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Cosmic ray around the 2nd knee

Energy spectrum

2nd Knee

Transition of mass-composition

I|II lllllll

— -

'm -

X

AT

'."_ - A

(7]

X

o~ I~ A
Y v
E .
X A
S 0 T
() N
i v

B 4
= B [ ]
X - [
nw | .
Dol
15

HiRes-| (2008)

HiRes-Il (2008)

Yakutsk Cherenkov (2013)
Tunka-55 (2013)

Tunka-133 (2013)
KASCADE-Grande (2011)

Auger (2013) Y
ICETOP (2013) TALE
TA SD 6 Year

TALE Ckov (APS 2014)

TALE Ckov & Scinti (July 2014)

y

log(E /eV)

<In A>vs log E

(InA)

*  CASAMIA ®  KASCADE fetn) OGS Haverah Park
®  ChacakRaya B KASCADE jen) SBYLL . Fys €
‘Q EAS-TOPIMACRO 4 KASCADE fvn) ye
EAS-TOP (eim) KASCADE a6 Yaloutsi(1974-2014)
s HEGRA (CT) HResMIA
v SPASE-AMANSA pion
E Vuican
Lian Wang Auger

H
0.5 |
ACEE | ) WS W SN W W W _— S_— S_— S— — * A 1;17 g A J
® Funsoe | 14 15 16 17 18 oo E (e\/1)9
0g
log0(E/eV)

Origin of cosmic rays around the 2nd knee region(~ 1017 eV)
= galaxtic & extragalactic transition?

Precise measurement of the energy spectrum and mass-composition
of cosmic rays in the 2nd knee region by fluorescence detector
and surface detector
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TA—Telescope Array Experiment

largest detected area
TACTALE Propect Ares | inthe Northern Hemisphere

« oObserve cosmic rays above
10'8% eV in Utah (U.S.A.)

' £7=F"1+ Hybrid measurement
TALEFD /- -“%:| of FDand SD
+TA-FD(MD) | il o,

A = D R R operatlon since May 2008

SD LR
Surface Detector
« 1200 m spacing

SD (Mcommunication antenna >< (507 SDS 700 kmz) FD . Fluorescence Detector
A « 38 units in 3 stations

2 e TA-SD array :,‘Q - ~
~ #,

TALE-FD




TALE—>TA Low energy Extensnon

l.'..-vr

TA+TALE Project Area

. Tale SOs
Surface Detectors

TALE-FD

+TA- FD(I\/ID) |

R1 W

TA-FD
(LR)

TA- SD array

20—

TALE-SD array

18—

16—

| (5075Ds, 700km?) %k

TALE-SD array

> are located in the northwest of TA-SD
> observe cosmic rays above 101> eV
» have high statistics and uniform sensitivity
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Motivation of Mass composition
analysis with TALE-SD

recorded signal

- Advantage of SD array Event display P

=22 S | Lo

»over 90% duty cycle : — i [
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0 - O] e Lo

° o ° * Toof- {1000

igh statistics

18 Ceralinal o ]

(FD — 10% duty cycle) ity

> Application to S
cosmic ray anisotropy
per composition

« Approach

Composition-sensitive parameters
(ay,az,as, ...)

»machine learning




Machine learning approach

Machine learning model Outline
» proton/iron cosmic rays by MC simulation

discrimination model machine learning

(binary classification) mode’ Image

Input :

— composition-sensitive parameters
« parameters of geometry fit function

« parameter of lateral distribution

« the thickness of an air shower

Middle layer

Output : g

— Real number from O to 1

- labeled protonto O, ironto 1 e @
- B <0.5 — consider as proton | e

- B =0.5 — consider as iron




22 Composition-sensitive parameters
with TALE-SD

22 mass-composition sensitive parameters from
the characteristics of air showers —

air shower image

> linsley curvature parameter
» time delay average

- parameters of lateral distribution
> lateral trigger probability
» energy estimator
» LDF function’s parameter SD\ .
> number of triggered stations in 1 event ' e
|4 \
 thickness of an air shower (upper/lower layer) Y
> rise - middle - fall time stations’ average

