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Mass composition anisotropy is predicted by a number of theories describing sources of ultra-
high-energy cosmic rays. Event-by-event determination of a type of a primary cosmic-ray particle
is impossible due to large shower-to-shower fluctuations, and the mass composition usually is
obtained by averaging over some composition-sensitive observable determined independently for
each extensive air shower (EAS) over a large number of events. In the present study we propose
to employ the observable ¢ used in the TA mass composition analysis for the mass composition
anisotropy analysis. The & variable is determined with the use of Boosted Decision Trees (BDT)
technique trained with the Monte-Carlo sets, and the & value is assigned for each event, where
¢ =1 corresponds to an event initiated by the primary iron nuclei and ¢ = —1 corresponds to a
proton event.

Use of ¢ distributions obtained for the Monte-Carlo sets allows us to separate proton and iron
candidate events from a data set with some given accuracy and study its distributions over the
observed part of the sky. Results for the TA SD 11-year data set mass composition anisotropy will
be presented.
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1. Introduction

Ultra-high-energy cosmic rays (UHECRS) are most energetic particles observed at the Earth
coming from somewhere outside of our own Galaxy. They pose a number of theoretical ques-
tions, yet unanswered despite a century of experimental observations. The origin and acceleration
mechanisms of UHECRs are two of those issues, which are still unknown at all energies.

The mass composition of the UHECRs at Earth is one of the measurable quantities directly
connected to the cosmic-ray acceleration mechanisms in the source and source population. Mass
composition is usually derived from the observed cascades of secondary particles initiated in the
interactions of cosmic rays with the Earth’s atmosphere, extensive air showers (EAS). It may be
done via a measurement of the longitudinal shape of EAS with fluorescence telescopes. In this case,
by reconstructing the depth of the shower maximum Xmgax, one may directly relate this observable
to the mass composition of primary particles [1].

An alternative method was proposed by the Telescope Array collaboration from the analysis
of solely the surface detector data, which has an important advantage of much higher statistics
compared to the fluorescence measurements [2]. The former method is based on the multivari-
ate analysis technique, namely the Boosted Decision Trees (BDT) which employs the set of 16
composition-sensitive observables reconstructed from the data. These observables are transformed
into a single variable & which then determines the average atomic mass of a primary particle (In A).

Going further, mass composition anisotropy is also predicted in a number of astrophysical
models [3]. Different astrophysical scenarios, varying the UHECR source density as well as the
injection composition and energy spectrum, lead to different distribution of primary particles as will
be observed at Earth, if one takes into account the propagation of the UHECRs in the cosmological
photon backgrounds and in the extragalactic and Galactic magnetic fields.

Due to the deflections of UHECRSs in Galactic and extragalactic magnetic fields if one want
to analyze the association of cosmic-ray events with possible sources, it makes it reasonable to
consider only the highest energy cosmic rays, because their magnetic rigidity is expected to be
greater (unless they also have a higher charge), and because the number of sources visible from
Earth is much smaller, due to the GZK effect. On the other hand, one may also consider analyzing
the distribution of proton events only, as both light and energetic particles will be affected in the
least way during their propagation to Earth.

The methods described above use a large number of observed extensive air showers to derive
the average (In A) as a function of energy, and due to large fluctuations in signals registered from
EAS, the current level of experimental analysis techniques doesn’t allow to determine the mass
of a primary particle separately for each observed shower. In our study, we use the TA SD ¢
parameter as a mass indicator and analyze the distribution of high-energy proton events in the TA
SD 11-year data set. As it was shown previously [4] with the Monte-Carlo simulations, & parameter
distributions are potentially sensitive to the UHECR mass composition anisotropies.

2. Telescope Array experiment

The Telescope Array (TA) experiment is the largest ultra-high-energy (UHE) cosmic-ray ex-
periment in the Northern hemisphere, located near Delta, Utah, USA. TA is designed to register
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the extensive air showers (EAS) caused by the UHE cosmic rays entering the atmosphere. The ex-
periment operates in hybrid mode and performs simultaneous measurements of the particle density
and timing at the ground level with the surface detector array (SD) [5] and the fluorescence light
with 38 fluorescence telescopes grouped into three fluorescence detector stations [6]. The SD is an
array of 507 plastic scintillator detectors arranged on a square grid with 1.2 km spacing covering an
area of approximately 700 km?. Each detector is composed of two layers of 1.2 cm thick extruded
scintillator of the 3 m? effective area.

