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Abstract. The TALE experiment is a Telescope Array Low-energy Extension constructed to observe cosmic

rays with energies down to 1016.5 to clarify the origin of the second knee and the energy of the galactic to

extragalactic CRs transition. TALE consists of 10 high-elevation fluorescence detectors and 80 scintillation

counters in an area of 21 km2. The key of data interpretation is the mass composition of cosmic rays, and

we report on a machine learning approach of mass composition analysis that utilizes waveform data of TALE

scintillation counters.

1 Introduction

1.1 Telescope Array experiment

The Telescope Array (TA) experiment is the largest cos-

mic ray observatory in the northern hemisphere designed

to detect ultra high energy cosmic rays is deployed in Mil-

lard County, Utah, USA. It mainly observes ultra high

energy (above ∼ 1018 eV) cosmic rays, using both Fluo-

rescence Detectors (FD) and scintillator Surface Detectors

(SD). There are 507 SDs with about 700 km2 effective de-

tection area and the 3 FD stations, which are called Black

Rock Mesa (BRM), Long Ridge (LR) and Middle Drum

(MD). The FD telescopes cover the sky above the SD ar-

ray from 3◦ to 31◦ in elevation. The general map of the TA

detectors is shown in Fig. 1a.

1.2 Telescope Array Low-energy Extension (TALE)

The Telescope Array Low-energy Extension (TALE) de-

tectors are designed for the energy threshold of the ex-

periment to be well below 1016.5 eV. We call the bend

in the energy spectrum around 1017 eV as the "second

knee" and consider that the feature suggests a galatic-to-

extragalactic transition of cosmic ray origin. The motiva-

tion of the TALE experiment is to clarify the origin of the

feature measuring the energy spectrum and mass compo-

sition of cosmic rays around 1017 eV. To observe lower

energy showers, TALE utilizes 10 FDs with elevation an-

gles higher than that of TA-FD, from 31◦ up to 59◦. In

addition 80 SDs with denser grids are also installed near

the MD site. The full details of the detectors may be found

in [1]. For this analysis, we report on a machine learning

approach of mass composition analysis that utilizes wave-

form data of TALE-SD array. The layout of TALE detec-

tors is shown in Fig. 1b.
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2 TALE-SD mass composition analysis

2.1 Monte Carlo (MC) simulation and Event
selection criteria

We generate cosmic ray air showers using CORSIKA-

based MC simulation code developed for TA [2] in this

analysis. QGSJETII-04 [3] and Geant 4 are used for air

shower simulation and detector response simulation, re-

spectively. The MC input parameters are given in Table 1.

The simulated air shower is reconstructed using TALE-SD

software [4]. Only events that pass the event selection cri-

teria shown in Table 2a below are used in the analysis.

The number of Monte-Carlo events after the selection are

17,121 events (proton) and 17,262 (iron), respectively.

Table 1: MC simulation dataset

primary proton iron

MC simulation CORSIKA

interaction model QGSJETII-04

primary energy E = 1018.0 eV (fixed)

zenith angle θ = 30.0◦ (fixed)

azimuthal angle 0◦ � ϕ � 360◦
TALE-SDs 78SDs, 2019/10/01-2020/01/29

core position refer to Fig. 2

Number of generated event 100,000 100,000

Number of selected event 17,121 17,262

2.2 Composition-sensitive parameters

The advantages of the TALE-SD array are its high statis-

tics and high uniform sensitivity compared to FD. If we

analyze mass composition analysis using TALE-SD data,

we can apply the result to cosmic ray energy spectrum and

EPJ Web of Conferences , 02011 (2023) https://doi.org/10.1051/epjconf/202328302011283
UHECR 2022

   © The Authors,  published  by EDP Sciences.  This  is  an open  access  article distributed under the  terms of the Creative Commons Attribution License 4.0
 (http://creativecommons.org/licenses/by/4.0/). 



(a)

(b)

Figure 1: (a)General map of the TA experiment site. The loca-

tions of the TA-SDs are shown as red circles and the

locations of the three TA-FD stations are indicated by

light blue circles. Yellow circles show the location of

the TALE-SDs. The TALE-FD station is located at the

MD site. (b)The layout of the TALE detectors. Open

square boxes (�) represent the locations of the TALE-

SDs and blue circle (•) correspond to the MD / TALE-

FD station. Black boxes (�) repesent the locations of

the TA-SDs.

anisotropy analysis.

