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Abstract. The estimation of mass composition ultra-high energy cosmic rays is essential to understand their
origin and generation mechanism. Recent experiments are expected to discover anisotropy of mass composition
in ultra-high energy cosmic rays. Anisotropy of mass composition using Xmax is currently being performed,
but the problem is that the statistics of cosmic rays with measured Xmax is very small. For the next generation
experiments, it is important to know how much statistics can be accumulated to find Xmax anisotropy. There-
fore, in this analysis, we examine Xmax anisotropic search in ultra-high energy cosmic rays by simulating a
cosmic ray air showers under various conditions such as energy spectrum and mass composition.

1 introduction

Ultra-high energy cosmic rays(UHECR) have been ob-
served since the Akeno Air Shower Observatory[1] started
operation in 1979, and the Fly’s Eye experiment[2] in
1981, which established a method for measuring air show-
ers with an atmospheric fluorescence telescope. Since
then, various experiments such as the Telescope Array
(TA)[3] and the Pierre Auger Observatory[4] have been
conducted to observe and study cosmic rays. Cosmic rays
have been observed over a wide energy range from 10%eV
to 102%eV. In particular, cosmic rays with energies higher
than 10'8eV are called ultra-high energy cosmic rays. The
question of where and how the ultra-high energy cosmic
rays with energies as high as 10*°eV are produced is one of
the problems in cosmic ray physics. To solve this question,
observational experiments on cosmic rays have been con-
ducted to measure the flux, mass composition, and arrival
direction of cosmic rays. Recent experiments have shown
signs of anisotropy in the vicinity of HotSpot, WarmSpot,
and Supergalactic plane[5]. In addition to energy and ar-
rival direction, mass composition anisotropy analyses us-
ing Xmax is now being performed and is expected to be a
promising method. However, in the ultra-high energy re-
gion, there is a problem that the statistics are very small
due to the small arrival frequency and limited duty cy-
cle of the fluorescence technique that can directly measure
Xmax. To increase the statistics, it is expected that the next
generation of cosmic ray observational experiments will
be performed a much larger scale. Therefore, it is impor-
tant for the planning of the next generation of experiments
to investigate what we can learn about the future physics
of cosmic rays with a certain amount of statistics.Here, we
have focused on the anisotropy analysis of mass compo-
sition. In this work, we investigate how much statistics is
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required for Xmax anisotropy to appear in simulations un-
der different conditions of mass composition and energy
spectrum.

2 Data Set

The following is a detailed description of the data set
used for the simulations. The longitudinal evolution of air
showers was generated by a Monte Carlo simulation us-
ing Corsika.[6] A detailed description of the data obtained
from the simulations is given as follows.

e Primary composition : Proton, He, CNO(1:1:1), Si, Iron
e Interaction model : EPOS-LHC

e Log(E/eV):19.7-19.8, 19.8-19.9, 19.9-20.0
(Generated continuously inside each energy bin)

e Zenith angle : 0 - 65 degrees
e Thinning factor : -4

For each combination of energy and mass composi-
tion, 1000 air shower events were generated using EPOS-
LHC as hadronic interaction model.

3 Analysis

In this work, we developed a new analytical method. The
outline of this analysis is to compare the Xmax distribu-
tions of two regions by randomly selecting assumed re-
gions, energies, and mass compositions according to prob-
abilities, and to verify how much statistics is required for
the Xmax distributions of the two regions to be signifi-
cantly different.Here, two regions are assumed : one is the
TA HotSpot region[? ][? ] and the other is the Background
region. Including assumed energy and mass compositions,
the analysis procedure is described as follows:
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1. Select two regions (HotSpot, Background) to com-
pare with probability as described in Subsection 3.2

2. Randomly select to follow the assumed energy spec-
trum and mass composition ratios in the selected re-
gion

3. Perform KS test on the two regions for a total of
every 10 events.

4. Check the p-value obtained by the KS test and the
change in the number of events.

3.1 assumption of energy and composition

The parameters assumed in the simulation are the region,
energy, and mass composition. Since we have already as-
sumed the region, we must now assume the energy spec-
trum and mass composition ratios. In the following, we
will explain the details of the assumptions for the energy
spectrum and the mass composition ratios.

