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Telescope Array (TA) is the largest ultra-high-energy cosmic-ray (UHECR) observatory in the
Northern Hemisphere. It is dedicated to detect extensive air showers (EAS) in hybrid mode, both
by measuring the shower’s longitudinal profile with fluorescence telescopes and their particle
footprint on the ground from the surface detector (SD) array. While fluorescence telescopes can
measure the most composition-sensitive characteristic of EAS, the depth of the shower maximum
(Xmax), they also have the drawback of small duty cycle. This work aims to study the UHECR
composition based solely on the surface detector data. For this task, a set of composition-sensitive
observables obtained from the SD data is used in a machine-learning method – the Boosted
Decision Trees. We will present the results of the UHECRmass composition based on the 12-year
data from the TA SD using this technique, and we will discuss of the possible systematics imposed
by the hadronic interaction models.
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1. Introduction

Telescope Array is the largest ultra-high-energy cosmic-ray experiment in the Northern hemi-
sphere, operating since 2008 and located in Utah, USA. It observes the cosmic rays in the hybrid
mode, which means that extensive air showers are registered both by a grid of surface detectors on
the ground level and fluorescence telescopes, which overlook the sky above the array and asses the
longitudinal development of an EAS.

The surface detector array [1] is a square grid of scintillator detectors arranged to have a
separation of 1.2 km between nearest-neighbors. Each detector is composed of two layers of 1.2 cm
thick extruded scintillator each with 3 m2 effective area. Altogether the TA SD array is comprised
of 507 detectors covering an area of approximately 700 km2.

Mass composition is one of the characteristics of cosmic rays related to the cosmic-ray acceler-
ation mechanisms in the source and source population as well as to the propagation of the UHECR.
It is directly measurable from the extensive air showers observed at the Earth. The most widely used
technique employs the fluorescence observations to derive the depth of the shower maximum, Xmax
as a composition-sensitive observable. Xmax-based results were previously derived by HiRes [2],
Pierre Auger Observatory [3] and Telescope Array [4]. HiRes and TA results are compatible with
light primary scenario resembling mostly protons up to 1019.8 eV, while the Auger results shows an
indication towards heavier composition for energies higher then 1018.3 eV.

The current study is an update of the previous results complemented with three more years of
data from the Telescope Array surface detector. Besides augmented data set, the analysis is also
performed with another hadronic interaction model, QGSJET II-04 and compared with the results
from QGSJET II-03.

2. Dataset and Monte-Carlo simulations

2.1 Data events

We employ the 12-year data set from the TA surface detector, covering from 11th May 2008
up to 10th May 2020. After applying the quality cuts, the final dataset used for the analysis consists
of 23 159 events in the energy range from 1018 eV to 1020 eV.

2.2 Monte-Carlo simulations

For theMonte-Carlo simulations, the CORSIKA package [5] is used alongwith the QGSJET II-
03 and QGSJET II-04 models for high-energy hadronic interactions [6, 7], FLUKA [8, 9] for
low-energy hadronic interaction and EGS4 [10] for electromagnetic processes.

To reduce the computational cost, we implement a thinning procedure [11] during the EAS
modelling. With thinning, all particles with energies greater than a certain fraction of the primary
energy nCℎ are followed in detail, but below the threshold only one particle out of the secondaries
produced in a certain interaction is randomly selected. This effective particle is assigned a weight
to ensure energy conservation.

To restore the shower properties, we implement a consequent dethinning procedure [12]. The
detector response is simulated by the GEANT4 package [13]. Real-time array status and detector
calibration information for 12 years of observations are used for each simulated event [14]. For
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both QGSJET II-03 and QGSJET II-04, four Monte-Carlo sets are created: initiated by primary
protons, helium, nitrogen and iron nuclei, and stored in the same data format as the TA SD data.

3. Method

3.1 Boosted Decision Trees

To discriminate between primaries, we implement the Boosted Decision Trees (BDT) [15, 16]
technique. This is a method usually used in tasks where one wants to discriminate between signal
and background events in a multivariate data set.

BDTs are trained using a set of composition-sensitive observables which we derive for Monte-
Carlo sets: “signal”, in our case a set of events initiated by iron nuclei, and “background” one,
corresponding to a proton MC set. The result of the BDT classifier is a single value b for each data
and Monte-Carlo event. The value of b resides in the range b ∈ [−1; 1], where b = 1 for a pure
signal event and b = −1 – for a pure background event. The variable b is used in the following
one-dimensional analysis.

