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Currently, ultra-high energy cosmic rays (UHECRs) are being measured by the Telescope Array
(TA) and Pierre Auger (Auger) experiments. There are differences in the energy spectra measured
by TA and Auger. One reason for this difference is systematic uncertainty in the energy determi-
nation. The fluorescence yield model, which consists of fluorescence emission efficiencies and
spectra, is one of the most significant components of this systematic uncertainty. Fluorescence
emission efficiencies and spectra have been measured by various experiments, and different mea-
surements are currently used to determine the energy of the TA and Auger experiments. In this
study, we estimate the influence of the fluorescence yield model on the systematic uncertainty in

the energy determination of the TA fluorescence detector.
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1. Introduction

In this study, we estimate the influence of the fluorescence yield model on the systematic
uncertainty in the energy determination of the Telescope Array (TA) fluorescence detector. TA
and Pierre Auger are the largest cosmic ray experiments in the northern and southern hemispheres,
respectively. The TA experiment is being conducted in the desert area of Millard County, Utah,
USA. This experiment consists of 507 surface particle detectors arranged in a grid with 1.2 km
intervals, surrounded by three stations with FD 20 — 30 km apart. The Auger experiment is being
conducted near the town of Marargue, Mendoza Province, Argentina. This experiment consists of
1,660 water Cherenkov detectors arranged in a triangular grid with a spacing of 1.5 km, surrounded
by four stations with FDs.

One of the results obtained from the UHECRs measured by the above two experiments is the
energy spectrum, and a difference is observed. The energy spectra of the TA and Auger experiments
are shown in Figure 1 (a). The flux measured by the Auger experiment is lower than that measured
by TA. One reason for this difference between two spectra is systematic uncertainty in the energy
determination. The fluorescence yield model, which consists of fluorescence emission efficiencies
and spectra, is one of the most significant components of this systematic uncertainty.

The fluorescence model is used to estimate the amount of fluorescence yield from particles
produced by the air shower phenomenon. Fluorescence yield, one of the components of the
fluorescence model, is the amount of light emitted per MeV of energy loss. The fluorescence
yields measured in each experiment is shown below (Figure 1 (b)). Fluorescence yield varies
from experiment to experiment. The other component, the fluorescence spectrum, is the intensity
distribution of fluorescence generated in each wavelength band. Fluorescence spectra of FLASH
used by TA and Airfly used by Auger are shown in Figure 1 (¢) and (d), respectively. Thus,
fluorescence emission efficiencies and spectra have been measured by various experiments, and
different measurements are currently used to determine the energy of the TA and Auger experiments.
In this study, we estimate the influence of the fluorescence yield model on the systematic uncertainty
in the energy determination of the TA fluorescence detector.
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Figure 1: Left: The flux as a function of energy as measured by TA and Auger. Right: Various measurements
and calculations of the fluorescence yield. [1]
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Figure 2: Left: The fluorescence spectrum as measured by FLASH. Right: The fluorescence spectrum as
measured by AIRFLY. The vertical axis is standardized and the horizontal axis is wavelength

2. Energy determination for each fluorescence model

In order to estimate the systematic uncertainty in the energy determination due to each flu-
orescence model, we first run simulations at 10'® eV, 10'° eV, and 10%° eV using the standard
fluorescence model. Next, monocular reconstruction is performed for each fluorescence model.
Next, event selection is applied to the result of monocular reconstruction. The shower profile is
reconstructed with the geometry given by the simulation to remove the influence of the geometry
reconstruction on the remaining events in the event selection. The above procedure is performed
for each fluorescence model to estimate the energy determination. The details are described below.

In the simulation, after the primary cosmic rays enter the atmosphere, a large number of
secondary particles are produced by the air shower phenomenon, and the fluorescence emitted from
the secondary particles is measured by FD in the TA experiment. The atmospheric conditions
used in the simulations are the US standard atmosphere [10]. When primary cosmic rays enter the
atmosphere, they interact with atomic nuclei and produce a large number of secondary particles
in the form of air showers. The program used to calculate the air shower is CORSIKA, which
simulates the longitudinal development of the air shower by taking into account the interaction of
all points. Secondary particles produced by air shower phenomena are mostly charged particles,
which lose energy by exciting electrons of nitrogen in the atmosphere, and part of the energy
is emitted as atmospheric fluorescence. A fluorescence model is used to estimate the amount
of light in this atmospheric fluorescence. In the fluorescence model, Kakimoto [3] is used for
fluorescence yield and FLASH [4] for spectra. This is used in the analysis of TA FD. Atmospheric
fluorescence enters the PMT of the FD of the TA experiment after attenuation due to scattering in the
propagation process in the atmosphere. From the fluorescence incident on the PMT, atmospheric
scattering, incident light intensity, structures, mirror reflectance, Paraglas transmittance, BG3 filter
transmittance, PMT and circuit response, etc. are taken into account to obtain the waveforms. In
this way, in the simulation after the primary cosmic rays enter the atmosphere, a large number of
secondary particles are produced by the air shower phenomenon, and the fluorescence emitted from
the secondary particles is detected by the FD used in the TA experiment. Table 1 summarizes the
conditions placed on reconstruction of events in the simulation.
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Table 1: summarizes the conditions placed on reconstruction of events in the simulation.