» time width stations’ average
> area over peak stations’ average

shower plane




Composition-sensitive parameters
with TALE-SD - proton

- iron
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MC simulation Data set and Cut

Data Set proton iron
MC Simulation CORSIKA
Interaction model QGSJET I11-04
Energy 10*8eV (fixed)
Zenith Angle 30° (fixed)
Azimuth Angle 0° —360°

Core position

Uniform in the red circle

NtALE-SDs 78 (trigger : any4)
Ngenerate 100,000 100,000
Nreconstructed-+after Event Cut 17,121 17,262
Nysed 17.121 17,121
Event Cut
* Ngp =5

% TALE-FD(MD)
T

1
-12

I SN T T T T TN T T TN N T T T T T
-10 -8 -6 -4 -2 0

Shower Core Position

N, sesp condition (SD selection)
> trecordwr < 2.56 ps (128 bin)

e xé/d.o.f.<4,xf/d.o.f.<2
» (0§ +sin%6 05)0'5 < 2.5 deg

* 0-5600/5600 < 0.25

* Nysesp = 1 (in 1 event)

3rd Oct. 2022

» Npipn (>15 FADC count) = 2
» Npip (>45 FADC count) > 1

> Not saturate
> 400m<r<700m
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Machine learning model Detalils

‘ Input parameters (normallzed) a ‘

Hidden layer

Input : o —
cosmic ray event parameters

Dimension : 64
Activation function : “tanh”

Dimension : 32
Activation function : “tanh”

Dimension : 16
Activation function : “tanh”

Dimension : 16

Activation function : “tanh” Model information
All data 34242 events
~ Dimension : 8 Training data 27392 events (80% of All data)
Activation function : “tanh” —
Validation data 3424 events (10% of All data)
Output: p—0<p<1 Test data 3424 events (10% of All data)
Activation function : “sigmoid” -
Optimizer Adam

« labeled proton to O, iron to 1
B <0.5 — consider as proton Loss function Cross-Entropy Error function

« [Pz 052 consider as iron




The prediction of the machine
learning model

Input a :

— 22 composition-sensitive parameters output f: 0 < B <1
- parameters of geometry fit function ED» |> proton —0
« parameter of lateral distribution > iron —

» the thickness of an air shower

Model Predict (6=30° E=10"® eV)

proton
= Entries 1712
120 - - Mean 0.4121
. Std Dev 0.1?19 answer
B Entr_esiron e Proton Iron
- , X
100 - Mean 0.5776 pred Ict
- Std Dev 0.1816
80— Proton 1180 532
- (GIReRYZIN (31.07%)
60— Iron 593 1119
N (34.64%) WGIREITH)
40—
: : | : = :
- 1 for all test events
B | | I I I | | | I I I | | | I I I | | | I I I | | | I I | | | I I | | | I I | | | I I | 1 1 — o
% 01 02 03 04 05 06 07 08 09 1 — accuracy = 67.14%

3rd Oct. 2022 machine learning output 3 12
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Summary and Future

e Summary

« Search composition-sensitive parameters
~* Input 22 Event-by-Event parameters

0°,E = 1018 eV)

3rd Oct. 2022 13



Backup
« Accuracy and loss transition
« Zenith angle and energy distribution

« Parameter definition
»Parameter of geometry fit function
»Parameter of lateral distribution

> Thickness of an air shower
(upper/lower layer)



Accuracy and loss transition

| Loss for train data |

0=30°E=10" eV

| Accuracy for train data |

0=30°E=10"eV

Entries 33 Entries 33
= Mean x 16.5 0.72F Mean x 16.5
0.7~ Meany  0.6098 - Meany  0.6644
- Std Dev x 9.233 - Std Dev x 9.233
0.68— Std Dev y 0.009102 0.7|— Std Dev y0.008605
u 0.68— .
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0 5 10 15 20 25 30 0 5 10 15 20 25 30
epochs epochs
| Loss for validation data | 6=30°E=10" eV | Accuracy for validation data | 0=30° E=10"_ eV
Entries 33 Entries 33
= Mean x 16.5 0.72F Mean x 16.5
0.7~ Meany  0.6305 - Meany  0.6436
- Std Dev x 9.233 - Std Dev x 9.233
0.68— Std Devy 0.00959 0.7— Std Devy 0.01116
- > 068 —
o 066, . o o
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— 064 o . . 8 - . e oo o ® .
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Zenith angle

