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• TA・TALE Experiment
• Motivation of mass-composition analysis 
with TALE-SD
• Machine learning approach
• The prediction of the machine learning model 
• Summary and Future

Outline
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Precise measurement of the energy spectrum and mass-composition 
of cosmic rays in the 2nd knee region by fluorescence detector
and surface detector

Origin of cosmic rays around the 2nd knee region(∼ 𝟏𝟎𝟏𝟕 eV)
➡ galaxtic ↔ extragalactic transition?

Cosmic ray around the 2nd knee 
region Transition of mass-composition
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TALE-FD
+TA-FD(MD)

TA-FD
(LR)

• largest detected area 
in the Northern Hemisphere

• observe cosmic rays above
10!".$ eV in Utah (U.S.A.)

• Hybrid measurement 
of FD and SD

• operation since May 2008

■

① 無線通信アンテナ

② ソーラーパネル

③ シンチレータボックス

SD

TA-FD TALE-FD

FD：Fluorescence Detector
• 38 units in 3 stations

↑TA general map

LR
BRM

TA→Telescope Array Experiment

SD：
Surface Detector
• 1200 m spacing TA-SD array

(507 SDs, 700 km#)
①communication antenna

②solar panel

③Scintillator Box
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TALE-SD array
(80SDs, 21km#)

TALE-SD array

TALE-FD
+TA-FD(MD)

TA-FD
(LR)

TA-FD
(BRM)

■

80SDs →
40SDs (400m spacing) 

＋ 40SDs (600m spacing)

TALE-SD array
Ø are located in the northwest of TA-SD
Ø observe cosmic rays above 𝟏𝟎𝟏𝟔.𝟓 eV
Ø have high statistics and uniform sensitivity

TA-SD array
(507SDs, 700km!)

Surface Detector

TALE→TA Low energy Extension
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• Advantage of SD array
Øover 90% duty cycle,
high statistics
(FD → 10% duty cycle)

ØApplication to 
cosmic ray anisotropy
per composition

• Approach
Ømachine learning

Motivation of Mass composition 
analysis with TALE-SD
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Machine learning model Outline
Ø proton/iron cosmic rays by MC simulation 
discrimination model 
(binary classification)

Output：𝜷
→ Real number from 0 to 1
• labeled proton to 0, iron to 1
• 𝛽 < 0.5 → consider as proton
• 𝛽 ≥ 0.5 → consider as iron

machine learning
model Image

Input：𝜶
→ 22 composition-sensitive parameters
• parameters of geometry fit function
• parameter of lateral distribution
• the thickness of an air shower

…

中間層

…

…

…

Middle layer

Machine learning approach
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22 mass-composition sensitive parameters from 
the characteristics of air showers →
• parameters of geometry fit function

Ø linsley curvature parameter 
Ø time delay average

• parameters of lateral distribution
Ø lateral trigger probability
Ø energy estimator
Ø LDF function’s parameter
Ø number of triggered stations in 1 event

• thickness of an air shower (upper/lower layer)
Ø rise・middle・fall time stations’ average
Ø time width stations’ average
Ø area over peak stations’ average

22 Composition-sensitive parameters
with TALE-SD

PrimaryCosmic ray

surface

shower front

shower plane

sh
ow
er
 ax
is

SD! SD"
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3rd Oct. 2022 UHECR2022@Gran Sasso, Italy 8



Composition-sensitive parameters
with TALE-SD
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𝑠!"" 𝑠#"" 𝑠$""" 𝑃%&'()&% ')*++() 𝑆%&'()&% ')*++() 𝜂,%-.(

up 𝑀)*,( up 𝑀/*00%( up 𝑀1&%% up 𝑀2*0'3 45 up 𝑀2*0'3 $5 𝑢p 𝑀6-7

low 𝑀)*,( low 𝑀/*00%( low 𝑀1&%% low 𝑀2*0'3 45 low 𝑀2*0'3 $5 low 𝑀6-7

𝑀0(%&8 𝑎%*9,%(8 𝑆: 𝑁;<
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Shower Core Position

