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1. Introdunction

The Telescope Array (TA) project, proposed to study the ultra-high-energy cosmic rays (UHE-
CRs) and operating in Utah since 2008, has the largest detection area in the northern hemisphere.
The TA has two different types of detectors to observe extensive air shower, which includes many
secondary particles generated by the interaction between the primary cosmic ray and molecules in
the atmosphere. The surface detector (SD) array, which consists of 507 two-layered plastic scintil-
lation detectors (3 m2/detector) covering a area of 700 km2 with 1.2 km spacing, detects directly
secondary particles in the air shower, while the fluorescence detectors (FDs) surrounding the SD
array can measure longitudinal development of the air shower to detect ultra-violet lights from the
excited air molecules by the secondary particles in the air shower. The TA collaboration reported
the medium-scale anisotropy of UHECRs in 2014 [1]. They found a concentration of UHECRs
above 57 EeV in the specific direction. Many interpretations and models have been proposed to find
the UHECR origin. However, there is no clear evidence so far. We still do not have enough statistics
of the UHECRs to identify the UHECR origin. Since the cosmic-ray flux rapidly decreases as the
energy increases, a huge detection area is essential to study the UHECRs.

The telescope Array times 4 (TAx4) was proposed to expand the detection area of the TA by a
factor of 4. A total of 260 SDs had been assembled in Korea and Japan, and transported to Utah,
USA. These SDs were deployed with 2.08 km spacing at the north east and south east of the TA SD
array during the period from 2019 January to March [2], and the TAx4 SDs have been successfully
operated since the end of March. In this proceedings, we will present the air shower reconstruction
procedure and the quality cuts to improve the energy resolution and the angular resolution of the
TAx4 SDs. Finally, the preliminary energy spectrummeasured by the TAx4 SDs will be presented.

2. Air Shower Reconstruction

2.1 Detector Calibration

The signal intensity recorded at each SD is converted to the number of detected particles. The
signal intensity has temporal variation depending on the environmental temperature and humidity.
Therefore, a signal intensity when a single particle (muon) passes through each SD (1 MIP) should
be carefully calibrated at short intervals. In order to calibrate the SD, 1-MIP intensity, ADC pedestal
histograms, and etc. are recorded at each SD every 10 minutes. It is noted that these calibrations
are not fully implemented in this analysis.

2.2 Pattern Recognition

In the calibrated data, the charge and arrival timing of the signal, the GPS position of the
detector, and etc. are recorded at each SD. An air shower trigger signal is issued when three or
more adjacent SDs recording more than 3 MIPs appear within an 8 `s time window. Once the
trigger signal is issued, data from the SDs recording more than 0.3 MIPs is collected. The signals
induced by accidental atmospheric muons are also recorded frequently. To exclude such signals by
accidental muons, the pattern recognition procedure is applied. At first, this procedure finds the
largest cluster of SDs that are contiguous in the space and time. The distance between adjacent
two detector should be less than

√
2 detector spacing (2.08 km in TAx4 SDs). Figure 1 shows an
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Figure 1: Examples of all the triggered SDs (left) and space-time SD cluster only (right).

Figure 2: Schematic view of the air shower front.

example of the recorded event display before and after the pattern recognition. A star mark and
an arrow in the figure represent the reconstructed air shower core position and direction projected
on the ground, respectively. Each circle size and color scale represent the signal intensity and the
relative timing, respectively, at each SD.

2.3 Geometry Fit

In the geometry fit procedure, we estimate the arrival direction of an air shower using relative
timings recorded at SDs. Figure 2 shows a schematic view of an air shower front and the explanation
for the determination of the arrival direction. Since the air shower front is not flat plane, the arrival
timing recorded at i-th SD is expressed as

C8 = C0 +
;8 − I82>B\

2
+ g8 , (1)

where C0 is an air shower impact time (timing when the air shower core hit the ground), and ;8 is a
distance from the SD to ideal plane front (blue solid line in Figure 2). g8 is a time delay from the
ideal plane front, and it represents an actual shower curvature. The time delay g and its error fg

are calculated assuming the modified Linsley function.
The core position of an air shower is determined as the center of gravity of signal charges

recorded at the SDs. Finally, we obtain the arrival direction of air shower by minimizing j2 using
Equation 1, assuming the determined core position.
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Figure 3: Examples of the geometry and lateral combined fit.

2.4 Lateral Distribution Fit

After the geometry fit, we estimate the primary energy of the air shower using the distribution
of secondary particle densities in the SD array. The particle density (d) as a function of the
perpendicular distance (B) from the air shower axis is expressed as

d = �( B

91.6m
)−1.2(1 + B

91.6m
)−([ (\)−1.2) (1 + [ B

1000m
]2)−0.6, (2)

where [ is
[(\) = 3.97 − 1.79[sec(\) − 1], (3)

taken from previous experiments, the Akeno Giant Air Shower Array [3] and the TA SD array. In
this equation, free parameters are the shower core position (G0, H0) and the scale factor (�).