A schematic view of an air shower arriving at the surface

is shown in Fig. 3. As shown in this figure, air showers

arrive at the surface with 3 characteristics: lateral distribu-

tion, curvature, and thickness. Using TALE-SD software

and simulated proton and iron air showers, we search and

extract 22 parameters [5, 6] that exhibit 3 characteristics.

The parameters’ histograms are shown in Fig. 4.

Table 2: (a)Event selection criteria (b)Nthickness selection (SD se-

lection)

(a)

NSD � 5, Nthickness � 1

χ2
geometry/d.o.f. � 4, χ2

ldf
/d.o.f. � 2(

σ2
θ + sin2 θ σ2

φ

)0.5
� 2.5 deg.

σS 600
/S 600 � 0.25

0◦ � θrec. � 45◦

(b)

trecorded waveform � 2.56 μs (128 bin)

Nbin(� 15 FADC count) is more than 2.

Nbin(� 45 FADC count) is more than 1.

No saturation in recorded signal (upper/lower)

within the range of 400 m � r � 700 m.
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Figure 2: Simulated core position distribution for TALE-SD ar-

ray. �, � and •/• indicates TALE-SD array, TALE-FD

and simulated core positions, respectively. red one is

(a)proton and blue one is (b)iron. "Entries" indicates

the number of generated events.

Figure 3: A schematic view of the development of an air shower

around the surface. Dashed line and black arrow

are shower plane and shower axis, respectively. Pur-

ple, red and blue arrow indicates "lateral distribution",

"thickness" and "curvature" of air showers, respec-

tively.