3. Data set and Monte-Carlo simulations

We employ the 11-year data set from the TA surface detector, covering from 11th May 2008 up
to 10th May 2019. After applying the quality cuts, the final dataset used for the analysis consists of
21 628 events in the energy range from 10'® eV to 10?° eV with the following quality cuts applied
both to the data and MC events:

1. Events with 7 or more triggered counters

2. Events with zenith angle 6 < 45°.

3. Events with reconstructed core position of at least 1200 m away from the edge of the array.
4. Events with Xé/d.o.f. < 4 and X%DF/d.o.f. < 41[7].

5. Events with arrival direction reconstructed with accuracy less than 5°.

6. Events with the fractional uncertainty of the Sgoo less than 25 % [7].

7. Events with E > 10!8 eV.

For the Monte-Carlo simulations, CORSIKA software package is used together with the
QGSIJETII-03 model for high-energy hadronic interactions, FLUKA for low energy hadronic inter-
action and EGS4 for electromagnetic processes. The detector response is simulated with the use of
the GEANT4 package. Real-time array status and detector calibration information for 9 years of
observations are used for each simulated event [8]. Two separate Monte-Carlo data sets, for proton
and iron primaries, are simulated and stored in the same data format as the SD data in the energy
range 1075 — 10203 V.

4. ‘“Proton-like” event separation

In the present mass composition anisotropy study we want to focus only on those of the events
which we may consider to be of a proton nature. To separate the proton events from our data set,
we use the distribution of & parameter for proton and iron Monte-Carlo sets, and derive criterion
&eur (E), such as that data events with & < £.,,; may be considered to be proton events.

We define the statistical significance of “signal” events (protons) in the presence of “back-
ground” events (iron nuclei) as following:
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E > 19.8, SD data 11 year events, proton poisson cut
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Figure 1: “Proton-like” event distribution in the experimental dataset with energies log(E /eV) > 19.8: left
— distribution of events (red dots), black line corresponds to the hotspot area; right — 20° oversampling, red
dashed line corresponds to the hostpot area.
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where Nignar and Npackgrouna is the number of signal and background events, correspondingly.

S =

Then we find the ¢ values which maximize the significance in the MC set as a function of energy
and use them consequently on our data events.

5. Results and discussion

In the Figure 1, we show the distribution of “proton-like” events derived from experimental
data with energies greater than 10'°-8 eV. On the left side, distribution of events is shown, where
each event is represented with a red dot. On the right side we present a 20° oversampling [9]. One
can clearly see the excess of proton events in the hotspot area and another fainter one in the Galactic
plane region. Both distributions are presented in Galactic coordinates.

In order to estimate the significance of the observed excess, we proceed with the following
analyses. First of all, we evaluate the pre-trial significance of the excess as following:

* We generate the isotropic MC set with data composition obtained in [2] and much higher
statistics, assuming it to be a mixture of p and Fe events.

e “Proton-like” events are then selected from this MC set with the same cuts as from the
experimental data.

* The MC “proton-like” event set is also oversampled, and Li-Ma significance is calculated at
each pixel with the following equation:

/2
(1+17)Nop (1+7)Nogr ||
Sim = V2 [Nop In [ ———"="— | + Nogp In | ~o— =
M [ o n(n(Non"'Notf) o 21 Non + Nof

Non — number of “proton-like” events in the experimental dataset in the specific direction,
Nog — number of background “proton” events from the isotropic MC, i — ratio of a number
of events in “on” and “off” datasets.
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Figure 2: Distribution of the maximum Li-Ma significance for the “proton” excess. Red dashed line
corresponds to the hotspot area.

The distribution of the maximum Li-Ma significance is shown in Figure 2, which show the
pre-trial significance of the excess to be 3.56 o

Next, we come to the calculation of a post-trial significance, which takes into account the
sporadic occurrences of these kind of excesses in the data, even if there is no underlying anisotropy.

To calculate the post-trial significance, we create a large number of mock random “proton”
data sets with energies of events log(E /eV) > 19.8 and calculate the pre-trial Li-Ma significance of
each of these sets. After that, we count how often the 3.56 o~ excesses occur in our mock datasets,
and translate this frequency into the post-trial significance.

The distribution of Li-Ma significances for the mock “proton” datasets is shown in Figure 3,
where the 3.56 o significance is shown with vertical red line. The occurrence of such significance
among 30 000 generated datasets is 1369, which corresponds to the post-trial significance of the
observed proton excess of 1.7 0.

To summarize the result, no significant mass composition anisotropy is observed in the TA
SD 11-year dataset. Given the efficiency of proton selection of about 50%, the observed local
significance in the hotspot region coincides with the local significance of the hotspot itself [10],
given that events are partially selected from the dataset.
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Figure 3: Distribution of Li-Ma significance for the mock “proton” event datasets. Pre-trial significance is
denoted with vertical red line.
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