Particle type Proton

Number of air shower arrivals 100000

Energy 108 eV, 10" eV, 107 eV
Zenith 0-65°

Azimuth 0-360°

FD station BRM

Core position 60 km from CLF

Shower generator CORSIKA (QGSJET-11-04)
Atmospheric model US standard atmosphere
Fluorescent model Kakimoto with FLASH spectrum

In the monocular reconstruction, PMT selection, geometry reconstruction, and longitudinal
developmental reconstruction are performed in the same way as in reality, and the energy and
direction of arrival of primary cosmic rays are estimated. Monocular reconstruction is a technique
to measure cosmic rays at a single FD station. First, Only PMTs containing atmospheric fluorescence
are used in the analysis, except for PMTs that are not triggered first and PMTs triggered by night
sky light, etc. Next, the plane including the shower axis and FD is determined from the trajectory
of the air shower imaged by the telescope, and the geometry of the air shower is determined from
the inclination of the shower axis in the plane and the time of fluorescence incidence. Finally,
the longitudinal development of air showers is performed by determining the energy loss at each
atmospheric depth from the amount of atmospheric fluorescence light incident on each PMT.
Thus, in the monocular reconstruction, PMT selection, geometry reconstruction, and longitudinal
development reconstruction are performed to estimate the energy and arrival direction of primary
cosmic rays using the same method as in reality.

After performing monocular reconstruction, event selection is applied to exclude events for
which geometry reconstruction is not successful. The selection conditions used in this study are
listed in Table 2 [2].

Since the monocular reconstruction measures cosmic rays at a single FD station, it cannot
measure the shower axis well. Therefore, the accuracy of geometry reconstruction is low, which
greatly affects the accuracy of energy determination. Geometry reconstruction is one of the sources
of systematic errors, and we would like to remove systematic errors other than those of the fluorescent
model in this study. Therefore, we reconstruct selected events again using true geometry. Since the
true geometry is used, the longitudinal developmental reconstruction is not affected by the geometry
reconstruction.

Various fluorescence models were used in the reconstruction. Kakimoto, Airfly [5], AirLight
[6], MACFLY [7], and Nagano [8][9] models were used as fluorescence yield models. The TA
experiment uses Kakimoto et al. for the absolute fluorescence yield and FLASH for a fluorescence
spectrum. We estimate the accuracy of energy determination from various models and the systematic
error of atmospheric fluorescence on the reconstruction.
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Table 2: Selection Conditions

Quality cuts

Number of PMTs > 10

Track length > 10°

Time extent > 2 us

R, > 0.5km

Minimum viewing angle > 20°
Y angle < 120°

Geometrical y? / ndf < 10
Xmax inside FOV

Zenith angle < 55°

Core distance from CLF < 25 km
Energy > 10'7-2 eV

3. Results

The accuracy of determining the reconstructed energy and The accuracy of determining the
reconstructed Xp,x for each energy and each fluorescence model is obtained.

Figure 3 shows an example of the distribution of In(Eyec/Esim), which demonstrates the error
of the energy measurement and an example of the distribution of AXp,.x, Which demonstrates the
error of the X,x measurement. In the reconstruction using Kakimoto with FLASH model at 1019
eV, the accuracy of energy determination was 0.01 + 0.08, and the accuracy of X;,,x determination
was -3.4 + 24 [g/cm?]. The accuracy of energy and Xp.x determination was estimated to check the
impact of the model change in Figure 4 on the reconstruction of each energy.
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Figure 3: Left: An example of energy error distribution. Right: An example of X« error distribution.

