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The origins of Ultra High Energy Cosmic Rays (UHECRs) remain unclear. A significant diffi-
culty in identifying their sources is the complex deflection of charged particles by galactic and
intergalactic magnetic fields. Our goal is to detect high-energy neutrinos produced through inter-
actions between UHECRs and matter near astrophysical objects, to help elucidate their origins.
In this study, we utilize data from the Telescope Array surface detector (TA SD) to search for
neutrino-induced air showers. To achieve this, we have developed an analysis method using Monte
Carlo (MC) simulations. Our approach focuses on inclined air showers, as both the probability
of interaction and the efficiency of background rejection increase at larger zenith angles. Since
standard TA analyses limit zenith angles below 55 degrees, this study rigorously examines the
validity of thinning and dethinning processes in MC simulations at larger zenith angles. To
minimize variations in shower characteristics, we concentrate on showers produced by electron
neutrinos through charged current interactions. This study will not only present a detailed analysis
method but also discuss the characteristics of neutrino-induced air showers, which are essential
for distinguishing them from background events.
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1. Introduction

Highest energy cosmic rays have been studied by the Telescope Array experiment (TA) and
the Pierre Auger observatory (Auger), which operate in the Northern and Southern hemisphere,
respectively [1], [2]. These experiments indicate mediam scale anisotropy of cosmic-ray arrival
direction at extremely high energies. UHECRs are believed to be of extragalactic origin. Since
cosmic rays are charged particles, it is difficult to identify the source because their trajectories are
bent by magnetic fields. It is well known that observation of neutrino is useful to identify origins
of UHECRs because neutrinos are not affected by magnetic fields. In this paper, performance of
the TA Surface Detector (SD) array for neutrino-induced air showers is discussed. We focus on the
large zenith angle region to increase the probability of interaction with atmosphere. Furthermore,
at large zenith angles, the first interaction points of the background (BG) hadron-induced showers
and the neutrino-induced showers are significantly different, resulting in a difference in the shape
of the shower front. This makes it easier to discriminate neutrinos from BGs than at small zenith
angles.

Figure 1: Schematic view of inclined showers

A visual representation of a proton shower and a neutrino shower at a large zenith angle is
presented in Fig.1. For large zenith angles, BG hadron showers interact in the upper atmosphere,
resulting in a predominant population of muons among the particles reaching the Earth’s surface. In
contrast, neutrino showers, even at large zenith angles, can begin to develop near the Earth’s surface,
leading to a significant electromagnetic component in their early interaction stages. Consequently,
the shape of the shower front differs between hadron showers, which are flat, and neutrino showers,
which are predicted to exhibit a curved surface with a smaller curvature radius.

The TA collaboration have investigated large zenith angle region to search ultra-high energy
neutrinos [3]. We discriminated neutrino-induced showers from proton-induced showers using
machine learning method called Boosted Decision Trees [4], [5]. We used large zenith angle Monte
Carlo (MC) data and define the optimum parameter. The method of this analysis was applied to the
TA data and no neutrino candidate events were found. The previous study explored diffuse neutrino
and did not need to increase the accuracy of angular resolution, so it was not validated to the MC data
generation method. However, the objective of this study is to search for an astrophysical neutrino,
and all steps from the shower generation method to the reconstruction method need to be verified.
In this paper, we’ll mainly focus on MC generation of the neutrino inclined showers. Thinning by
CORSIKA and De-thinning by TA method for inclined neutrino showers will be discussed. We
also discuss about discrmination method between neutrino and proton, using MC data generated by
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new method for inclined neutrino showers.

2. Telescope Array Experiment

The TA experiment is the largest cosmic ray observatory in the Northern Hemisphere, located
at 113◦ W longitude and 39◦ N latitude in the desert of Utah, USA. It observes the highest energy
cosmic rays at an altitude of 1430 m (875 g/cm2 mass-overburden). The 507 surface detectors
are installed at 1.2 km intervals, covering approximately 700 km2. The TA experiment started
observations in 2008 and has been in operation since then.

Figure 2: Telescope Array Experiment surface detector

Each SD consists of two layers of 3m2 scintillators as shown in Fig.2. The lights emitted by
these scintillators are converted to electrical signals by photomultiplier tubes (PMT) and recorded
as waveforms. The standard analysis of the TA experiment is optimized for zenith angles below
55◦. By our study, we aim to evaluate the reconstruction method for the larger zenith angle region
by utilizing MC data.

3. Monte Calro generation of inclined neutrino showers

3.1 Thinning and De-thinning process

In MC of air showers, "Thinning" is performed to reduce the number of tracked particles by
weighting representative particles instead of following all secondary particles in the shower. Then,
"Dethining" is also performed, which recovers the number of particles according to the weights as
shown in Fig.3. In this study, We worked on optimizing the Dethining method developed in the TA
for showers created in the Thinning mode of CORSIKA so that it can be applied to neutrino large
zenith angle showers as well. Specifically, we first compared the energy at which secondary particles
are deposited on the SD, the arrival time, and the number of particles hitting the SD for the case
where all secondary particles were tracked (Unthinned) and the case where Thinning-Dethinning
was used for the same shower (Dethinned). We will report the results and the improvement of the
Dethinning method.
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Figure 3: Schematic view of Unthinned/Dethinned showers

3.2 MC dataset and CORSIKA setup

For the verification of the dethinning method, we used CORSIKA MULTITHIN option. Using
this option, we can generate Nothinning shower and Thinning shower simultaneously. By comparing
exactly the same showers, we can reuduced the number of simulation events. The MC dataset is
shown in Table1.

Table 1: Neutrino MC dataset:1st interaction for all showers is Charged Current.