5500m

★ TALE-FD(MD)
● TALE-SD

Data Set proton iron
MC Simulation CORSIKA
Interaction model QGSJET II-04

Energy 10$=eV (fixed)
Zenith Angle 30∘ (fixed)
Azimuth Angle 0∘ − 360∘

Core position Uniform in the red circle
𝑁?6@AB;<, 78 (trigger : any4)
𝑁+(9()&'( 100,000 100,000

𝑁)(C-9,')DC'(0E&1'() AF(9' GD' 17,121 17,262
𝑁D,(0 17,121 17,121

MC simulation Data set and Cut

Event Cut
• 𝑁*+ ≥ 5
• 𝜒,(/d. o. f. ≤ 4, 𝜒-(/d. o. f. ≤ 2
• 𝜎.( + sin( 𝜃 𝜎/(

$.0 ≤ 2.5 deg
• 𝜎1!""/𝑆2$$ ≤ 0.25
• 𝑁345*+ ≥ 1 (in 1 event)

𝑵𝐮𝐬𝐞𝐒𝐃 condition (SD selection)
Ø 𝑡;5<=;>?@ ≤ 2.56 µs (128 bin)
Ø 𝑁ABC (>15 FADC count) ≥ 2
Ø 𝑁ABC (>45 FADC count) ≥ 1
Ø Not saturate
Ø 400 m ≤ 𝑟 ≤ 700 m
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Model information
All data 34242 events

Training data 27392 events (80% of All data)
Validation data 3424 events (10% of All data)
Test data 3424 events (10% of All data)
Optimizer Adam
Loss function Cross-Entropy Error function

Input：𝜶 →
22 cosmic ray event 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”

Hidden layer

Output：𝜷 → 0 ≤ 𝛽 ≤ 1
Activation function : “sigmoid”

• labeled proton to 0, iron to 1
• 𝛽 < 0.5 → consider as proton
• 𝛽 ≥ 0.5 → consider as iron

Machine learning model Details
Input parameters (normalized) 𝛼
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図：
classification results 
for all test events
→ accuracy = 67.14%
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Input 𝜶：
→ 22 composition-sensitive parameters
• parameters of geometry fit function
• parameter of lateral distribution
• the thickness of an air shower

The prediction of the machine 
learning model
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• Summary
• Search composition-sensitive parameters
• Input 22 Event-by-Event parameters 
to machine learning
• Current Accuracy：67.14% (𝜽 = 𝟑𝟎∘, 𝑬 = 𝟏𝟎𝟏𝟖 𝐞𝐕)

• Future
• To improve the accuracy of machine learning model,

ØAddiction of Detectors’ parameters as input
ØSearch new composition-sensitive parameters
ØUsing Graph Neural Network

Summary and Future
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•Accuracy and loss transition
• Zenith angle and energy distribution
• Parameter definition

ØParameter of geometry fit function
ØParameter of lateral distribution
ØThickness of an air shower
(upper/lower layer)

Backup
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Accuracy and loss transition
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Zenith angle
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Energy Bias

Primary Energy
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𝝉 = 𝒂𝐥𝐢𝐧𝐬𝐥𝐞𝐲 1 −
𝑙

12000 m

L.MN
1 +

𝑟
30 m

L.ON
𝜌PM.O

• the parameter of air shower front curvature
• As 𝑎QRSTQUV is free parameter, 𝜏 is fitted 
using 𝜒W test, 𝑟, and 𝜌

Parameters of geometry fit
function

𝜏
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Lateral Trigger Probability
→ 𝑃!"#$%"& '%())$%

𝑃)*+,-*. /-011,- 𝑟2 =
𝑁/-011,-

𝑁/-011,- +𝑁3435/-011,-

parameter

𝑟Y
Lateral distance between shower 
core and detector position

𝑁Z[R\\U[
number of triggered stations 
contained within radius = 𝑟D

𝑁S_SPZ[R\\U[
number of untriggered stations 
contained within radius = 𝑟D
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TALE-SD map
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- Circle of radius 
(𝑟I = 2000 m) 19