3.1.1 energy

Figure 1[7] is the result of the energy spectrum obtained
by TA experiment. In this analysis, the energy spectrum in
the HotSpot region is the same as the energy spectrum in
the Background region.Then, the event flux ratio for each
energy is calculated based on this spectrum. As seen in
Figurel, the spectrum consists of power spectra for each
energy region, and for energies above 3 X 10'7eV, the
function is expressed as in Equationl.
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Figure 1: The energy spectrum obtained from the TA
experiment[7]
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E_%(E < Eankle) (1)

Based on the above equation and parameters, the en-
ergy region from 107 eV to 10?0 eV is divided into
three parts and the flux ratio in each region is calculated
(Table 2).

Table 1: Values of the broken power-law fit parameters for
the TA energy spectrum above 3 X 10'7eV [7]

TA spectrum parameters

Y2
3.226 £ 0.007 2.66 +0.02

V3 EankielEeV]  Eprear[EeV]
4.7+0.6 52+02 60+7

Vi

Table 2: Ratios of fluxes in three energy regions

Ratios of fluxes

10197198 V] 0.65
10193~199eV] 0.26
10199200 V] 0.09

3.1.2 compositon

Figure2 shows the energy densities together with the fit for
various mass compositions obtained from the Auger ex-
periment. In the present analysis, we calculate the mass
composition ratios in each energy region using Figure
2[8]. The Background mass composition ratios are taken
from Figure 2. Table 3 lists the hotspot events for the
first five-year period. The number of observed is 19, and
the number of expected is 4.49, meaning that 14.51 more
events are observed than expected. In other words, more
events were observed in the HotSpot region than expected,
so excess events must be taken into account.When calcu-
lating composition of HotSpot region, 4.49 events are cal-
culated with mixed composition 14.51 events are calcu-
lated with pure proton.

107
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Figure 2: Energy densities with the fit for various mass
compositions obtained from the Auger experiment[8]

The calculated mass composition ratios are shown in
Table 4.

3.2 Comparison of Xmax distributions between
Background and HotSpot

Assuming the energy spectra and composition ratios in-
side and outside the HotSpot, we randomly extract Xmax
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Table 3: Numbers of events in the Background and
HotSpot regions in the first 5 years of the TA data.

sider a new evaluation method. Next, we describe the new
method.

Number of number of expectation number of
observed as background excess
19 4.49 14.51

Table 4: Composition ratios in three energy regions for the
Background and HotSpot

Proton : CNO : Si : Iron (Background)

1019.7~]9.8[ev]
1019.8~19.9 [EV]
1019.9~20.0 [€V]

00:44:44:12
00:26:54:2.0
00:16:52:32

Proton : CNO : Si : Iron (HotSpot)
7.6:1.1:1.1:0.2
76:06:13:0.5
76:04:12:0.8

1019.7~19.8 [EV]
1019.8~19.9 [@V]
1019.9~20.0 [EV]

from the data set according to the determined probabili-
ties. In this analysis, we focus on the number of events
where Xmax anisotropy appears. To examine how much
the Xmax distributions in the two regions are statistically
significantly separated, we need to compare the Xmax dis-
tributions between the HotSpot region and the Background
region for each event obtained according to the assumed
energy spectrum and mass composition mixing ratios. The
observation of the TA experiment shows that there are 72
events above 57 EeV in the last 5 years(2008 2013), of
which 19 events are in the HotSpot and 53 events are in
the Background. In the following we explain the process
of retrieving events and comparing their distributions.

First, two regions (HotSpot or Background), three en-
ergy regions, and five mass compositions are randomly se-
lected with probability according to the assumption, and
Xmax is randomly obtained from the data set. Figure3
shows the Xmax distributions when a total of 50 events
are obtained in the two regions, and the p-value is calcu-
lated using KS test every 10 events in total in the Xmax
distributions in the HotSpot and Background regions. The
test is continued by obtaining events until the p-value ob-
tained from the test exceeds 3 0. Figure4 is the result.
As the number of events increases, the p-value of the test
result becomes smaller, and when the number of events
exceeds a certain number, the p-value falls below the con-
fidence level, indicating that the Xmax distibutions of the
two regions is significantly separated. In other words, the
statistic at the point where 30 is exceeded is the statistic
necessary for the distributions in the two regions to be sig-
nificantly separated. However, it is also possible that the
results shown in Figure4 are obtained by chance, since the
events in this simulation are obtained randomly accord-
ing to the probability. Therefore, it is necessary to con-
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Figure 3: Xmax distributions at a total of 50 events. Left
panel shows a distribution of HotSpot .Right panel shows
a distribution of Background
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Figure 4: P-value from the comparison between the
HotSpot and Background Xmax distributions every 10
events