0 50 100 150 200 250 300 350 400 450 500
]2s200[VEM/m

0

100

200

300

400

500

600

700

800

900

Event-by-Event

Entries  17262

Mean    267.2

Std Dev     77.97

 eV
18

 E=10°=30θ

Entries  17121

Mean      289

Std Dev     76.66

Event-by-Event

Entries  17262

Mean    267.2

Std Dev     77.97

 eV
18

 E=10°=30θ

Entries  17121

Mean      289

Std Dev     76.66

signal size at r = 200m s200

0 2 4 6 8 10 12 14
]2s600[VEM/m

0

200

400

600

800

1000

1200

Event-by-Event

Entries  17262

Mean    7.163

Std Dev     2.082

 eV
18

 E=10°=30θ

Entries  17121

Mean    7.752

Std Dev     2.027

Event-by-Event

Entries  17262

Mean    7.163

Std Dev     2.082

 eV
18

 E=10°=30θ

Entries  17121

Mean    7.752

Std Dev     2.027

signal size at r = 600m s600

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
]2s1000[VEM/m

0

200

400

600

800

1000

1200

Event-by-Event

Entries  17262

Mean   0.9954

Std Dev    0.2913

 eV
18

 E=10°=30θ

Entries  17121

Mean    1.077

Std Dev    0.2814

Event-by-Event

Entries  17262

Mean   0.9954

Std Dev    0.2913

 eV
18

 E=10°=30θ

Entries  17121

Mean    1.077

Std Dev    0.2814

signal size at r = 1000m s1000

0 0.05 0.1 0.15 0.2 0.25
lateral trigger

P
0

500

1000

1500

2000

2500

 eV
18

 E=10°=30θ

Entries  17121

Mean   0.06122

Std Dev    0.04428

Event-by-Event

Entries  17262

Mean   0.07805

Std Dev    0.04976

 eV
18

 E=10°=30θ

Entries  17121

Mean   0.06122

Std Dev    0.04428

Event-by-Event

Entries  17262

Mean   0.07805

Std Dev    0.04976

 3000m)≤
L

 r≤ (1200m 
Lateral Trigger

P

0 2 4 6 8 10 12 14
lateral trigger

S
0

200

400

600

800

1000

1200

1400

1600
 eV

18
 E=10°=30θ

Entries  17121

Mean    6.879

Std Dev     1.432

Event-by-Event

Entries  17262

Mean    7.302

Std Dev     1.494

 eV
18

 E=10°=30θ

Entries  17121

Mean    6.879

Std Dev     1.432

Event-by-Event

Entries  17262

Mean    7.302

Std Dev     1.494

Lateral Trigger Summation

3.4 3.5 3.6 3.7 3.8 3.9 4
slope
η

0

200

400

600

800

1000

1200

1400

Event-by-Event

Entries  17262

Mean    3.666

Std Dev    0.05612

 eV
18

 E=10°=30θ

Entries  17121

Mean    3.671

Std Dev    0.05983

Event-by-Event

Entries  17262

Mean    3.666

Std Dev    0.05612

 eV
18

 E=10°=30θ

Entries  17121

Mean    3.671

Std Dev    0.05983

s
ηshower slope parameter 

0 100 200 300 400 500 600 700
[ns]

rise
Μ

0

500

1000

1500

2000

2500

Event-by-Event

Entries  17262

Mean    180.9

Std Dev     86.18

 eV
18

 E=10°=30θ

Entries  17121

Mean    195.7

Std Dev     88.45

Event-by-Event

Entries  17262

Mean    180.9

Std Dev     86.18

 eV
18

 E=10°=30θ

Entries  17121

Mean    195.7

Std Dev     88.45

rise
Μupper risetime Mean 

0 100 200 300 400 500 600
[ns]

middle
Μ

0

500

1000

1500

2000

2500

Event-by-Event

Entries  17262

Mean    193.2

Std Dev     76.27

 eV
18

 E=10°=30θ

Entries  17121

Mean    209.9

Std Dev      78.3

Event-by-Event

Entries  17262

Mean    193.2

Std Dev     76.27

 eV
18

 E=10°=30θ

Entries  17121

Mean    209.9

Std Dev      78.3

middle
Μupper middletime Mean 

0 100 200 300 400 500 600 700 800 900 1000
[ns]

fall
Μ

0

200

400

600

800

1000

1200

Event-by-Event

Entries  17262

Mean    396.2

Std Dev     133.6

 eV
18

 E=10°=30θ

Entries  17121

Mean    421.7

Std Dev       131

Event-by-Event

Entries  17262

Mean    396.2

Std Dev     133.6

 eV
18

 E=10°=30θ

Entries  17121

Mean    421.7

Std Dev       131

fall
Μupper falltime Mean 

0 200 400 600 800 1000 1200 1400
[ns]

width 1.0Mip
Μ

0

200

400

600

800

1000

Event-by-Event

Entries  17262

Mean    470.8

Std Dev     193.6

 eV
18

 E=10°=30θ

Entries  17121

Mean    516.1

Std Dev     197.6

Event-by-Event

Entries  17262

Mean    470.8

Std Dev     193.6

 eV
18

 E=10°=30θ

Entries  17121

Mean    516.1

Std Dev     197.6

width 1.0Mip
Μupper time width 1.0Mip Mean 

0 200 400 600 800 1000 1200 1400 1600
[ns]

width 0.3Mip
Μ

0

100

200

300

400

500

600

700

 eV
18

 E=10°=30θ

Entries  17121

Mean    859.1

Std Dev       211

Event-by-Event

Entries  17262

Mean    813.2

Std Dev     217.1

 eV
18

 E=10°=30θ

Entries  17121

Mean    859.1

Std Dev       211

Event-by-Event

Entries  17262

Mean    813.2

Std Dev     217.1

width 0.3Mip
Μupper time width 0.3Mip Mean 

0 100 200 300 400 500 600
[ns]

area over peak
Μ

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

Event-by-Event

Entries  17262

Mean    248.4

Std Dev     39.99

 eV
18

 E=10°=30θ

Entries  17121

Mean    263.7

Std Dev     44.47

Event-by-Event

Entries  17262

Mean    248.4

Std Dev     39.99

 eV
18

 E=10°=30θ

Entries  17121

Mean    263.7

Std Dev     44.47

AoP
Μupper area over peak Mean 

0 100 200 300 400 500 600 700
[ns]

