PROCEEDINGS

oF SCIENCE

[/~ ICRC 2021

) THE ASTROPARTICLE PHYSICS CONFERENCE
x Berlin | German: y

> R " tional
o
L. H e

Current status and prospects of surface detector of the
TAx4 experiment

E. Kido®* on behalf of the Telescope Array Collaboration
(a complete list of authors can be found at the end of the proceedings)

4 Astrophysical Big Bang Laboratory, RIKEN,
Wako, Saitama, Japan

E-mail: eiji.kido@riken. jp

Telescope Array (TA) is the largest observatory in the Northern Hemisphere to detect ultrahigh
energy cosmic-rays (UHECRs). A surface detector (SD) array covers approximately 700 km?, and
the SD array is surrounded by three fluorescence detector (FD) stations. TA has found evidence
for a cluster of cosmic rays with energies greater than 57 EeV from the TA SD data. In order
to confirm this evidence with more data, we started the TAx4 experiment which expands the
detection area using new SDs and FDs. We started construction of new SDs which are arranged
in a square grid with 2.08 km spacing at the north east and south east of the TA SD array. More
than half of the new SDs are already deployed and running. We present the current status of the
TAx4 SD, trigger efficiency and exposure prospects for the highest energy part of the cosmic ray

spectrum.
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1. Introduction

Telescope Array (TA) is the largest observatory in the Northern Hemisphere to detect ultrahigh
energy cosmic-rays (UHECRs) [1]. The main purpose of TA is to clarify the source and nature
of UHECRs above 10'8 eV. Full operation of the TA detectors was started on May 11, 2008. The
details of the detectors are provided in [2-5]. There are two types of the TA detectors. One is a
surface detector (SD), and the other is a fluorescence detector (FD). There are 507 SDs in a square
grid with 1.2 km spacing covering approximately 700 km?. There are 2 layers of 3 m? area and 1.2
cm thick plastic scintillators inside of the box of each SD. There are three TA FD stations, two of
which have 12 telescopes, while the third has 14. After the construction of the TA detectors, new
SDs and FDs were constructed for the TA low energy extension (TALE) experiment [6], and the
TAx4 experiment [7]. The sites of the TA, TALE and TAx4 detectors are shown in Fig. 1.

The concentration of the arrival directions (the “hotspot”) of cosmic rays was found with 20°
oversampling radius using TA SD data collected over five years [8]. The post-trial significance
was estimated to be 3.40-, and the significance was updated to be 2.90 using the latest data [9].
An implication of declination dependence of cosmic-ray energy spectrum was also reported by the
TA experiment [10]. The statistical significance of the difference of the break points of the energy
spectra was estimated to be 4.30" using the latest data [11]. Correlation of arrival directions with
energies was shown in [12], and the post-trial significance of the correlation was estimated to be
4.20.

In order to examine the evidences of anisotropy which are described above, TAx4 was developed
to accelerate the pace of data collection at the highest energies. The SD array of the TAx4 experiment
is designed to study cosmic rays with energies greater than 57 EeV. The spacing of the TAx4 SD
array is 2.08 km, in contrast to the TA SD’s 1.2 km. 500 TAx4 SDs cover approximately three times
larger area than the 507 TA SDs; the combined coverage of the TAx4 and TA SDs is approximately
2800 km?. Two TAx4 FD stations are designed to observe the hybrid events which are detected by
both SDs and FDs.

The current status of detectors and performance of the detectors is given in Section 2. The
data acquisition system and an implementation of a hybrid trigger is shown in Section 3. Section 4
provides a summary.

2. Current status and performance of the detectors

We finished constructing 257 SDs in February and March 2019. The most of the TAx4 SD
scintillator boxes were assembled in Japan, starting in 2015, while 30 units were assembled in
Korea in 2018. The boxes were then transported to the USA and the final assembly of the SDs was
performed at the Cosmic-Ray Center in Delta City, Utah. We started to take the data of the SDs
stably at each communication tower in November 2019. Construction of two TAx4 FD stations was
finished. Stable data-taking of the north TAx4 FD station was started from June 2018, and that of
the south TAx4 FD station was started from September 2020.