We separate proton and iron MC sets into three parts with equal statistics: the first one to build
and train the classifier, the second to estimate the 〈ln �〉 and the third to perform a bias correction.
A separate classifier is constructed for each energy bin with the width of 0.2 decade. The classifier
is applied to the data set as well as to the remaining proton and iron Monte-Carlo sets and to the
helium and nitrogen MC sets.

3.2 Composition-sensitive observables

For each event from data andMonte-Carlo sets, we reconstruct a set of 16 composition-sensitive
observables:

1. Linsley shower front curvature parameter.

2. Area-over-peak (AoP) of the signal at 1200 m and AoP slope parameter [17].

3. Number of detectors hit.

4. Number of detectors excluded from the fit of the shower front by the reconstruction proce-
dure [18].

5. j2/3.>. 5 . of the joint geometry and LDF fit.

6. (1 parameter for 1 = 3 and 1 = 4.5 [19].

7. The sum of the signals of all the detectors of the event.

8. Asymmetry of the signal at the upper and lower layers of detectors.

9. Total number of peaks within all FADC (flash analog-to-digital converter) traces.

10. Number of peaks for the detector with the largest signal.

11. Number of peaks present in the upper layer and not in the lower.
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12. Number of peaks present in the lower layer and not in the upper.

13. Zenith angle of an event.

14. Energy of an event.

3.3 〈ln �〉 estimation

After compiling the b distributions for data and MC sets, we can directly transform them to
the average logarithm of atomic mass, 〈ln �(1)〉. Following the two-component approximation, the
distribution of b in the data is compared to different mixtures of the ? and �4 Monte-Carlo events
with the Kolmogorov-Smirnov test. The second part of the Monte-Carlo is used in this step and the
mixtures are made with the proton fraction n? step of 2.5%. The first estimate of an average atomic
mass is then given by the following equation:

〈ln �〉 (1) = n? × ln
(
"?

)
+ (1 − n?) × ln ("�4) , (1)

where n? is the fraction of protons in themixture with the smallest KS-distance. The same procedure
is applied to the remaining proton and iron MC sets and to the helium and nitrogen sets.

The third part Monte-Carlo sets are used to correct possible bias of the estimator given by the
Eq. 1. We estimate 〈ln �〉 for this remaining MC set and linearly approximate the result for proton
and iron sets with H? (G) and H�4 (G), where G = ln � . These lines slightly differ from the constants
ln � = ln("?) and ln � = ln("�4) due to limited statistics.

The result is then corrected with the following linear function:

〈ln �〉 = ln
(
"?

)
+
〈ln �〉 (1) − H? (G)
H�4 (G) − H? (G)

×
(
ln ("�4) − ln

(
"?

) )
, (2)

where H? (G) and H�4 (G) are linear approximations for the MC 〈ln �〉 distributions.

3.4 Systematic uncertainties
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Figure 1: 〈ln �〉 values for proton (red), helium (green), nitrogen (purple) and iron (blue) MC sets.
QGSJET II-03 (left, solid line) and QGSJET II-04 (right, dashed line) hadronic interaction models.
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To validate the method based on the two-component mixture hypothesis, we employ the helium
and nitrogen Monte-Carlo sets and perform the whole 〈ln �〉 analysis procedure with them, with
the results shown in Figure 1. �4 and # Monte-Carlo sets don’t perfectly fit the straight lines
ln � = 1.38 and ln � = 2.63 correspondingly, due to simplified two-component description of
〈ln �〉. The “shift” between �4 and # MCs and ln � = 1.38 and ln � = 2.63 is an estimate of the
method’s systematic errors.

4. Results

The average atomic mass of primary particles in the 12 year TA data shows no significant
energy dependence and yields 〈ln �〉 = 1.50 ± 0.08(BC0C.) ± 0.50(BHBC.) using QGSJET II-03 and
〈ln �〉 = 0.90 ± 0.05(BC0C.) ± 0.30(BHBC.) using QGSJET II-04.