rise
Μ

0

500

1000

1500

2000

2500

Event-by-Event

Entries  17262

Mean    177.2

Std Dev     86.61

 eV
18

 E=10°=30θ

Entries  17121

Mean    192.9

Std Dev     90.95

Event-by-Event

Entries  17262

Mean    177.2

Std Dev     86.61

 eV
18

 E=10°=30θ

Entries  17121

Mean    192.9

Std Dev     90.95

rise
Μlower risetime Mean 

0 100 200 300 400 500 600
[ns]

middle
Μ

0

500

1000

1500

2000

2500

Event-by-Event

Entries  17262

Mean    187.9

Std Dev     76.96

 eV
18

 E=10°=30θ

Entries  17121

Mean    203.9

Std Dev     78.99

Event-by-Event

Entries  17262

Mean    187.9

Std Dev     76.96

 eV
18

 E=10°=30θ

Entries  17121

Mean    203.9

Std Dev     78.99

middle
Μlower middletime Mean 

0 100 200 300 400 500 600 700 800 900 1000
[ns]

fall
Μ

0

200

400

600

800

1000

1200

Event-by-Event

Entries  17262

Mean    384.8

Std Dev     136.3

 eV
18

 E=10°=30θ

Entries  17121

Mean    407.6

Std Dev       134

Event-by-Event

Entries  17262

Mean    384.8

Std Dev     136.3

 eV
18

 E=10°=30θ

Entries  17121

Mean    407.6

Std Dev       134

fall
Μlower falltime Mean 

0 200 400 600 800 1000 1200 1400
[ns]

width 1.0Mip
Μ

0

200

400

600

800

1000

Event-by-Event

Entries  17262

Mean    461.9

Std Dev     193.8

 eV
18

 E=10°=30θ

Entries  17121

Mean    504.1

Std Dev     196.1

Event-by-Event

Entries  17262

Mean    461.9

Std Dev     193.8

 eV
18

 E=10°=30θ

Entries  17121

Mean    504.1

Std Dev     196.1

width 1.0Mip
Μower time width 1.0Mip Mean 

0 200 400 600 800 1000 1200 1400 1600
[ns]

width 0.3Mip
Μ

0

100

200

300

400

500

600

700

 eV
18

 E=10°=30θ

Entries  17121

Mean    834.6

Std Dev     213.2

Event-by-Event

Entries  17262

Mean    793.5

Std Dev     216.1

 eV
18

 E=10°=30θ

Entries  17121

Mean    834.6

Std Dev     213.2

Event-by-Event

Entries  17262

Mean    793.5

Std Dev     216.1

width 0.3Mip
Μower time width 0.3Mip Mean 

0 100 200 300 400 500 600
[ns]

