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Simulation study of the lateral distribution properties of UHECR air showers for TA K. Shinozaki

1. Introduction

The nature and origin of ultra-high energy cosmic rays (UHECRs; defined as those with
energies above 10'® eV) remain open questions in modern astrophysics. Due to their extremely low
and rapidly decreasing flux with primary energy Ey, they can only be observed indirectly through
the detection of air showers using fluorescence detectors (FDs), or surface detectors (SDs) which are
typically deployed with 1-2 km spacing over areas of hundreds to thousands of square kilometers.
Currently, the Telescope Array (TA) in Utah, USA, and the Pierre Auger Observatory in Mendoza,
Argentina, are operating such UHECR detectors. These experiments have reported UHECR energy
spectra, but notable discrepancies exist in the measured flux as TA reports systematically higher
values than Auger. This difference can largely be accounted for by a relative energy scale shift of
approximately +4.5% below ~ 10! eV [1].

The energy scale is primarily determined using FDs operated during dark nights, which detect
fluorescence light emitted by shower particles. The intensity of this light is proportional to the
energy deposited in the atmosphere by those particles. The energy of the shower is estimated from
the reconstructed longitudinal shower profile, accounting for the fluorescence yield, atmospheric
attenuation, and the so-called ‘missing energy’ carried away by muons and neutrinos and so on.

In contrast, SDs operate continuously day and night to sample secondary particles and measure
their density and arrival time. These measurements provide the core position on the ground and the
arrival direction of the shower, i.e., the shower axis. As a result, the lateral distribution of particle
density p as a function of the distance from the axis R can also be obtained. The density at a fixed R,
typically several hundred meters to 1 km, correlates with the Eq and exhibits minimal fluctuation at
such distances [2]. Assuming isotropic flux at a given energy, as in the constant intensity cut (CIC)
method [3], the observed density attenuates with increasing zenith angle .

In the TA experiment, we chose the density at 800 m, denoted S(800) [4]. Due to possible
deviations from CIC approach, we established the correlation of unknown E( with observable S(800)
and ¥ of the shower using the Monte Carlo simulation. The results are summarized into ‘look-up
table’ (LUT), which is a function to yield the most probable simulated energy Epyr(S(800), ).
Such tables vary depending on the SD experiment, analysis method, and simulation assumptions.

To reduce associated biases, E yr is calibrated by calorimetrically measured energy Epp by
FDs in the hybrid events. For the main TA, the scaling factor Ey yr/Erp was found to be 1.27 [5],
which is applied to science analyses like energy spectrum and anisotropy of UHECRs.

In this work, we investigated the observables and related parameters used in the TA SD shower
analysis using CORSIKA air shower simulations. By eliminating the experimental constraints such
as the array layout and detector resolution, we aim to clarify their intrinsic properties [6]. We also
examined the dependence on primary particles between proton and iron and hadronic interaction
models, called ‘models’ hereafter, and discuss implications for the energy scale and SD analysis.

2. Surface detectors of the Telescope Array

In the Telescope Array experiment, three sub-experiments are organized: the main TA, TAX4,
and TALE (TA Low-energy Extension; not discussed in this work). The main TA comprises 507 SDs
deployed on a square grid with 1.2 km spacing, covering approximately 700 km?. TAx4 includes up
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to 500 additional SDs with 2.08 km spacing, deployed in the northeastern and southeastern regions
of the main TA; currently, 257 SDs are operational. This extension increased the total SD coverage
by about 1000 km?. Both arrays are located at an altitude of ~1400 m above sea level (asl.).

Each SD [7] consists of two 3 m? plastic scintillator layers with a thickness of 1.2 cm,
separated by a 1 mm stainless steel plate. Scintillation light is collected via wavelength-shifting
fibers connected to photomultiplier tubes whose signals are digitized at a 50 MHz sampling rate.
Signals exceeding ~0.3 minimum ionizing particles are recorded as waveforms in both layers when
multi-level trigger conditions are met. For showers with ¢ < 55°, the trigger efficiency reaches
~100% at 10" eV for the main TA and 3 x 10! eV for TAX4.