Comparison with the results of other experiments for QGSJET II-03 is shown in Figure 2.
We compare our results with the TA MD hybrid composition results [20], with the Pierre Auger
Observatory -`

"�-
and risetime asymmetry results [21], with the HiRes stereo [2] results and with

the Yakutsk d` results [22] based on the QGSJET II-03 model.
Comparison with the results of other experiments for QGSJET II-04 is shown in Figure 3. We

compare our results with the TAMDhybrid results [4] results andwith the Pierre Auger Observatory
SD delta results [23], all derived with QGSJET II-04 hadronic interaction model.
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Figure 2: 〈ln �〉 values for 12-year dataset derived with QGSJET II-03 (black crosses) compared with
TA MD (upper left, green circles) [20] and TA SD 9 year results (red circles) [24], with the Pierre Auger
Observatory -`

"�-
and risetime asymmetry results (upper right, blue squares and red triangles) [21], with

the HiRes stereo results (lower left, orange triangles) [2] and with the Yakutsk d` results (lower right, green
squares) [22].

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] T. Abu-Zayyad, R. Aida, M. Allen, R. Anderson, R. Azuma, E. Barcikowski et al., The
surface detector array of the Telescope Array experiment, Nuclear Instruments and Methods
in Physics Research A 689 (Oct., 2012) 87–97, [1201.4964].

[2] R. U. Abbasi, T. Abu-Zayyad, M. Al-Seady, M. Allen, J. F. Amman, R. J. Anderson et al.,

6

https://doi.org/10.1016/j.nima.2012.05.079
https://doi.org/10.1016/j.nima.2012.05.079
https://arxiv.org/abs/1201.4964


P
o
S
(
I
C
R
C
2
0
2
1
)
3
0
0

TA SD mass composition Yana Zhezher

 0

 1

 2

 3

 4

 5

 6

 18  18.5  19  19.5  20

p

He

N

Si

Fe

<
ln

 A
>

log10 E, eV

TA SD, QGSJET II-04
TA hybrid, QGSJET II-04

 0

 1

 2

 3

 4

 5

 6

 18  18.5  19  19.5  20

p

He

N

Si

Fe

<
ln

 A
>

log10 E, eV

TA SD, QGSJET II-04
Auger SD delta 750m, QGSJET II-04

Auger SD delta 1500m, QGSJET II-04

Figure 3: 〈ln �〉 values for 12-year dataset derived with QGSJET II-04 (orange pentagons) compared with
the TA MD hybrid (left, green circles) [4] results and with the Pierre Auger Observatory SD delta results
(blue squares and red triangles) [23].

Indications of Proton-Dominated Cosmic-Ray Composition above 1.6 EeV, 104 (Apr., 2010)
161101, [0910.4184].

[3] Pierre Auger collaboration, A. Aab et al., Depth of maximum of air-shower profiles at the
Pierre Auger Observatory. II. Composition implications, Phys. Rev. D 90 (2014) 122006,
[1409.5083].

[4] Telescope Array collaboration, R. U. Abbasi et al., Depth of Ultra High Energy Cosmic
Ray Induced Air Shower Maxima Measured by the Telescope Array Black Rock and Long
Ridge FADC Fluorescence Detectors and Surface Array in Hybrid Mode, Astrophys. J. 858
(2018) 76, [1801.09784].

[5] D. Heck, J. Knapp, J. N. Capdevielle, G. Schatz and T. Thouw, CORSIKA: A Monte Carlo
code to simulate extensive air showers, .

[6] S. Ostapchenko, QGSJET-II: Towards reliable description of very high energy hadronic
interactions, Nucl. Phys. B Proc. Suppl. 151 (2006) 143–146, [hep-ph/0412332].

[7] S. Ostapchenko, Monte Carlo treatment of hadronic interactions in enhanced Pomeron
scheme: I. QGSJET-II model, Phys. Rev. D 83 (2011) 014018, [1010.1869].

[8] T. T. Böhlen, F. Cerutti, M. P. W. Chin, A. Fassò, A. Ferrari, P. G. Ortega et al., The FLUKA
Code: Developments and Challenges for High Energy and Medical Applications, Nucl. Data
Sheets 120 (2014) 211–214.

[9] A. Ferrari, P. R. Sala, A. Fasso and J. Ranft, FLUKA: A multi-particle transport code
(Program version 2005), .

[10] W. R. Nelson, H. Hirayama and D. W. O. Rogers, The Egs4 Code System, .