3.3 Number of events required to significantly
separate the Xmax distributions of the two
regions

In this section, to account for the possibility that the results
in Figure4 could have occurred by chance, the sequence
of acquisition events is repeated 10,000 times until the p-
value obtained by the test exceeds 3o~ This is equivalent
to finding the number of Xmax observations required for
a sufficient difference in the Xmax distribution to appear
in 10,000 experiments. Then, from the results of 10,000
times, we estimate the number of observations required to
detect a sufficient difference in the Xmax distribution of
30(99.7%).

Figure5 shows the results of 10,000 times, and all
10,000 results are different because the events are ran-
domly obtained and compared by probability. These re-
sults are used for evaluation.

As the number of events increases, the p-value de-
creases and exceeds 30 at a certain number of events. The
number of experiments with p-values exceeding 3 0 as
the number of events also increases. Figure 6 shows the
distribution of p-value at 50 events obtained from the sim-
ulation. Figure 7 show the distributions for 100 and 150
events, respectively.

Since the number of experiments exceeding 30 is ex-
pected to increase as the number of events increases, the



EPJ Web of Conferences 283, 03012 (2023)
UHECR 2022

https://doi.org/10.1051/epjconf/202328303012

10°

10!

pvalue

102

1073
0 50 100 150 200 250 300
num of events
Figure 5: p-value obtained by comparing the HotSpot and
Background Xmax distributions for every 10 events for

10,000 results
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Figure 6: The distributions of p-value at 50 events
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Figure 7: The distributions of p-value. Left figure is for
120 events. Right figure is for 150 event.

number of experiments exceeding 30 for a given number
of events is 9970 (99.7 %) out of 10000. In this case, the
number of events is assumed to be the statistics required to
find the Xmax anisotropy. Figure 8 counts the number of
experiments exceeding 30 for each number of events. Un-
der the conditions of EPOS-LHC for the hadron interac-
tions model and proton for excess particles in the HotSpot,
the Xmax distributions of the HotSpot and Background are
significantly separated at about 165 events.

In the previous analysis, the excess particles in the
HotSpot were protons. Moreover, we analyzed when the
excess particles were He, CNO, Si and Iron particles, and
the energy range was changed. we calculated some energy
range with Figurel and equationl. Figure 9 shows the re-
sults. Table 5 summarizes the results from Figure 9. The
statistics required to observe the Xmax anisotropy are, in
decreasing order, Proton, He, Fe, CNO, and Si. Since there
is no proton in the Background mass composition ratio,
the excess particle in the HotSpot region are considered to
separate the fastest in the case of proton.
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Figure 8: Result of the number of experiments when
anisotropy appears as a function of the number of events
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Figure 9: The number of experiments when anisotropy ap-
pears as a function of the number of events.The solid line
shows the median value of the energy spectrum param-
eters, and plotted line shows Upper and lower limits of
energy spectrum error bars.Proton, He, CNO, Si, Iron are
indicated as Red, Orange, Purple, Cyan, Blue.

Table 5: The number of event which required to find Xmax
anisotropy.The solid line shows the median value of the
energy spectrum parameters, and plotted line shows Upper
and lower limits of energy spectrum error bars.Proton, He,
CNO, Si, Iron are indicated as Red, Orange, Purple, Cyan,
Blue.

EPOS-LHC
Proton 166!
He — 251%
CNO 14692
Si 100004,.4more
Iron  481%

4 Conclusion

Recent observations of cosmic rays with TA experiment
show signs of anisotropy due to energy in the HotSpot
region, WarmSpot, and supergalactic plane. Along with
energy and arrival direction analysis, anisotropy analy-
sis of mass composition using Xmax is also expected,
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but the statistics are very limited due to the duty cycle
of the telescopes that can detect Xmax. In this examine
Xmax anisotropic search in ultra-high energy cosmic rays
by simulating cosmic ray under various conditions, energy
spectrum and mass composition. And we estimate statis-
tics required to find out the difference on the Xmax dis-
tributions are evaluated by the simulation with some as-
sumptions.
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