The detailed performance of the SDs is written in [7]. Fig. 2 is the expected energy dependence
of the trigger efficiency in [7]. 25% energy resolution, 2.2-degree angular resolution and 95%
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Figure 1: Overview of the Telescope Array (TA) detectors. Each red circle in the north and south shows the
site of a deployed TAx4 surface detector (SD). Each yellow circle shows a site for a TAx4 SD where an SD
was not deployed yet. Each green circle corresponds to the site of a TA SD. Each blue circle shows the site of
an SD of the TALE experiment [6]. The two black fan shapes are the fields of view of the TAx4 fluorescence
detectors (FDs). Photographs of a TAx4 SD, the TAx4 north FD station and the TAx4 south FD station are
also shown.
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Figure 2: Fig. 4 in [7] is shown here to describe the trigger efficiency of the surface detectors for the TAx4
experiment. Air showers which are induced by cosmic ray protons were simulated to calculate the trigger
efficiency.

reconstruction efficiency of cosmic rays with energies greater than 57 EeV are expected. We expect
that the resolution is good enough for the studies of anisotropy.

3. Data acquisition and an implementation of a hybrid trigger

The Level-0, Level-1, and Level-2 triggers are implemented in the TAx4 data-acquisition
systems as TA. The detailed description on the data-acquisition systems is written in the Section 5
in [7]. The Level-2 trigger is the trigger to select the events to collect waveforms from each SD.
The Level-2 triggers are judged in each sub-array independently now. The inter-tower triggers are
being tested. TAx4 SD trigger efficiency is about 30% at around 10 EeV, so a hybrid trigger was
implemented from 2020 June for higher efficiency. FDs send trigger timings to the communication
towers in order to get waveforms within +128 us around the timings. As a result, three times larger
than the TA SD-FD equivalent hybrid events in total for the energies greater than 10 EeV.

4. Summary

Implications of anisotropy were obtained by the TA experiment. Declination dependence of
the energy spectrum was claimed at 4.3¢ in the energy spectrum using TASD 11 years data. 2.90
hotspot was obtained using TASD 11 years data.

500 new SDs with 2.08 km spacing and two new FD stations were designed for the TAx4
experiment. More than half of the TAx4 SDs (257 SDs) were deployed in 2019. Construction of
the TAx4 FDs was finished. Stable run of the data acquisition of the new detectors was started.
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The stable run of the TAx4 SDs was started from November 2019, the stable run of the north TAx4
FDs was started from June 2018, and the stable run of the FDs was started from September 2020.
A hybrid trigger started to run from June 2020.

We calculated the expectation of the significance of the hotspot in the next five years in the
following way. If we continue to run the TA and TAx4 SDs and assume the efficiency of the TAx4
SDs which is obtained in Section. 2, approximately 384 events above 57 EeV will be obtained in
total in 2025. If we extrapolate the pace of the data collection within the same oversampling radius
as the hotspot, we will obtain approximately 88 events within the radius out of 384 events. The
post-trial significance of the hotspot analysis is expected to be approximately 60 in 2025 using the
number of events.