7

https://doi.org/10.1103/PhysRevLett.104.161101
https://doi.org/10.1103/PhysRevLett.104.161101
https://arxiv.org/abs/0910.4184
https://doi.org/10.1103/PhysRevD.90.122006
https://arxiv.org/abs/1409.5083
https://doi.org/10.3847/1538-4357/aabad7
https://doi.org/10.3847/1538-4357/aabad7
https://arxiv.org/abs/1801.09784
https://doi.org/10.1016/j.nuclphysbps.2005.07.026
https://arxiv.org/abs/hep-ph/0412332
https://doi.org/10.1103/PhysRevD.83.014018
https://arxiv.org/abs/1010.1869
https://doi.org/10.1016/j.nds.2014.07.049
https://doi.org/10.1016/j.nds.2014.07.049


P
o
S
(
I
C
R
C
2
0
2
1
)
3
0
0

TA SD mass composition Yana Zhezher

[11] A. M. Hillas, Shower simulation: Lessons from MOCCA, Nucl. Phys. B Proc. Suppl. 52
(1997) 29–42.

[12] B. T. Stokes, R. Cady, D. Ivanov, J. N. Matthews and G. B. Thomson, Dethinning extensive
air shower simulations, Astroparticle Physics 35 (June, 2012) 759–766, [1104.3182].

[13] GEANT4 collaboration, S. Agostinelli et al., GEANT4–a simulation toolkit, Nucl. Instrum.
Meth. A 506 (2003) 250–303.

[14] Telescope Array Collaboration, CORSIKA Simulation of the Telescope Array Surface
Detector, arXiv e-prints (Mar., 2014) arXiv:1403.0644, [1403.0644].

[15] R. E. Schapire, The strength of weak learnability, Mach. Learn. 5 (July, 1990) 197–227.

[16] Y. Freund and R. E. Schapire, Experiments with a new boosting algorithm, in Proceedings of
the Thirteenth International Conference on International Conference on Machine Learning,
ICML’96, (San Francisco, CA, USA), p. 148–156, Morgan Kaufmann Publishers Inc., 1996.

[17] Pierre Auger collaboration, J. Abraham et al., Upper limit on the diffuse flux of UHE tau
neutrinos from the Pierre Auger Observatory, Phys. Rev. Lett. 100 (2008) 211101,
[0712.1909].

[18] T. Abu-Zayyad, R. Aida, M. Allen, R. Anderson, R. Azuma, E. Barcikowski et al., The
Cosmic-Ray Energy Spectrum Observed with the Surface Detector of the Telescope Array
Experiment, Astrophysical Journal Letters 768 (May, 2013) L1, [1205.5067].

[19] G. Ros, A. D. Supanitsky, G. A. Medina-Tanco, L. del Peral, J. C. D’Olivo and M. D.
Rodríguez Frías, A new composition-sensitive parameter for ultra-high energy cosmic rays,
Astroparticle Physics 35 (Oct., 2011) 140–151, [1104.3399].

[20] W. Hanlon, J. Belz, D. Ikeda, J. P. Lundquist, P. Sokolsky, T. Stroman et al., Composition
Measurements via Depth of Airshower Maximum at the Telescope Array, JPS Conf. Proc. 19
(2018) 011012.

[21] Pierre Auger collaboration, P. Abreu et al., The Pierre Auger Observatory II: Studies of
Cosmic Ray Composition and Hadronic Interaction models, in 32nd International Cosmic
Ray Conference, vol. 3, p. 208, 7, 2011, 1107.4804, DOI.

[22] A. Sabourov, A. Glushkov, M. Pravdin, Y. Egorov, A. Ivanov, S. Knurenko et al., Mass
composition of cosmic rays with energy above 10{̂17} eV according to the data of surface
detectors of Yakutsk EAS array, in 35th International Cosmic Ray Conference (ICRC2017),
vol. 301 of International Cosmic Ray Conference, p. 553, Jan., 2017.

[23] C. J. Todero Peixoto, Estimating the Depth of Shower Maximum using the Surface Detectors
of the Pierre Auger Observatory, in 36th International Cosmic Ray Conference (ICRC2019),
vol. 36 of International Cosmic Ray Conference, p. 440, July, 2019.