The integrated waveform is converted into the particle density p expressed in units of vertical-
equivalent muons (VEMs) per square meter. To determine S(800), the measured lateral distribution
is fitted with the lateral distribution function (LDF) as follows [8]:

p(R) =C - (R/91.6 [m])™"2 - (1+R/91.6 [m])~7"12 . [1+ (R/1 [km])*] "°, )

n(®) =nyo—a- (sect — 1), 1o = 3.97 and @ = 1.79 for AGASA and TA analyses (2)

where C is the normalization constant. This LDF was obtained by the AGASA experiment operated
at ~910 m asl. Its data in the energy regime between ~10'® and a few times 10'° eV was used and
was validated up to sec ¥ < 1.7 (¢ < 54°).

3. Simulations

Using three different models, QGSJET-1104 [9], EPOS-LHC [10], and Sibyll2.3e [11] with
CORSIKA, we generating ~250 events each for proton and iron primaries at fixed energies Enic =
1018, 10183, .., 10?93 eV, assuming isotropic arrival direction up to © = 60°. The thinning option
was applied with a level of 107, where only one selected particle with a ‘weight” assigned is tracked
when secondaries below 107 - Eyc are produced.

The particle outputs were processed through ‘de-thinning’ [12] and SD response simulation [5].
In the former, the weighted particles are spatially re-distributed to cancel the thinning effects.
In the latter, the energy deposit of each particle in the scintillator is calculated using tabulated
GEANT4 [13] simulation results that account for the SD structure, including the metallic container.
As aresult, a ‘tile file’ is produced for each shower, recording the waveforms of all particles reaching
the ground level, binned into 6 m grids over a ~14 kmx14 km area around the shower core. A large
set of such events is formatted in the same way as experimental data, with shower cores placed on
the actual SD array layout. Time-dependent calibration is incorporated by sampling from the tile
files, and the events are reconstructed using the same procedure as for the real data. Using such
end-to-end simulations, the specific LUTs were built for the main TA [5] and TAX4 [14] taking into
account their configuration. Hereafter, 'LUT’ refers to the one built with proton primary and the
QGSIJET-II03 model used for the main TA analysis.

In this work, we analyzed only the tile files without further procedures such as reconstruction,
focusing mainly on intrinsic properties of the simulated showers about the average lateral distribu-
tions and S(800). This approach avoids the existing biases due to the SD array configuration and
the uncertainties introduced by the reconstruction process [15-17].
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4. Results

Average lateral distributions The average lateral distributions are obtained in sec?} bins in a
step of 0.1 for different combinations of primaries and models. From the corresponding tile files,
the average densities, expressed in units of VEM m~2, are calculated in 50 m core distance bins.

Figure 1 shows the results at Eyic = 10'8,10'°, and 10?° eV and the selected secd bins of
< 1.1, 1.3-1.4, and 1.5-1.6, for different primaries and models. For comparison, Equation (1) is
shown, normalized to §(800) obtained inversely from LUT at the median of each sec ¢ bin.

Compared to Equation (1), which represents the LDF used in the SD analysis, the simulations
at 10! and 10%° eV where the trigger bias is negligible for the main TA show densities near 800 m
that closely match those from LUT. The deviations observed between LUT and the simulations
primarily reflect different versions of the QGSJET-II model used in this work and in building LUT.

In contrast, at 10! eV, except for the case of sec ¥ = 1.5-1.6, the simulated lateral distributions
show significantly higher densities around the core, including at 800 m. This is likely due to trigger
and reconstruction biases at lower energies. At large zenith angles, the trigger efficiency is higher
because more SDs are located at small core distances due to the geometry of inclined showers,
which helps reduce the discrepancy.

When the overall shape of the lateral distribution is compared with the LDF given by Equa-
tions (1) and (2), all simulated results regardless of the primaries or models exhibit a steeper shape,
indicating reduced densities at large core distances. Although this is not a direct comparison with
experimental data from TA, the observed difference may reflect the so-called muon deficit [18], in
which simulations tend to show smaller muon densities. The shape of the lateral distribution can be
characterized by fitting the data with the same equations, allowing the n7 parameter to vary freely.

Figure 2 summarizes n as a function of sec} based on the results of Figure 1 and of other
sec ¥} ranges. Fits on two most extreme cases using Equation (1) are shown for comparison with
this equation along with the default coefficients employed in the SD analysis, labeled as ‘AGASA’.