Acknowledgements

The Telescope Array experiment is supported by the Japan Society for the Promotion of
Science(JSPS) through Grants-in-Aid for Priority Area 431, for Specially Promoted Research
JP21000002, for Scientific Research (S) JP19104006, for Specially Promoted Research JP15H05693,
for Scientific Research (S) JP15H05741, for Science Research (A) JP18H03705, for Young Sci-
entists (A) JPH26707011, and for Fostering Joint International Research (B) JP19KKO0074, by
the joint research program of the Institute for Cosmic Ray Research (ICRR), The University of
Tokyo; by the Pioneering Program of RIKEN for Evolution of Matter in the Universe (r-EMU); by
the U.S. National Science Foundation awards PHY-1404495, PHY-1404502, PHY-1607727, PHY-
1712517, and PHY-1806797; by the National Research Foundation of Korea (2017K1A4A3015188,
2020R1A2C1008230, & 2020R1A2C2102800) ; by the Ministry of Science and Higher Education
of the Russian Federation under the contract 075-15-2020-778, RFBR grant 20-02-00625a (INR),
IISN project No. 4.4501.18, and Belgian Science Policy under IUAP VII/37 (ULB). The founda-
tions of Dr. Ezekiel R. and Edna Wattis Dumke, Willard L. Eccles, and George S. and Dolores
Doré Eccles all helped with generous donations. The State of Utah supported the project through its
Economic Development Board, and the University of Utah through the Office of the Vice President
for Research. The experimental site became available through the cooperation of the Utah School
and Institutional Trust Lands Administration (SITLA), U.S. Bureau of Land Management (BLM),
and the U.S. Air Force. We appreciate the assistance of the State of Utah and Fillmore offices of the
BLM in crafting the Plan of Development for the site. Patrick A. Shea assisted the collaboration
with valuable advice and supported the collaboration’s efforts. The people and the officials of
Millard County, Utah have been a source of steadfast and warm support for our work which we
greatly appreciate. We are indebted to the Millard County Road Department for their efforts to
maintain and clear the roads which get us to our sites. We gratefully acknowledge the contribution
from the technical staffs of our home institutions. An allocation of computer time from the Center
for High Performance Computing at the University of Utah is gratefully acknowledged.

References

[1] H. Kawai, et al., Telescope Array Experiment, Nuclear Physics B: Proceedings Supplements
175-176 (2008) 221-226.



The TAx4 experiment E. Kido

(2]

[3]

[4]

(5]

[6]

[7]

[8]

[10]

[11]

[12]

T. Abu-Zayyad, et al., The surface detector array of the Telescope Array experiment, Nucl.
Instrum. Methods Phys. Res. A 689 (2012) 87.

H. Tokuno, et al., On site calibration for new fluorescence detectors of the telescope array
experiment, Nuclear Instruments and Methods in Physics Research Section A 601 (2009)
364-371.

H. Tokuno, et al., New air fluorescence detectors employed in the Telescope Array experiment,
Nuclear Instruments and Methods in Physics Research Section A 676 (2012) 54-65.

R.U. Abbasi, et al., Measurement of the flux of ultrahigh energy cosmic rays from monocular
observations by the high resolution fly’s eye experiment, Phys. Rev. Lett. (2004) 151101.

S. Ogio, Telescope Array Low-energy Extension (TALE) hybrid, in: Proceedings of Interna-
tional Cosmic Ray Conference (ICRC2019), PoS(ICRC2019)375, Madison, USA, 2019.

R.U. Abbasi, et al., Surface detectors of the TAx4 experiment, arXiv: 2103.01086 [astro-
ph.IM] (submitted to NIM-A).

R.U. Abbasi, et al., Indications of Intermediate-scale Anisotropy of Cosmic Rays with Energy
Greater Than 57 EeV in the Northern Sky Measured with the Surface Detector of the Telescope
Array Experiment, ApJ. 790 (2014) L21.

K. Kawata, Updated Results on the UHECR Hotspot Observed by the Telescope Ar-
ray Experiment, in: Proceedings of International Cosmic Ray Conference (ICRC2019),
PoS(ICRC2019)310, Madison, USA, 2019.

R.U. Abbasi, et al., Evidence for Declination Dependence of Ultrahigh Energy Cosmic Ray
Spectrum in the Northern Hemisphere, arXiv: https://arxiv.org/abs/1801.07820.

D. Ivanov, Energy Spectrum Measured by the Telescope Array. Experiment, in: Proceedings
of International Cosmic Ray Conference (ICRC2019), PoS(ICRC2019)298, Madison, USA,
2019.