8

https://doi.org/10.1016/S0920-5632(96)00847-X
https://doi.org/10.1016/S0920-5632(96)00847-X
https://doi.org/10.1016/j.astropartphys.2012.03.004
https://arxiv.org/abs/1104.3182
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://arxiv.org/abs/1403.0644
https://doi.org/10.1023/A:1022648800760
https://doi.org/10.1103/PhysRevLett.100.211101
https://arxiv.org/abs/0712.1909
https://doi.org/10.1088/2041-8205/768/1/L1
https://arxiv.org/abs/1205.5067
https://doi.org/10.1016/j.astropartphys.2011.06.011
https://arxiv.org/abs/1104.3399
https://doi.org/10.7566/JPSCP.19.011012
https://doi.org/10.7566/JPSCP.19.011012
https://arxiv.org/abs/1107.4804
https://doi.org/10.7529/ICRC2011/V03/0956


P
o
S
(
I
C
R
C
2
0
2
1
)
3
0
0

TA SD mass composition Yana Zhezher

[24] Telescope Array collaboration, R. U. Abbasi et al., Mass composition of ultrahigh-energy
cosmic rays with the Telescope Array Surface Detector data, Phys. Rev. D 99 (2019) 022002,
[1808.03680].

9

https://doi.org/10.1103/PhysRevD.99.022002
https://arxiv.org/abs/1808.03680


P
o
S
(
I
C
R
C
2
0
2
1
)
3
0
0

TA SD mass composition Yana Zhezher

Full Authors List: Telescope Array Collaboration

R.U. Abbasi1, M. Abe2, T. Abu-Zayyad1,3, M. Allen3, Y. Arai4, E. Barcikowski3, J.W. Belz3,
D.R. Bergman3, S.A. Blake3, I. Buckland3, R. Cady3, B.G. Cheon5, J. Chiba6, M. Chikawa7,
T. Fujii8, K. Fujisue7, K. Fujita4, R. Fujiwara4, M. Fukushima7,9, R. Fukushima4, G. Furlich3,
R. Gonzalez3, W. Hanlon3, M. Hayashi10, N. Hayashida11, K. Hibino11, R. Higuchi7, K. Honda12,
D. Ikeda11, T. Inadomi13, N. Inoue2, T. Ishii12, H. Ito14, D. Ivanov3, H. Iwakura13, H.M. Jeong15,
S. Jeong15, C.C.H. Jui3, K. Kadota16, F. Kakimoto11, O. Kalashev17, K. Kasahara18, S. Kasami19,
H. Kawai20, S. Kawakami4, S. Kawana2, K. Kawata7, E. Kido14, H.B. Kim5, J.H. Kim3, J.H. Kim3,
M.H. Kim15, S.W. Kim15, Y. Kimura4, S. Kishigami4, Y. Kubota13, S. Kurisu13, V. Kuzmin17,∗∗,
M.Kuznetsov17,21, Y.J.Kwon22, K.H.Lee15, B. Lubsandorzhiev17, J.P. Lundquist3,23, K.Machida12,
H.Matsumiya4, T. Matsuyama4, J.N.Matthews3, R. Mayta4, M.Minamino4, K.Mukai12, I. Myers3,
S.Nagataki14, K.Nakai4, R.Nakamura13, T.Nakamura24, T.Nakamura13, Y.Nakamura13, A.Nakazawa13,
T. Nonaka7, H. Oda4, S. Ogio4,25, M. Ohnishi7, H. Ohoka7, Y. Oku19, T. Okuda26, Y. Omura4,
M. Ono14, R. Onogi4, A. Oshima4, S. Ozawa27, I.H. Park15, M. Potts3, M.S. Pshirkov17,28,
J. Remington3, D.C. Rodriguez3, G.I. Rubtsov17, D. Ryu29, H. Sagawa7, R. Sahara4, Y. Saito13,
N. Sakaki7, T. Sako7, N. Sakurai4, K. Sano13, K. Sato4, T. Seki13, K. Sekino7, P.D. Shah3,
Y. Shibasaki13, F. Shibata12, N. Shibata19, T. Shibata7, H. Shimodaira7, B.K. Shin29, H.S. Shin7,
D. Shinto19, J.D. Smith3, P. Sokolsky3, N. Sone13, B.T. Stokes3, T.A. Stroman3, T. Suzawa2,
Y. Takagi4, Y. Takahashi4, M. Takamura6, M. Takeda7, R. Takeishi7, A. Taketa30, M. Takita7,
Y. Tameda19, H. Tanaka4, K. Tanaka31, M. Tanaka32, Y. Tanoue4, S.B. Thomas3, G.B. Thomson3,
P. Tinyakov17,21, I. Tkachev17, H. Tokuno33, T. Tomida13, S. Troitsky17, R. Tsuda4, Y. Tsunesada4,25,
Y.Uchihori34, S.Udo11, T.Uehama13, F.Urban35, T.Wong3, K.Yada7,M.Yamamoto13, K.Yamazaki11,
J. Yang36, K. Yashiro6, F. Yoshida19, Y. Yoshioka13, Y. Zhezher7,17, and Z. Zundel3