Table 1 summarizes the coefficients ng and a describing the  parameter based on Figure 2.
They are obtained from the fit using Equation (2) in the range of sec? < 2. In the last row, the
average and standard deviation of all simulated combinations are also given to describe discrepancy
from default coefficients and dependence among combinations of primaries and models.

The n parameter characterizes the steepness of the LDF and is related to the development stage
of the air shower. As the shower propagates through the atmosphere, its particles spread laterally,
resulting in a flatter LDF at larger distances from the core, corresponding to smaller values of r. In
addition to the zenith angle dependence expressed by Equation (2), i also shows clear dependence
between proton and iron, some dependence on energy, particularly for iron or large zenith angles.

As seen in Figure 1, the i values from simulations are already larger than the LDF used in
the analysis. At 10'® eV around which Equation (2) was experimentally obtained by AGASA, the
simulated 79 values range between 4.3 and 4.7 (not shown in the figure). A part of this difference
may result from higher observation level, where the vertical atmospheric depth is ~875 g cm™2,
about 95% of that at AGASA. However, it only explains difference in 7 by ~0.09. In energies above
109 eV, the average 1 obtained from simulations tends to be larger than those given by Equation (2).
Compared to this discrepancy, we found that the dependence on different combinations of primaries
and interaction models is marginal.
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Figure 1: Average lateral distribution of proton and iron showers with Eyc = 10'8, 10!, and 10?0 eV as
shown in the legend for different sec 6 ranges, top panels: < 1.1, middle: 1.3 — 1.4, and bottom: 1.5 — 1.6 and
interaction models, left: QGSJET-1104, middle: EPOS-LHC and right: Sibyll2.3e. The solid curves represent
the LDF used in the SD reconstruction by normalizing with the S(800) based on LUT.
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Figure 2: 7 vs. sec® for proton and iron showers at Eyic = 10" and 10?° eV with different models. For
comparison with Equation (2) labeled ‘AGASA’, fits using this function are shown for the most extreme cases.

Table 1: Summary of the fitted 179 and a coeflicients from the results in Figure 2. The last row describes the
discrepancy from default coefficients and dependence among combinations of primaries and models.

Primary Emc = 107 eV Enmc = 102 eV

(LDF) no =3.97 a=1.79 1o =3.97 a=1.79
(Model) | QGS EPS SIB | QGS EPS SIB | QGS EPS SIB | QGS EPS SIB
Proton 477 467 483 | 177 153 183 | 468 466 468 | 097 094 0093
Iron 457 454 461 | 1.83 181 185 | 463 462 465 | 1.03 101 1.03
(Sim) 4.67 £0.10 1.77+0.11 4.65 +0.02 0.99 + 0.04
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S(800) vs. sec and Eyc relations Using the tile files, S(800) for each shower is calculated
by integrating waveform signals in the ring between 700 and 900 m from the shower axis, and
then dividing by its area. The S(800) vs. secd relation at fixed energy generally reflects the
attenuation of shower particle density as the shower develops deeper in the atmosphere. Without
detector bias, a quasi-linear relation between S(800) and Eyic at a fixed zenith angle is expressed
as: S(800) = S.£(800) - (EMC/Eref)’B with a scaling index 8 =~ 1 where S.¢(800) is S(800) at a
reference energy Ees.

Figure 3 shows S(800) as a function of zenith angle of the individual simulated showers at
10'8,10'%, and 10%° eV with different primaries and models. For upper two energies, corresponding
S(800) from LUT is compared. The horizontal axis is rescaled to sin® ¢, to account for the solid
angle acceptance. The corresponding sec ¢ scale is shown on the top.

At energies above 10'° eV, simulations show a slight peak near the vertical direction, with
iron primaries peaking closer to the zenith than protons, due to differences in shower development
profiles. Iron showers also exhibit smaller shower-to-shower fluctuations. The correlation given
by LUT intersects the simulated relation at around sec? ~ 1.2-1.3. At smaller zenith angles, the
simulated S(800) is lower than LUT values, while at larger zenith angles, it becomes higher.

Figure 4 shows S(800) vs. Enc relation with different primaries and models in sec ¢ ranges of
< 1.2,1.2-1.4, and 1.4-1.6. For each range, a quasi-linear fit is applied on the logarithmic scales.

Table 2 summarizes S(800) values and scaling index B from the fits shown in Figure 4.
LUT values are shown for comparison, and the relative differences quantify primary and model
dependence based on the mean and standard deviation of the six values in each set.