- proton
- iron
| simulated Zenith Angle 6 | reconstructed Zenith Angle 0 |
0=30° E=10"® eV 0=30° E=10"% eV
20000F — Entries 19632 2500 - Entries 19632
18000 - Mean 30 C Mean  30.25
- Std Dev 6.633¢-06 [ Std Dev  2.283
16000 I 2000 I
14000 :_ Event-by-Event - Event-by-Event
- Entries 20238 B Entries 20238
12000 - Mean 30 15001~ Mean 30.3
10000}~ Std Dev 0 - StdDev  2.081
8000 1000
6000 I
4000 500
2000F I
:I 1 I L1l I L1l I L1l I L1l il I L1l I L1l I L1l I L1l B 11 I L1 1l I L1 1l I 11
gO 22 24 26 28 30 32 34 36 38 40 gO 22 24 26 28 30 32 34 36 38 40
0,,[Deg] OreclDeg]
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Primary Energy

simulated Energy in log scale

10g10 Esim.

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000

0=30°E=10"° eV

Entries 19632
Mean 18
Std Dev 0
Event-by-Evént
Entries 20238
Mean 18
Std Dev 0

b.'_llllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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183 184 185

IngEsim

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200
0,

0=30° E=10"° eV

Entries 19632
Mean 0.06895
Std Dev  0.3764

Event-by-Event

Entries 20238
Mean -0.02174
Std Dev

0.3897

L
o
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0.5 1 1.5
(IogwErec - I°g1oEsim)/|°g1oEsim

|
reconstructed Energy in log scale| loglo Erec
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500

g

17.2
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0=30°E=10" eV

Entries 19632
Mean 18.03
Std Dev 0.2147

Event-by-Event

Entries 20238
Mean 17.99
Std Dev 0.2386

17.4

17.6

17.8

18 18.2

proton
iron

184

ol

186 188 _ 19
I°g1oErec
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Parameters of geometry fit
function

[ r
— _ —-0.3
t = insley (1 12000 m) (1 T30 m) P
« the parameter of air shower front curvature

* As ajinsiey IS free parameter, t is fitted o).
L] (?y
using y“ test, r, and p 28
/
’J;‘ ............... 5D, |
.......... | surf
linsley front curvature| linsley Mgelay: tau average ____
ist proton) T
2200 ]
3s00F 2000 [ - iron [Men wecsl T
3000 13002— v o
— 1zoo§:
3 1000F-
_ 4005:
3 200
0=k 0 .




Lateral Trigger Probability

— PlLateral Trigger

. NTrigger
PLateral Trigger(rL) — N. N
Trigger + non—Trigger
Ex) P(2000m) = 13/40 = 0.325
parameter ’

Lateral distance between shower
"L core and detector position

number of triggered stations
Ntrigger contained within radius =r;,

number of untriggered stations
Nnon—trigger | contained within radius = r,

® TALE-SD array

——FALE-FDIMB)}——————————

® Core Position (Recon)
- Circle of radius
(r, = 2000 m)



= j : i
r, = 500 1000 1500 2000m
Left Fig. : Event display of MC(proton)
- ® TALE-SD array
o * TALE-FD(MD)
oS riftl I I I N B B N
~9000 8000 -7000 —sooox[kic:c]m ~4000 -3000 -2000 —1000 ® Core Position (RGCOI’])
- Circle of radius “r; [m]”
g-l_%{ﬂ Ntrigger Nnon—trigger Nall PLateral Trigger — Ntrigger/Nall
r, <500 m 2 0 2 1.000
1, < 1000 m 8 1 9 0.889
r, <1500 m 12 12 24 0.500
r, < 2000 m 13 27 40 0.325
3rd Oct. 2022 UHECR2022@Gran Sasso, ltaly 20




LDF function slope
r \—12 r \—Nst+1.2 r 2
p(r) =4 (91.6 m) (1+ 91.6 m) (1 * [1000 m] )
« the parameter of air shower longitudinal development
- As 1, is a free parameter, p(r) is fitted using y* test and r

\ Lateral Distibution Function from AGASA \
10?