R.U. Abbasi, et al., Evidence for a Supergalactic Structure of Magnetic Deflection Multiplets
of Ultra-High Energy Cosmic Rays, ApJ. 899 (2020) 86.



The TAx4 experiment E. Kido

Full Authors List: Telescope Array Collaboration

R.U. Abbasil*z, T. Abu-Zayyadl'z, M. Allenz, Y. Arai3, R. Arimura3, E. Ba.rcikowskiz, JW. Belzz, D.R. Bergmanz, S.A. Blakez,
L. Buckland?, R. Cady?, B.G. Cheon*, J. Chiba®>, M. Chikawa®, T. Fujii’, K. Fujisue®, K. Fujita3, R. Fujiwara®, M. Fukushima®,
R. Fukushima3, G. Furlichz, R. Gonzalezz, W. Hanlonz, M. Hayashis, N. Hayashidag, K. Hibinog, R. HiguchiG, K. Hondalo, D. Ikedag,
T. Inadomi!!, N. Inoue!2, T. Ishii!®, H. It013, D. Ivanov2, H. Iwakura!!, A. Iwasaki’, H.M. Jeong”, S. Jeong”, C.C.H. Jui?,
K. Kadota's, F. Kakim0t09, 0. Kalashevl6, K. Kasahara”, S. Kasamils, H. Kawai'9, S. Kawakami3, S. Kawanalz, K. Kawataﬁ,
I. Kharuk!®, E. Kido!3, H.B. Kim*, J.H. Kim?, J.H. Kim?, M.H. Kim!4, S.W. Kim'*, Y. Kimura3, S. Kishigami®, Y. Kubota!!,
S. Kurisu”, V. Kuzmin!®, M. Kuznetsovlﬁvzo, Y.J. Kwon21, K.H. Lee'4, B. Lubsandorzhiev'(’, J.P. Lundquistz’zz, K. Machida'o,
H. Matsumiya3, T. Matsuyama3, J.N. Matthewsz, R. Mayta3, M. Minamino3, K. Mukailo, 1. Myersz, S. Nagataki”, K. Nakai3,
R. Nakamura!!, T. Nakamura23, T. Nakamura!!, Y. Nakamura!!, A. Nakazawa!!, E. Nishio'8, T. Nonakaﬁ, H. Oda3, S. Ogio3’24,
M. Ohnishi®, H. Ohoka®, Y. Oku!8, T. Okuda®, Y. Omura, M. Ono'3, R. Onogi?, A. Oshima?, S. Ozawa?®, I.H. Park!#4, M. Potts,
M.S. Pshirkov16’27, J. Remingtonz, D.C. Rodriguezz, G.IL Rubtsovlé, D. Ryu28, H. Sagawa6, R. Sahara3, Y. Saito“, N. Sakakiﬁ,
T. Sako®, N. Sakurai?, K. Sano'!, K. Sato®, T. Seki!l, K. Sekino®, P.D. Shah?, Y. Shibasaki!!, F. Shibata'®, N. Shibata!8, T. Shibata®,
H. Shimodaira®, B.K. Shin?8, H.S. Shin®, D. Shinto!8, J.D. Smith?, P. Sokolsky?, N. Sone!!, B.T. Stokes?, T.A. Stroman?, Y. Takagi?,
Y. Takahashi3, M. Takamura®, M. Takedaé, R. TakeishiG, A. Taketazg, M. Takita6, Y. Tarnedalg, H. Tanaka3, K. Tanaka30, M. Tanaka31,
Y. Tanoue3, S.B. Thomasz, G.B. Thomsonz, P. Tinyakovlﬁ’zo, 1. Tkachev'é, H. Tokun032, T. Tomida”, S. Troitskylﬁ, R. Tsuda3,
Y. Tsunesada3’24, Y. Uchihori33, S. Udo9, T. Uehama“, F. Urban34, T. Wongz, K. Yada6, M. Yamamoto“, K. Yamazakig, J. Yang35,
K. Yashiro® ,F. Yoshidal3, Y. Yoshioka”, Y. Zhezher® 10, and Z. Zundel?