The S(800) vs. Enc relations are well described by a quasi-linear function with scaling indices
slightly larger for iron primary than for proton and in higher zenith angle, reflecting differences in
the shower development stage. The relative dependence of S(800) on primaries and models remains
within +13%, indicating that S(800) is intrinsically a stable energy estimator.

Discussion A recent study using the QGSJET-1104 model with a proton primary as the LUT for
the main TA found a scaling factor of 1.16, based on the Eyyr/FEpp ratio using hybrid events with
energies above ~10' eV. A similar scaling factor of 1.36 was evaluated for TAx4 by matching
the reconstructed energy distribution of simulated showers to that of experimental ones [14]. This
approach was adopted due to the limited statistics of hybrid events currently available from TAX4.

Reconstructing the full lateral distribution for each individual shower is not essential, as long as
the derived S(800) is sufficiently close to the true value to achieve the scientific objectives. However,
applying analysis functions in SD reconstruction that better represent the actual characteristics of
air showers may help reduce biases in data interpretation.

In the SD data analysis, LUTs are used and inherently reflect biases from the array layout and
reconstruction process. Differences between the LUT and this work, beyond model dependence,
are mainly attributed to such biases in determining S(800). Deviations from the assumed LDF, as
shown in Figure 1, also contribute. Despite the offset in LUT-based energies, we rescaled Eyyt
to Erp, which experimentally provides an absolute energy scale. As a cross-check, we applied the
CIC method to extract the UHECR energy spectrum without using LUTs, and found agreement in
the energy scale within 2% [19]. The distributions of other reconstructed parameters also show
good agreement between simulated and observed datasets, further validating the overall procedure.
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Figure 3: S(800) as a function of zenith angle for individual simulated showers at 10'8, 10'°, and 10%° eV,
for different primary particles and interaction models. For comparison, LUT-based S(800) values are shown
for the two higher energies. The horizontal axis is rescaled to sin® 6 to reflect solid angle acceptance, and the
corresponding sec 6 values are indicated on the top axis.
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Figure 4: S(800) vs. Eyjc relation for proton and iron primaries in sec @ bins of < 1.2, 1.2-1.4, and 1.4-1.6
with different models. For each sec ¢ bin, a quasi-linear fit is applied on the logarithmic scales.

Table 2: Summary of the S(800) and S values from the fits in Figure 4. LUT values are compared, and the
relative differences quantify primary and model dependence based on the mean of the six values in each set.

e . S(800)@Enc =10 eV | S(800)@Enc = 10?0 eV B
Y1 LUT QGS EPS SIB|LUT QGS EPS SIB|QGS EPS SIB
p 177 193 16.7 154 169 143 | 094 0.94 0.93
1.0-1.2 28.7 234
Fe 17.7 235 207 184 213 185 | 095 0.96 0.95
p 19.6 215 188 185 206 174 | 098 0.98 0.97
12-14 21.2 185
Fe 194 193 199 189 223 198 | 098 1.00 1.00
p 162 224 169 173 193 174 | 1.03 1.01 1.01
14-1.6 13.7 116
Fe 151 193 159 156 189 169 | 1.01 1.04 1.03
((Sim) — LUT)/(Sim) ((Sim) — LUT)/(Sim)
1.0-12 —45% + 11% —34% + 13%
12-14 ~5% + 6% +4% + 11%
14-1.6 +15% + 10% +36% + 7%
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5. Summary

We investigated the intrinsic properties of the lateral distribution of particle densities in proton
and iron induced air showers simulated for the main TA and TAXx4 SD arrays using CORSIKA with
QGSJET-II-04, EPOS-LHC, and Sibyll 2.3e. Compared with the formula used in the analysis, all
simulations exhibit a steeper lateral distribution. The dependence of S(800) on the zenith angle
was also examined as an energy estimator.

Systematic discrepancies with the current LUT used in the SD analysis were identified. How-
ever, they are largely compensated by hybrid events, which calibrate the energy scale and validate the
overall analysis procedure. The dependence on the primary particle type and hadronic interaction
model was found to be marginal compared to other uncertainties.

In future studies, we aim to extract average LDFs from experimental data to better understand
and constrain related uncertainties to include into the data analysis.
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