—0.6

Shower slope 7sjpe

hist_proton

— Entries 17121
§ - =369 1400

o - =397 Mean 3.671
> A, = 1000

e 10 1200 Std Dev 0.05983
3 F |

8 hist_iron
'§ 1000 —

Entries 17262

gl NN L N L TS ] 800 Mean 3.666
200 400 600 800 1000 1200 1400 1600 1800 2000

distance from the shower axis [m] Std Dev 0.05612
600
400
200

_ b f L I B B |
8.4 3.9 4

slope



S, parameter

« Definition
N
-
Nsp : ©\rp
p; Particle density of i-th detector

Distance from the shower axis [m]

Reference distance [m] — 400 m

Separation parameter - b =2




Parameters of

lateral distribut

| signal size at r = 200m s200 |

| signal size at r = 600m s600 |

ion

| signal size at r = 1000m s1000 |

900

800

700

600

500

400

0
0 50 100 150 200 250 300 350 400 450 500

Sb parameter Sb

1600

1400

1200

1000

800

600

400

200

hist_proton|

Entries 17121

Mean 289

Std Dev  76.66

hist_iron

Entries 17262

Mean 267.2

Std Dev  77.97

$200[VEM/m?]

hist_proton|

Entries 17121

Mean 20.45

Std Dev  7.499

hist_iron

Entries 17262

Mean 18.37

Std Dev  6.603

10 20 30 40 50 60 70
S, [VEM/m?]
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hist_proton|

800

600|

400

200
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8 10
$600[VEM/m?]

number of triggerd detector NQ

Entries 17121

Mean 7.752

Std Dev  2.027

hist_iron

Entries 17262

Mean 7.163

Std Dev  2.082

12 14

hist_proton|

800

600

400

200

°O
(4]
=
o

15 20

Entries 17121

Mean 11.31

Std Dev  3.884

hist_iron

Entries 17262

Mean 1211

Std Dev  4.221

25 30

Nsu

hist_proton|
F Entries 17121
1200~
B Mean  1.077
I Std Dev 0.2814
1000 i
3 hist_iron
800 Entries 17262
I Mean  0.9954
600 Std Dev 0.2913
400
200
Py ¥ w'rind P FETE FETE FERY FETE PETE FEE bw

0 02 0406 08 1 1.2 1.4 16 1.8 2

$1000[VEM/m?]

rLateraI Trigger (1 200m < rn s 3000m1

hist_proton|

- Entries 17121

2500

Mean 0.06122

Std Dev0.04428

2000 —
hist_iron
Entries 17262
1500 - Mean 0.07805
[ Std Dev0.04976
1000~
500

| EFEFErErE BT BArArare A

0 0.05 0.1 0.15 0.2 0.25

Praterai trigger
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- proton
- iron

shower slope parameter n, |

hist_proton
Entries 17121
1400
Mean 3.671
1200 Std Dev 0.05983
1
hist_iron
1000
Entries 17262
800 Mean  3.666
Std Dev 0.05612
600
400
200
0 Lo
34 3.5 3.6 3.7 3.8 3.9 4
nslope

| Lateral Trigger Summation |

hist_proton

Entries 17121

Mean 6.879

Std Dev  1.432

hist_iron

Entries 17262

Mean  7.302
800
Std Dev 1.494

600

400

200

0
0 2 4 6 8 10 12 14

Staterai trigger

23



The thickness of an air shower

—
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900
800

700

- integrated FADC “s” %%
FADC 500
- pedestal — 400

300

200

.100

t10%

t
30%

t709%

509

Figure : Signal display
MC iron SD6010
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45
tw1dth

Represents the amount
of increase in the S

° > txx% :

time bin when the S is xx%
of the whole

24



The thickness of an air shower

lrise * Umiddle * Ufall * Twidth

FADC

45 . t15
width

Represents the signal
time difference

45 __ .45
twidth — tlast — Lfirst

90
900

80
800

70

700
60

: 600 ®
- integrated FADC “S”
FADC 500 15

__ 415
- pedestal | a00® Twidth = liast — Cfirst

300

50

40

30

20 200

1oo>tfil‘st :