! Department of Physics, Loyola University Chicago, Chicago, Illinois, USA

2 High Energy Astrophysics Institute and Department of Physics and Astronomy, University of Utah, Salt Lake City, Utah, USA

3 Graduate School of Science, Osaka City University, Osaka, Osaka, Japan

4 Department of Physics and The Research Institute of Natural Science, Hanyang University, Seongdong-gu, Seoul, Korea

5 Department of Physics, Tokyo University of Science, Noda, Chiba, Japan

6 Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba, Japan

7 The Hakubi Center for Advanced Research and Graduate School of Science, Kyoto University, Kitashirakawa-Oiwakecho, Sakyo-ku,
Kyoto, Japan

8 Information Engineering Graduate School of Science and Technology, Shinshu University, Nagano, Nagano, Japan

9 Faculty of Engineering, Kanagawa University, Yokohama, Kanagawa, Japan

10 Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi, Kofu, Yamanashi, Japan

1T Academic Assembly School of Science and Technology Institute of Engineering, Shinshu University, Nagano, Nagano, Japan

12 The Graduate School of Science and Engineering, Saitama University, Saitama, Saitama, Japan

13 Astrophysical Big Bang Laboratory, RIKEN, Wako, Saitama, Japan

14 Department of Physics, SungKyunKwan University, Jang-an-gu, Suwon, Korea

15 Department of Physics, Tokyo City University, Setagaya-ku, Tokyo, Japan

16 Tnstitute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia

17 Faculty of Systems Engineering and Science, Shibaura Institute of Technology, Minato-ku, Tokyo, Japan

18 Department of Engineering Science, Faculty of Engineering, Osaka Electro-Communication University, Neyagawa-shi, Osaka, Japan
19 Department of Physics, Chiba University, Chiba, Chiba, Japan

20 Service de Physique Théorique, Université Libre de Bruxelles, Brussels, Belgium

21 Department of Physics, Yonsei University, Seodaemun-gu, Seoul, Korea

22 Center for Astrophysics and Cosmology, University of Nova Gorica, Nova Gorica, Slovenia

23 Faculty of Science, Kochi University, Kochi, Kochi, Japan

24 Nambu Yoichiro Institute of Theoretical and Experimental Physics, Osaka City University, Osaka, Osaka, Japan

25 Department of Physical Sciences, Ritsumeikan University, Kusatsu, Shiga, Japan

26 Quantum ICT Advanced Development Center, National Institute for Information and Communications Technology, Koganei, Tokyo,
Japan

27 Sternberg Astronomical Institute, Moscow M.V. Lomonosov State University, Moscow, Russia

28 Department of Physics, School of Natural Sciences, Ulsan National Institute of Science and Technology, UNIST-gil, Ulsan, Korea
29 Earthquake Research Institute, University of Tokyo, Bunkyo-ku, Tokyo, Japan

30 Graduate School of Information Sciences, Hiroshima City University, Hiroshima, Hiroshima, Japan

31 Institute of Particle and Nuclear Studies, KEK, Tsukuba, Ibaraki, Japan

32 Graduate School of Science and Engineering, Tokyo Institute of Technology, Meguro, Tokyo, Japan

33 Department of Research Planning and Promotion, Quantum Medical Science Directorate, National Institutes for Quantum and
Radiological Science and Technology, Chiba, Chiba, Japan

34 CEICO, Institute of Physics, Czech Academy of Sciences, Prague, Czech Republic

35 Department of Physics and Institute for the Early Universe, Ewha Womans University, Seodaaemun-gu, Seoul, Korea



	Introduction
	Current status and performance of the detectors
	Data acquisition and an implementation of a hybrid trigger
	Summary