TALE-SD map
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計算例 𝑁E;BFF5; 𝑁C=CGE;BFF5; 𝑁HII 𝑃-HE5;HI J;BFF5; = 𝑁E;BFF5;/𝑁HII
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Left Fig. : Event display of MC(proton)
l TALE-SD array
★ TALE-FD(MD)
l Triggered SD
l Core Position (Recon)
- Circle of radius “𝑟D m ”

𝑟! = 500 1000 1500 2000 m
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s
hshower slope parameter 

𝜌 𝑟 = 𝐴
𝑟

91.6 m

PL.W
1 +

𝑟
91.6 m

PbAcL.W
1 +

𝑟
1000 m

W PM.d

• the parameter of air shower longitudinal development
• As 𝜂e is a free parameter, 𝜌(𝑟) is fitted using 𝜒W test and 𝑟

LDF function slope

- proton
- iron
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•Definition

𝑆f =
1
𝑁gh

B
i

jBC

𝜌i×
𝑟i
𝑟M

f

𝑆* parameter
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𝜌K Particle density of 𝑖-th detector

𝑟K Distance from the shower axis [m]

𝑟$ Reference distance [m] → 400 m

𝑏 Separation parameter → b = 2



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

0

100

200

300

400

500

600

700

800

900

 hist_iron 

Entries  17262

Mean    267.2

Std Dev     77.97

hist_proton

Entries  17121

Mean      289

Std Dev     76.66

 hist_iron 

Entries  17262

Mean    267.2

Std Dev     77.97

hist_proton

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

 hist_iron 

Entries  17262

Mean    7.163

Std Dev     2.082

hist_proton

Entries  17121

Mean    7.752

Std Dev     2.027

 hist_iron 

Entries  17262

Mean    7.163

Std Dev     2.082

hist_proton

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

 hist_iron 

Entries  17262

Mean   0.9954

Std Dev    0.2913

hist_proton

Entries  17121

Mean    1.077

Std Dev    0.2814

 hist_iron 

Entries  17262

Mean   0.9954

Std Dev    0.2913

hist_proton

Entries  17121

Mean    1.077

Std Dev    0.2814

signal size at r = 1000m s1000

3.4 3.5 3.6 3.7 3.8 3.9 4
slope
h

0

200

400

600

800

1000

1200

1400

 hist_iron 

Entries  17262

Mean    3.666

Std Dev    0.05612

hist_proton

Entries  17121

Mean    3.671

Std Dev    0.05983

 hist_iron 

Entries  17262

Mean    3.666

Std Dev    0.05612

hist_proton

Entries  17121

Mean    3.671

Std Dev    0.05983

s
hshower slope parameter 

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

0

200

400

600

800

1000

1200

1400

1600

 hist_iron 

Entries  17262

Mean    18.37

Std Dev     6.603

hist_proton

Entries  17121

Mean    20.45

Std Dev     7.499

 hist_iron 

Entries  17262

Mean    18.37

Std Dev     6.603

hist_proton

Entries  17121

Mean    20.45

Std Dev     7.499

b
Sb parameter S

0 5 10 15 20 25 30
SDN

0

200

400

600

800

1000

1200

1400

1600

hist_proton

Entries  17121

Mean    11.31

Std Dev     3.884

 hist_iron 

Entries  17262

Mean    12.11

Std Dev     4.221

hist_proton

Entries  17121

Mean    11.31

Std Dev     3.884

 hist_iron 

Entries  17262

Mean    12.11