The effects of changing the model at 10'® eV, 10'? eV, and 10%° eV on the energy and Xpax
reconstructions are shown in Figure 4. From the left of Figure 4, when the model is changed for 10'8
eV, 10" eV and 10%° eV, the difference is largest between AIRFLY and MACFLY for all energies:
19 % for 10'8 eV, 19 % for 10" eV, and 18 % for 10?° eV. From the right side of Figure 4, the
largest differences for the different models were observed between MACFLY and Nagano in 10'8
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eV, between Kakimoto with FLASH and Nagano in 10! eV and 10%° eV: -4.9 g/cm? for 10'8 eV,
-3.1 g/cm? for 10'? eV, and -2.7 g/cm? for 102 eV.
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Figure 4: Left: Plot showing the effect of changing the model at 10'® eV, 10'° eV and 10%° eV on the energy
reconstruction. Error bars are the standard deviation of the distribution of <In(Ee./Egm)>. Right: Plot
showing the effect of changing the model at 10'® eV, 10!° eV and 10?° eV on the X,y reconstruction. Error
bars are the standard deviation of the distribution of AXax.

Table 3 shows specific numerical values for each plot and error bar in the left-hand graph of
Figure 4, and Table 4 shows specific numerical values for each plot and error bar in the right-hand
graph.

Table 3: Specific values for each plot and error bar in the left graph in Figure 4

Fluorescent Model Mean £ Std Dev Mean & Std Dev  Mean = Std Dev

(1018 eV) (101 eV) (102 eV)
Kakimoto with FLASH ~ 0.03 & 0.10 0.01 £0.08  -0.06 £0.16
AIRFLY -0.14 £ 0.10 -0.15+ 008  -0.21*0.17
AirLight -0.01 £0.10 -0.02 £0.08  -0.08 £0.16
MACFLY 0.04 £ 0.10 0.03 £0.08  -0.04 £0.16
Nagano -0.09 £+ 0.10 -0.10 £ 0.08  -0.16 £ 0.17

Table 4: Specific values for each plot and error bar in the right graph in Figure 4

Mean =+ Std Dev
[g/cm?] (107 eV )

Mean £ Std Dev
[g/cm?] (10" eV)

Mean = Std Dev
[g/cm?] (10'8 eV )

Fluorescent Model

Kakimoto with FLASH 1.5+ 37.8 3.4 12235 -12.9 = 28.6
AIRFLY 521422 277 =234 -12.9 &= 28.7
AirLight 42 +379 -1.1 =234 -10.5 &= 28.5
MACFLY 1.3 = 37.8 3.1 =234 -12.5 =284
Nagano 6.23 £+ 38.02 -0.3 =234 -10.2 &= 28.8
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Figure 5: Left: Ratio of <In(E;e./Egim)>for other models to <In(Ee./Esim)>for Kakimoto with FLASH.
(The standard is Kakimoto with FLASH). Right: Difference between <A Xpax>o0f Kakimoto with FLASH and
<AXmax>0f other models. (The standard is Kakimoto with FLASH). Error bars in each plot are propagation
errors.

Figure 5 shows the ratio of <In(Ee/Egim)>for other models to <In(Ee./Esim)>for Kakimoto
with FLASH and the Difference between <A X >0f Kakimoto with FLASH and <A X,ax>0f other
models.There is an energy dependence in the reconstruction bias of energy and Xpyax. The main
reason for this is considered to be the reconstruction bias of FD, since the reconstruction results of
Kakimoto with FLASH model do not include atmospheric fluorescence, atmospheric conditions,
and geometry uncertainties. Therefore, if the reconstruction bias is taken into account, The difference
in the effect of atmospheric fluorescence yield at each energy on the determination of energy and
Xmax is about 1 percentage point for energy and 2 g/cm? or less for Xpax, respectively.

4. Summary

The accuracy of determining the reconstructed energy and The accuracy of determining the
reconstructed Xmax for each energy and each fluorescence model is obtained. From the left of
Figure 4, when the model is changed for 10'® eV, 10'° eV and 10 eV, the difference is largest
between AIRFLY and MACFLY for all energies: 19 % for 10'8 eV, 19 % for 10" eV, and 18 %
for 10?° eV. From the right side of Figure 4, the largest differences for the different models were
observed between MACFLY and Nagano in 10'® eV, between Kakimoto with FLASH and Nagano
in 10" eV and 10%° eV: -4.9 g/cm? for 10'8 eV, -3.1 g/cm? for 10'° eV, and -2.7 g/cm? for 10?0 eV.
From the Figure 5, There is an energy dependence in the reconstruction bias of energy and Xp,x-
The main reason for this is considered to be the reconstruction bias of FD, since the reconstruction
results of Kakimoto with FLASH model do not include atmospheric fluorescence, atmospheric
conditions, and geometry uncertainties.Therefore, if the reconstruction bias is taken into account,
The difference in the effect of atmospheric fluorescence yield at each energy on the determination
of energy and X,y is about 1 percentage point for energy and 2 g/cm? or less for Xy, respectively.
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