' time bin when the 0.3mip
(=15fadc) signal is first
input

> tix

last *

time bin when the xx fadc
signal is last input

10

0

Figure : Signal display
MC iron SD6010
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Detectors’ average

. Deflnltlon of Mean for thickness parameters

— Mthlckness

N good SD

1
Mthickness — N § Lthickness
good SD -

Lthickness — trises tmiddles Lfalls twidth 1.0Mip Lwidth 0.3Mip

Ngood D # of SDs that meet the following Signal and » Cut

Signal Cut r Cut
> WF recording time is within 128 bin Lrise 400m <7 < 1000 m

> 2 or more bins higher than 15FADC Lmiddle Om=7r=<800m
Om <r <800
» 1 or more bins higher than 45FADC tall m=r=9o"m

+1.0Mip 100m<r<700m
> Not saturate width

£0-3Mip 100m <r <800m
width
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Thickness of an air shower
(upper/lower layer) —

- iron

hist_proton hist_proton hist_proton
Entries 17121 2500 Entries 17121 Entries 17121
Mean 195.7 Mean 209.9 1200 Mean 421.7
Std Dev__ 88.45 Std Dev 78.3 Std Dev 131
2000 1000
hist_iron hist_iron hist_iron
Entries 17262 Entries 17262 800 Entries 17262
Mean 180.9 100 Mean 193.2 Mean 396.2
StdDev__ 86.18 Std Dev___76.27 600 Std Dev 133.6

40

8

500 200

100

700 200 300 700 500 600 700 700 200 300 700 500 600 100 200 300 700 500 500 700 500 500 1000
MyieglnS] M iaie 51 My [ns]
[Epper time width 1.0Mip Mean My o) pper time width 0.3Mip Mean M. ~
hist_proton hist_proton hist_proton
1000p= Entries 17121 700 == Entries 17121 2200 Entries 17121
- Mean 516.1 600 Mean 859.1 2000 Mean 263.7
800f— Std Dev__ 197.6 Std Dev. 211 1800 Std Dev___44.47
- —_———t —_————
- hist_iron 500 == hist_iron 1600 hist_iron
s00f—= Entries 17262 Entries 17262 1400 Entries 17262
- Mean 470.8 400 = Mean 813.2 1200 Mean 248.4
C Std Dev___193.6 StdDev_ 217.1 1000 Std Dev___39.99
200f— 300~
- 800
o 200 600
200f—

0
M +.omp [MS] Myion o.amip ST M area over pea 5]

ower risetime Mean M

lower Talllime Mean M

1000|

500 500

hist_proton hist_proton | hist_proton
E Entries 17121 2500 = Entries 17121 3 Entries 17121
2500~ Mean 192.9 3 Mean 203.9 b 0 Mean 4076
E Std Dev__ 90.95 E Std Dev__ 78.99 o Std Dev 134
o —————— 2000 f= 1000 =
2000 f=— hist_iron = i = hist_iron
= Entries 17262 E Entries 17262 800 = Entries 17262
1500~ Mean 177.2 R = Mean 187.9 E Mean 384.8
F Std Dev___ 86.61 E Std Dev__ 76.96 600 = Std Dev_ 136.3

e e
100 200 300 300 500 600

— L
700 100 200 300 400 500 600 100 200 300 400 500 600 700 800 900 1000
M,igg[ns] M iate 8] My [ns]
hist_proton hist_proton hist_proton
1000 f— Entries 17121 700 = Entries 17121 2200 Entries 17121
C Mean 504.1 Mean 834.6 2000 Mean 257
o Std Dev___196.1 soo = Std Dev___213.2 1800 Std Dev___43.46
— ———— ———— ————
o hist_iron s00= hist_iron 1600 hist_iron
- Entries 17262 Entries 17262 1400 Entries 17262
soop= Mean 461.9 00 Mean 793.5 1200 Mean 2423
o Std Dev  193.8 Std Dev_ 216.1 1000 Std Dev_ 38.91
400f— 300
» 800
: 200 600
00— 400

- o
200 300 600 800 7000 1200

7200 300 700 500 500 7000 260 7400 7600 0 T00 300 300 200 500 500
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