Std Dev     4.221

SD
number of triggerd detector N

0 0.05 0.1 0.15 0.2 0.25
lateral triggerP

0

500

1000

1500

2000

2500

hist_proton

Entries  17121

Mean   0.06122

Std Dev    0.04428

 hist_iron 

Entries  17262

Mean   0.07805

Std Dev    0.04976

hist_proton

Entries  17121

Mean   0.06122

Std Dev    0.04428

 hist_iron 

Entries  17262

Mean   0.07805

Std Dev    0.04976

 3000m)£ L r£ (1200m Lateral TriggerP

0 2 4 6 8 10 12 14
lateral triggerS

0

200

400

600

800

1000

1200

1400

1600
hist_proton

Entries  17121

Mean    6.879

Std Dev     1.432

 hist_iron 

Entries  17262

Mean    7.302

Std Dev     1.494

hist_proton

Entries  17121

Mean    6.879

Std Dev     1.432

 hist_iron 

Entries  17262

Mean    7.302

Std Dev     1.494

Lateral Trigger Summation

Parameters of 
lateral distribution

3rd Oct. 2022 UHECR2022@Gran Sasso, Italy 23

- proton
- iron



0 20 40 60 80 100 120
bin

0

10

20

30

40

50

60

70

80

90

FA
D

C

0

100

200

300

400

500

600

700

800

900

Replot up SD6010 Fe

0 20 40 60 80 100 120
bin

0

10

20

30

40

50

60

70

80

90

FA
D

C

0

100

200

300

400

500

600

700

800

900

Replot low SD6010 Fe

- integrated FADC “𝑆”
FADC

- pedestal

Figure : Signal display 
MC iron SD6010

The thickness of an air shower
→𝑡!"#$ ⋅ 𝑡%"&&'$ ⋅ 𝑡()'' ⋅ 𝑡*"&+,-. ⋅ 𝑡*"&+,

/.

𝒕𝟏𝟎%

𝒕𝟑𝟎%

𝒕𝟓𝟎%

𝒕𝟕𝟎%

𝒕𝟗𝟎%

𝑆$"%

𝑆K"%

𝑆5"%

𝑆L"%

𝑆M"%
Represents the amount 
of increase in the 𝑆
• 𝑡[RTU = 𝑡NM% − 𝑡LM%
• 𝑡oRppQU = 𝑡qM% − 𝑡OM%
• 𝑡rsQQ = 𝑡tM% − 𝑡NM%

Ø𝑡!!% ∶
time bin when the 𝑆 is xx% 
of the whole
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Replot low SD6010 Fe

𝒕𝐟𝐢𝐫𝐬𝐭 𝒕𝐥𝐚𝐬𝐭𝟏𝟓

- integrated FADC “𝑆”
FADC

- pedestal

Figure : Signal display 
MC iron SD6010

𝒕𝐥𝐚𝐬𝐭𝟒𝟓

Represents the signal 
time difference
• 𝑡uRpZvwN = 𝑡QsTZ

wN − 𝑡xR[TZ
• 𝑡uRpZvLN = 𝑡QsTZ

LN − 𝑡xR[TZ

Ø𝑡#$%&' ∶
time bin when the 0.3mip 
(=15fadc) signal is first 
input

Ø𝑡()&'!! ∶
time bin when the xx fadc 
signal is last input
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The thickness of an air shower
→𝑡!"#$ ⋅ 𝑡%"&&'$ ⋅ 𝑡()'' ⋅ 𝑡*"&+,-. ⋅ 𝑡*"&+,

/.
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• Definition of Mean for thickness parameters
→ “Μ!"#$%&'((”

𝚳𝐭𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬 =
𝟏

𝑵𝐠𝐨𝐨𝐝 𝐒𝐃
&
𝒊

𝑵𝐠𝐨𝐨𝐝 𝐒𝐃

𝒕𝐭𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬

Signal Cut 𝑟 Cut

Ø WF recording time is within 128 bin
Ø 2 or more bins higher than 15FADC
Ø 1 or more bins higher than 45FADC
Ø Not saturate

𝑡;B45 400 m ≤ 𝑟 ≤ 1000 m
𝑡LB>>I5 0 m ≤ 𝑟 ≤ 800 m
𝑡MHII 0 m ≤ 𝑟 ≤ 800 m

𝑡NB>EO
!.$PBQ 100 m ≤ 𝑟 ≤ 700 m

𝑡NB>EO
$.)PBQ 100 m ≤ 𝑟 ≤ 800 m

Detectors’ average
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𝑡'*$+,-.&& → 𝑡%$&., 𝑡/$00(., 𝑡1)((, 𝑡2$0'* 3.56$7, 𝑡2$0'* 5.86$7
𝑁9::0 ;< # of SDs that meet the following Signal and 𝑟 Cut 
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