1 Department of Physics, Loyola University Chicago, Chicago, Illinois, USA
2 The Graduate School of Science and Engineering, Saitama University, Saitama, Saitama, Japan
3 High Energy Astrophysics Institute and Department of Physics and Astronomy, University of Utah, Salt Lake City,
Utah, USA
4 Graduate School of Science, Osaka City University, Osaka, Osaka, Japan
5 Department of Physics and The Research Institute of Natural Science, Hanyang University, Seongdong-gu, Seoul,
Korea
6 Department of Physics, Tokyo University of Science, Noda, Chiba, Japan
7 Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba, Japan
8 The Hakubi Center for Advanced Research and Graduate School of Science, Kyoto University, Kitashirakawa-
Oiwakecho, Sakyo-ku, Kyoto, Japan
9 Kavli Institute for the Physics and Mathematics of the Universe (WPI), Todai Institutes for Advanced Study, University
of Tokyo, Kashiwa, Chiba, Japan
10 Information Engineering Graduate School of Science and Technology, Shinshu University, Nagano, Nagano, Japan
11 Faculty of Engineering, Kanagawa University, Yokohama, Kanagawa, Japan
12 Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi, Kofu, Yamanashi, Japan
13 Academic Assembly School of Science and Technology Institute of Engineering, Shinshu University, Nagano, Nagano,
Japan
14 Astrophysical Big Bang Laboratory, RIKEN, Wako, Saitama, Japan
15 Department of Physics, Sungkyunkwan University, Jang-an-gu, Suwon, Korea
16 Department of Physics, Tokyo City University, Setagaya-ku, Tokyo, Japan
17 Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia
18 Faculty of Systems Engineering and Science, Shibaura Institute of Technology, Minato-ku, Tokyo, Japan

10



P
o
S
(
I
C
R
C
2
0
2
1
)
3
0
0

TA SD mass composition Yana Zhezher

19 Department of Engineering Science, Faculty of Engineering, Osaka Electro-Communication University, Neyagawa-
shi, Osaka, Japan
20 Department of Physics, Chiba University, Chiba, Chiba, Japan
21 Service de Physique Théorique, Université Libre de Bruxelles, Brussels, Belgium
22 Department of Physics, Yonsei University, Seodaemun-gu, Seoul, Korea
23 Center for Astrophysics and Cosmology, University of Nova Gorica, Nova Gorica, Slovenia
24 Faculty of Science, Kochi University, Kochi, Kochi, Japan
25 Nambu Yoichiro Institute of Theoretical and Experimental Physics, Osaka City University, Osaka, Osaka, Japan
26 Department of Physical Sciences, Ritsumeikan University, Kusatsu, Shiga, Japan
27 Quantum ICT Advanced Development Center, National Institute for Information and Communications Technology,
Koganei, Tokyo, Japan
28 Sternberg Astronomical Institute, Moscow M.V. Lomonosov State University, Moscow, Russia
29 Department of Physics, School of Natural Sciences, Ulsan National Institute of Science and Technology, UNIST-gil,
Ulsan, Korea
30 Earthquake Research Institute, University of Tokyo, Bunkyo-ku, Tokyo, Japan
31 Graduate School of Information Sciences, Hiroshima City University, Hiroshima, Hiroshima, Japan
32 Institute of Particle and Nuclear Studies, KEK, Tsukuba, Ibaraki, Japan
33 Graduate School of Science and Engineering, Tokyo Institute of Technology, Meguro, Tokyo, Japan
34 Department of Research Planning and Promotion, Quantum Medical Science Directorate, National Institutes for
Quantum and Radiological Science and Technology, Chiba, Chiba, Japan
35 CEICO, Institute of Physics, Czech Academy of Sciences, Prague, Czech Republic
36 Department of Physics and Institute for the Early Universe, Ewha Womans University, Seodaaemun-gu, Seoul, Korea

** Deceased

11


	Introduction
	Dataset and Monte-Carlo simulations
	Data events
	Monte-Carlo simulations

	Method
	Boosted Decision Trees
	Composition-sensitive observables
	lnA  estimation
	Systematic uncertainties

	Results