area over peak
Μ

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

Event-by-Event

Entries  17262

Mean    242.3

Std Dev     38.91

 eV
18

 E=10°=30θ

Entries  17121

Mean      257

Std Dev     43.46

Event-by-Event

Entries  17262

Mean    242.3

Std Dev     38.91

 eV
18

 E=10°=30θ

Entries  17121

Mean      257

Std Dev     43.46

AoP
Μlower area over peak Mean 

2− 1− 0 1 2 3 4
s]μ[

delay
Μ

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

Event-by-Event

Entries  17262

Mean   0.9538

Std Dev    0.3155

 eV
18

 E=10°=30θ

Entries  17121

Mean    1.009

Std Dev    0.3342

Event-by-Event

Entries  17262

Mean   0.9538

Std Dev    0.3155

 eV
18

 E=10°=30θ

Entries  17121

Mean    1.009

Std Dev    0.3342

delay
Μtime delay Mean 

2 2.2 2.4 2.6 2.8 3 3.2 3.4
s]μ [

linsley
a

0

500

1000

1500

2000

2500

3000

3500

Event-by-Event

Entries  17262

Mean    2.713

Std Dev    0.1015

 eV
18

 E=10°=30θ

Entries  17121

Mean    2.713

Std Dev    0.1135

Event-by-Event

Entries  17262

Mean    2.713

Std Dev    0.1015

 eV
18

 E=10°=30θ

Entries  17121

Mean    2.713

Std Dev    0.1135

linsley
linsley front curvature a

0 10 20 30 40 50 60 70
]2[VEM/m

b
S

0

200

400

600

800

1000

1200

1400

1600

Event-by-Event

Entries  17262

Mean    18.37

Std Dev     6.603

 eV
18

 E=10°=30θ

Entries  17121

Mean    20.45

Std Dev     7.499

Event-by-Event

Entries  17262

Mean    18.37

Std Dev     6.603

 eV
18

 E=10°=30θ

Entries  17121

Mean    20.45

Std Dev     7.499

b
Sb parameter S

0 5 10 15 20 25 30
SD

N

0

200

400

600

800

1000

1200

1400

1600

 eV
18

 E=10°=30θ

Entries  17121

Mean    11.31

Std Dev     3.884

Event-by-Event

Entries  17262

Mean    12.11

Std Dev     4.221

 eV
18

 E=10°=30θ

Entries  17121

Mean    11.31

Std Dev     3.884

Event-by-Event

Entries  17262

Mean    12.11

Std Dev     4.221

SD
number of triggerd detector N

TA very preliminary
03-07 October 2022

Figure 4: 22 parameters by the TALE-SD array histograms. Pro-

ton MC is shown with red lines and iron MC is shown

with blue them. "Entries" indicates the number of

events.
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3 Machine learning approach

3.1 Neural network details

We have developed a machine learning model to take ad-

vantage of the high-statistics TALE-SD data for mass com-

position analysis. The machine learning model that we use

is a binary classification to discriminate between proton

and iron cosmic ray events by MC simulation as shown

the Fig. 5.

The input vector α consists of 22 normalized parameters.

Output value β is a numerical values from 0 to 1, with 0

being labeled as proton and 1 as iron. The output value β
is determined to be proton if it is less than 0.5, and iron if

it is greater than 0.5.

The machine learning model details are shown in Table 6.

Figure 5: Machine learning model outline

Input： → ((22,, )
22 parameters

Dimension : (64,, )
Activation function ：“tanh”

Dimension : (32,, )
Activation function ：“tanh”

Dimension : (16,, )
Activation function ：“tanh”

Dimension : (8,, )
Activation function ：“tanh”

Dimension : (16,, )
Activation function ：“tanh”

Output： → (1,, )
Activation function

: “sigmoid”

hidden layer

A

We use two activation functions (a hyperbolic tangent and

a sigmoid). To eliminate learning bias, the same number

of events are prepared for proton and iron air showers. All

data are split into training, validation, and test data at a

ratio of 8:1:1.

Figure 6: Machine learning model details

primary proton iron

All data 17120 17120

Training data 13696 13696

Validation data 1712 1712

Test data 1712 1712

Optimizer Adam

Loss function Cross-Entropy Error (CEE)

3.2 The prediction of the machine learning model

The performance of the trained machine learning model

was evaluated using all test data. The result is shown in

Fig. 7. The red line represents the model’s prediction on

test data where the answer is proton (β = 0), and the blue

line represents the model’s prediction on test data where

the answer is iron (β = 1). Classification matrix for all

test data are shown in Table 3. The percentage of those

that predicted that the answer is proton is 68.9%, and the

percentage of those that predicted that the answer is iron is

65.4%. The overall accuracy is determined by the average

of these values, which is 67.1%.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
βmodel's output 

0

20

40

60

80

100

nu
m

be
r o

f E
ve

nt
s

hist proton
Entries  1712
Mean  0.4121
Std Dev  0.1819

the prediction of the model

 hist iron 
Entries  1712
Mean  0.5776
Std Dev  0.1816

proton
iron

epochs: 33
accuracy: 67.1%

TA very prelim
inary

03 - 0
7 Oct. 2

022

Figure 7: The response distribution of the test data to the ma-

chine learning model. The purple dashed line is drawn

at β = 0.5.

4 Conclusion

We search and extract 22 parameters that depend on pri-

mary cosmic ray for cosmic ray mass composition analysis

using TALE-SD array. Using these parameters, we have

developed a binary classification machine learning model

to discriminate proton and iron cosmic rays by MC simu-

lation. The classification accuracy of the machine learning

model is currently 67.1%. To improve the accuracy, it is

planned to add information for each detector, search for

new parameters, and use a Graph Neural Network.
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