2.5 Geometry and Lateral Distribution Combined Fit

To improve the energy and angular resolutions, we finally apply a combined fit to minimize j2

of geometry and lateral fits simultaneously. Figure 3 shows an example of the combined fit result.

2.6 Energy Determination

Since a particle density at certain perpendicular distance from the air shower axis is proportional
to the primary energy, and it can be used as a good energy estimator. In the previous work for the
TA SD array, the particle density at a perpendicular distance of 800 m from the air shower axis
((800) was used as the energy estimator. The conversion factor from (800 to the energy largely
depends on the zenith angle of the air shower (\). Therefore, the primary cosmic-ray energy is
obtained from a 2D plane of (800 and \. Figure 4 shows the relation between sec(\), (800 and
the energy calculated by the Monte Carlo (MC) simulation. We generate the air shower MC data
using the CORSIKA [4] package with QGSJETII-03 [5] as a hadronic interaction model assuming
the primary proton differential spectrum �−3. The TAx4 SDs are assumed to be virtual 10 × 10
grid array with 2.08 km spacing. The thrown zenith angle and core locations are less than 60◦ and
1 km × 1 km area of the center of the array, respectively. The estimated energy by the SD array is
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Figure 4: SD energy conversion table

Figure 5: The number of reconstructed events (left) and quality cut efficiencies (right) after the quality cuts

renormalized by a factor of 1/1.27, which was determined in the TA SD array [6], to match the FD
energy scale. This normalization factor will be updated using SD and FD hybrid observation of the
TAx4 experiment in the future.

3. Results and Discussions

3.1 Quality Cuts

In this analysis, we adopt five quality cuts as follows: (1) the number of involved detectors
#SD ≥ 4, (2) zenith angle \ < 55◦, (3) j2/#DOF < 4 where #DOF means the number of degree of
freedom, (4) pointing direction uncertainty fPD < 8◦, and (5) f(800/(800 < 0.5.

3.1.1 Quality Cut Efficiency and Energy Resolution

Figure 5 shows the quality cut efficiency and the number of reconstructed events after the
quality cuts (1)-(5) as a function of energy, which are estimated by the MC simulation. The
energy resolution is defined as the fractional RMS of �rec/�thr, where �rec and �thr represents
the reconstructed energy and thrown (true) energy, respectively. With all quality cuts applied,
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Figure 6: �rec/�thr distribution with quality cut (1) (left) and (1)-(5) (right)

Figure 7: Energy distribution measured by the TAx4 SDs during the period from Nov 2019 to Oct 2020.

the energy resolution and angular resolution of the TAx4 SDs are estimated to be 22% and 2.0◦,
respectively above 57 EeV assuming that all the SDs are available under the ideal condition as
shown in Figure 6.

3.2 Energy Distribution

Figure 7 shows the reconstructed energy distribution, multiplying the number of events by the
reconstruction efficiency in each energy bin, compared with that of theMC simulation. The cosmic-
ray flux rapidly decreases in to �−3, while the reconstruction efficiency increases as the cosmic-ray
energy increases, because the higher energy cosmic ray has much more secondary particles in the
air shower. Therefore, the reconstructed mode energy is approximately 10 EeV. The MC simulation
is reasonable agreement with the experimental data in Figure 7.

3.3 Energy Spectrum

Figure 8 shows the preliminary energy spectrum above 10 EeV measured by the TAx4 SDs.
The differential energy flux in each energy bin is calculated by

� (�8) =
# (�8)

Δ�8n (�8)
∫
�Ω3C

, (4)
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Figure 8: Preliminary energy spectrum measured by the TAx4 SDs together with the TA [7] and the
Auger spectra [8]. The left and right panels show the differential spectrum and spectrum multiplied by �3,
respectively.

where # (�8) is the number of observed events, Δ�8 is the energy bin width, n (�8) is the efficiency
in 8-th energy bin, and

∫
�Ω3C is the exposure. Here, exposure is simplified as �Ω) , where � is the

detection area, Ω = 2.679 sr is the solid angle of the field of view, and ) = 1 year is the observation
time. The detection area � is simply calculated to be used area, 2.08 km × 2.08 km × 137. The
measured spectrum above 10 EeV by the TAx4 SDs is overall consistent with the previous works.

4. Summary

The TAx4 experiment, which currently consists of 257 SDs and 2 FD stations, had been built
in Utah, USA in 2019. In order to improve energy resolution and the angular resolution, we have
developed the air shower reconstruction method of the TAx4 SDs using the experimental data and
theMC simulation. The energy resolution and the angular resolution of the TAx4 SDs are estimated
to be 22% and 2.0◦, respectively, above 57 EeV assuming that all the SDs are available under the
ideal condition. The preliminary energy spectrum above 10 EeV measured by the TAx4 SDs for 1
year is overall consistent with the previous works.
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