Particle Type Energy Zenith Angle Azimuth Angle 1st interaction height
[eV] [deg] [deg] [km]

𝜈𝑒 1017/1018/1019 70/80 0 to 360 3,5,7

In this paper, we investigated only showers generated through Charged Current (CC) interaction
by high energy 𝜈𝑒 and atmosphere.

4. Comparison of Unthinned and Dethinned showers

4.1 Calculation setup and how to compare

We simulate the response of a virtual array filled with 6 m × 6 m tiles. One 3m x 3m TA SD
is placed in the center of each tile, arranged in a 16.8 km x 16.8 km area, and the response of each
tile is calculated.

The example of the distrubution of deposited energy over the vertual array is shown in right of
the Fig.4.

We compared three parameters here, number of particles, energy deposit and arrival timing.
We compared each parameters projected onto the vector projecting the shower axis onto the ground
and calculated the ratio as P =

∫
Dethenned/

∫
Unthinned. P was calculated for 18 showers as

shown in Table 1.
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Figure 4: Energy deposit calculation setup

Fig.5 shows comparison of the number of particles for each energies. The right figure shows
the results of the calculation of P for the number of particles for a 70 deg shower, and the left figure
shows the results for an 80 deg shower. From Fig.5, we can see that Dethinned showers underproduce
particles compared to Unthinned showers, both at 70 deg and at 80 deg. In investigating the cause
of this difference, we found that it is attributable to the electromagnetic component.

Figure 5: Number of particles before modification

We tuned for 𝑊𝑟𝑎𝑡𝑒,the maximum number of particles that can be represented by THINNING,
for the electromagnetic component in CORSIKA shower generation. The original method, upper
weight limit on the electromagnetic component can be up to 100 times higher than the hadronic
component. Wrate = WMAXem/WMAXhad = 100 After modification, we tuned like Wrate =
WMAXem/WMAXhad = 1, so the maximum weight for electromagnetic component has been
decreased. The CPU time doubles after modification, but ite’s still acceptable. The Fig.6 shows
that the comparison of the number of particles after modification.

It can be observed that there is good agreement across all energies and interaction heights, with
differences remaining within ±1%. Regarding the total energy deposit and average arrival timing,
the initial agreement was reasonably good; however, after modification, the distribution has further
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Figure 6: Number of particles after modification

improved, achieving nearly 100% agreement.

5. For discrimination between neutrino and proton showers

Here, we also discuss about the discrimination parameters between neutrino from proton
showers. Table2 shows the MC setup used to investigate the discrimination paramters.

Table 2: Neutrino MC dataset for discrimination

Particle Type Energy Zenith Angle Azimuth Angle 1st interaction height
[eV] [deg] [deg] [km]

𝜈𝑒 1018 70/80 0 to 360 3,4,5,6,7,8
Proton 1018.5/1019/1019.5/1020/1020.5 70/80 0 to 360

Here the neutrino shower energy is only 1018eV, but this will be extended in the future. Each
bin was filled with 30 showers each, producing a total of 360 showers for neutrinos and 300 showers
for proton. CORSIKA showers were reused an average of 8000 times by re-swinging the core
position in a random within a 25 km radius circle containing the TA SD array. Two parameters
were investigated in this paper. Area Over Peak (AoP), the Peak value of the waveform divided by
Area, and curved parameter a, one of the shower surface fit parameters. AoP was chosen because of
the difference in the typical waveforms included in neutrino inclined showers and proton inclined
showers. For neutrino inclined showers, the shower has much electromagnetic component and the
AoP is relatively large when the 1st interaction height is low. On the other hand, for proton inclined
showers, there are many muons and the AoP is relatively small since the shower runs a long distance
to reach the ground. Here, the AoPs of all waveforms in the shower are calculated and averaged for
each of the upper and lower scintillators. Thus, the AoP is calculated one per shower. We chose
curved parameter a because of the difference between the neutrino and proton shower surfaces.
Neutrino inclined showers that have low 1st interaction point have a small curvature radius. It
means shower fronts are curved and a become large. Proton inclined showers that have high 1st
interaction point have a large curvature radius. It means shower fronts are flat and a become small.
Because of this property, we can distinguish between the two.
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Fig.7 shows the result of discrimination using those two parameters.

Figure 7: Relation between two discrimination parameters. X-axis represents to average AoP and Y-axis
represents to curved parameter a. Left figure is for neutrino shwoers and right figure is for proton shwoers.
The blue lines in the figure are just landmark to compare two figures, and they don’t have particular meaning.

We can see the trend that neutrino showers have large values for both AoP and curved parameter
a, while Proton showers have small ones relatively. AoP and curved parameter a seemed to be
available for discrimination.

6. Summary and prospects

In this paper, the dethinning method for large zenith angle neutrino showers was verified.
We found that the agreement is particularly poor for the electromagnetic component. We tuned
Wrate for electromagnetic component and the maximum weight has been decreased. After the
modification, the agreement of number of particles become better and difference between Unthinned
and Dethinned shower become within ± 10%. For total energy deposit and average arrival timing,
the distribution has further improved to near 100% agreement after modification. In the discussion
on discrimination methods, observational parameters for neutrinos and protons in the large zenith
angle region are compared. We found that AoP and curved parameter a seemed to be available for
discrimination. The application of current reconstruction methods to neutrino showers is currently
being investigated and studied. Previous analysis has shown that neutrino-inclined showers have a
tendency to estimate the zenith angle smaller. This is due to the asymmetry of the shower surface. On
the other hand, the azimuth angle is well determined. Further analysis will be conducted to develop
a reconstruction method tuned to neutrino showers. In near future, we complete the investigating
the analysis methods for inclined neutrino showers and search for neutrinos by observed data TA
SD.
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