucial to eliminate poorly reconstructed events
prior to computing any physics outcomes. For the monocular reconstruction, we adopted selection
criteria described in Table 2.

Table 2: TAx4 Monocular selection criteria

Quality Cuts
Number of PMTs used for reconstruction> 15
Xgart> 10 g/cm?
Xstart <Xmax<Xend

We investigated the accuracy of the monocular reconstruction by using MC events that passed
the selection criteria. The reconstructed values were compared to the initial thrown parameters
for each MC event. Figure 1 shows the resolutions of impact parameter (R)), the slope of the
shower axis in the SDP (), Ximax, and energy in the case of log;,(E/eV) = 19.0. Figure 1 shows the
resolutions of each parameters obtained by the monocular reconstruction of TAX4FD @BRM. Table
3 summarizes the results for each FD station for three energies: 10190 eV, 10193 eV, and 10290 eV,
The resolutions of R, and ¢ show no energy-dependent tendencies. However, the resolutions of
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Figure 1: Resolutions of R, ¢, Xnax, and energy for Monte-Carlo events reconstructed by monocular
analysis for TAX4FD@BRM at log,,(E/eV) = 19.0. The red curves are Gaussian fits.

Xmax and energy appear to have energy-dependent tendencies. The biases tend to be opposite for

MD and BRM. We will conduct further investigations into these energy-dependent tendencies.

3.

Table 3: Accuracy of monocular reconstruction for each energy

Location Energy AR, [%] | A¥[degree] | A Xmax[g/cm?] | AEo[%]
1099V || 00+11.2 | 0.2+7.9 0+76 -4.2+25
TAX4FD@MD | 10"°5eV | 0.1 +9.3 0.3+6.6 8 +79 —-6+25
10900V || -0.3+9.0 | -0.4+7.5 21+ 117 —11+42
1099V || —0.8+8.9 | —0.5+12.0 4+74 -7 +27
TAxX4FD@BRM | 101°5¢V || -0.2+9.6 | 0.7+9.5 -3+90 -5+35
1090-%v || 0.4+8.7 1.4+72 -22+107 —11+27
Hybrid Analysis

3.1 TAx4 Hybrid Analysis

The TAX4 experiment observes air showers by using FD and SD, and the analysis using data

measured by both FD and SD is called hybrid analysis. The hybrid analysis requires SD simulations

in addition to FD simulations. The SD simulation takes into account the actual trigger conditions
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and calibration data. Then, the GEANT4 [6] is used to calculate the energy and the energy loss in
the scintillator in the upper and lower layers. The simulation also takes into account the exterior of
the antenna and solar panels, etc.

3.2 Monte-Carlo Simulations

Since the hybrid analysis uses both FD and SD information, we generate new MC events as
summarized in Table 4.

Table 4: Monte-Carlo simulation conditions for hybrid analysis

Simulation conditions Proton

Energy log,o(E/eV) =19.0, 19.5, 20.0
Zenith 0-70°

Azimuth 0-360°

Shower generator CORSIKA (QGSIJET 11-04)

3.3 Reconstruction and Resolution Studies

Hybrid reconstruction incorporates the timing information measured by a SD as well as in-
formation from a PMT camera that detects photons in the monocular FD. Initially, the SDP is
determined following the same procedure as in monocular analysis. The geometry of the air shower
is then reconstructed using the timing information of the SDs that detect air shower particles near its
core position, which constrain the geometry of the air shower. Using this geometry, we reconstruct
the air shower longitudinal development and determine the air shower development of primary
cosmic ray particles.

The selection criteria for the hybrid analysis is given in Table 5. Figure 2 shows the resolutions
of Rp, ¥, Xmax, and energy in the case of log;,(E/eV) = 19.0. Table 6 summarizes for accuracy of
hybrid reconstruction for each FD station for three energies: 10'°0 eV, 10! eV, and 102°-° eV. The
results do not show any energy-dependent tendencies.

Table 5: TAx4 Hybrid selection criteria

Quality Cuts
Xstart <Xmax <Xend
Zenith> 75 deg
No saturated PMT at FD
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Figure 2: Resolutions of R, ¢, Xmax, and energy for Monte-Carlo events reconstructed by hybrid analysis
for TAX4FD@BRM at log;(E/eV) = 19.0. The red curves are Gaussian fits.

Table 6: Accuracy of hybrid reconstruction for each energy

Location Energy || AR,[%] | A¥[degree] | A Xmax[g/cm?] | AEq[%]
109V || 0.1£6.0| 0.1+0.6 -5+30 45+89

TAx4FD@MD | 10"9¢V || 0.1 +0.5| 0.2+0.4 —6+24 0.1+1.3
10299V || 0.0+£0.1 | 03+0.3 -8+ 17 0.3+6.0

1019%ev | 0.1+04 | 0.1+0.4 -5+22 47+0.6

TAx4FD@BRM | 1019¢V || 04+2.7 | 0.1+0.3 —4+17 32+53
1099V || 0.1+04 | 02+0.3 -7+15 1.7+5.7

4. Comparisons of Monocular and Hybrid Analysis

Figure 3 compares the biases and resolutions of TAX4FD@MD and TAx4FD@BRM monoc-
ular and hybrid reconstructions. The hybrid analysis adds the information of the SDs that detected
the charged particles arriving at the ground surface, which improves the geometric reconstruction
of the air shower compared to the FD monocular reconstruction. For all energy levels, the hybrid
reconstruction consistently shows better resolutions than those of the monocular reconstruction.
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Figure 3: (Xmax)rec - (Xmax)sim and In (Eyec)/(Egim) vs. log,o(E/eV). The left panel shows the compar-
isons of biases and resolutions of X, for log;o(E/eV) = 19.0, 19.5, and 20.0 for monocular and hybrid
reconstructions, and the right panel shows those of the energy. The error bars indicate the 1o~ standard

deviations by Gaussian fitting.

5. Data Analysis

We conducted a hybrid analysis using observed data obtained from the TAXx4 experiment. The
data acquisition periods were from October 2019 to October 2022 for TAX4FD@MD and from July
2020 to October 2022 for TAX4FD @BRM. Figure 4 shows an event display of one event of data.
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Figure 4: Event display. (a) Air shower observed by SD and FD. (b) The number of photoelectrons captured
by the PMT of the FD is shown, and the color indicates the timescale. (c) The blue triangle makers are FD
PMT timing and inverted triangle are SD timing. The red inverted triangle is a detector which is used in
analysis. (d) Reconstructed shower profile with relative contributions of fluorescence light, Cherenkov light.
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6. Summary and Plan

The TAx4 experiment aims to reveal the origin and nature of the highest energy cosmic rays
and has expanded its observation area with 12 new FDs and 257 new SDs. The TAX4FD@MD
and TAxX4FD@BRM started stable observations in June 2018 and October 2019, respectively. In
this study, we performed Monte-Carlo simulations and event reconstructions using both monocular
and hybrid analysis for TAX4FD@MD and TAX4FD@BRM. By assessing the reconstruction
performance, we concluded that the hybrid analysis yielded better resolutions compared to the
monocular analysis. We also analyzed the observed data by the hybrid reconstruction.

We will investigate the underlying factors contributing to the disparity in resolutions of
TAX4FD @BRM and TAx4FD@MD monocular reconstructions. Also, we will continue to analyze
the observed data and conduct the Data/MC comparisons. Then, we will measure the TAX4 hybrid
energy spectrum.
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