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TALE infill
• Overview : A further low energy extension of TALE

(Telescope Array Low-energy Extension)

• Target : Cosmic rays with 𝐸 ≥ 10!".$ eV

• Objective : Investigating the “knee” structure
・Measure an energy spectrum
・Measure mass composition and anisotropy

TALE-SDTALE infill-SD

TA-SD

100 m spacing

TATALETALE infill
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TALE infill
• SDs of TALE infill have two layers of plastic scintillators

• Trigger condition of TALE infill SD array:
・5 adjacent SDs coincidence within 3µs

• Number of triggered events in 2 years is > 10%
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TALE infill-SD

100 m spacing

Credit: T. Abu-Zayyad et al. (Telescope Array Collaboration),
“Surface detectors of the TAx4 experiment,”
Nucl. Instrum. Methods Phys. Res. A 1019, 165726 (2021).
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Reconstruction method
7
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Get information of waveform a & time

Determine arrival direction (𝜽,𝝓)
using time information

Determine core pos. 𝒙𝐜𝐨𝐫𝐞, 𝒚𝐜𝐨𝐫𝐞 & 𝒔𝟓𝟎
from lateral distribution fitting using 

waveform information

Estimate energy(𝑬) from energy-lookup 
table using 𝜃 & 𝑠"$

Output reconstructed parameters



Energy estimation

proton MC iron MC

TA preliminary TA preliminary
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There are energy bias depending on the mass of primary particle
ex.) the event with sec 𝜃 , log 𝑠"$ = 1.19, 2.00
Lookup table from proton MC : 𝑬𝐫𝐞𝐜 ≈ 𝟏𝟎𝟏𝟔.𝟑 𝐞𝐕
Lookup table from iron MC     : 𝑬𝐫𝐞𝐜 ≈ 𝟏𝟎𝟏𝟔.𝟓 𝐞𝐕 It’s approximately 1.6 times larger!!
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Reconstruction performance

Resolution: 
Proton: 5~15 m
Iron : 5~20 m 

Resolution:
Proton
Iron					 1°~2°

Resolution: 
Proton: 25~60 %
Iron : 20~60 % 
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MC dataset for this analysis
・Primary particle: proton, iron
・Hadron interaction model: QGSJETII-04
・Energy

proton: 10%&.( ~ 10%).& eV
iron    : 10%&.( ~ 10%).& eV

・ 𝜃, 𝜙 = 0° ~ 65° , 0° ~ 360°
・period: 2023/11/1-2025/10/8

Event selection criteria
・Boundary cut
・Core#$% is in array

・Hottest SD cut
・SD&'()*+ is not located 

on the edge of the array
・𝑁,- ≥ 10

・ Core./0 − Core12345 ≤ 200 m

・0 ≤ 𝜃 ≤ 40°
・0.7 ≤ age ≤ 1.5
・𝜒./06 < 1 & 𝜒4$2)6 < 15
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iron MC

Preparation for Data/MC
• Compare the results of observed data with the ones 

of proton & iron MC dataset
→ Check the consistency of MC with observed data
・period: 2023/11/1 ~ 2025/10/8 (707 days)

• Spectrum weighting to MC data

𝐽 = K
𝐸34.% (log 𝐸/eV < 15.6)

𝐸35.!(15.6 ≤ log 𝐸/eV < 16.2)
𝐸34.6(16.2 ≤ log 𝐸/eV )

• Adapt additional event-selection:
1.0 < log 𝑠"$ < 𝑓789: sec 𝜃 , log 𝐸 = 16.4
・Large energy recon. bias exists depending on 

the primary mass
→ Extract events from common phase space of 

 both MC & observed data for comparison

proton MC

R. U. Abbasi et al. (Telescope Array Collaboration), ApJ 865, 74 (2018).
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• 𝜃: 
Mostly MC is consistent
with observed data 
under the mixed 
composition assumption

• Other parameters:
MC is consistent with 
observed data
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Data/MC comp.

• age: MC is consistent with observed data under the mixed composition assumption
• 𝑁=>: MC is consistent with observed data under the mixed composition assumption
• 𝑠"$: MC is consistent with observed data 
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Spectrum measurements
• Data/MC comparison shows good agreements

→ Move on to measuring an energy spectrum

• Period of measurements: 2023/11/1~2025/10/8

• Method to measure:
・Get exposure from MC events

・Unfold energy distribution of observed data using 
response matrix
→ Estimate the true energy distribution of 

 observed data

・Measure an energy spectrum using exposure &
unfolded energy distribution of observed data

TA preliminary

TA preliminary

Response matrix of proton

Response matrix of iron
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Exposure
• Calculate exposure 

𝑒𝑥𝑝 𝐸? = 𝐴 ⋅ Ω ⋅ 𝑇 ⋅
@!"##$% A&

'()

@*"+(A&
'())

・𝐴 = 𝜋 × 10006 m6

・Ω = ∫"°
89"°∫"°

9!° sin 𝜃 cos 𝜃 𝑑𝜃𝑑𝜙
・𝑇 = 707 days × 24 h × 60 min × 60 sec

(2023/11/1 – 2025/10/8)

• geometrical exposure
= 𝐴D<9E ⋅ ΩD<9E ⋅ 𝑇
・𝐴4$2) = 400 m × 900 m
・Ω = ∫"°

89"°∫"°
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Estimate true energy dist. by unfolding

After unfoldingBefore unfolding
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J. Bourbeau and Z. Hampel-Arias, “PyUnfold: A Python package 
for iterative unfolding,” J. Open Source Softw. 3, 741 (2018).



Energy spectrum assumed pure composition
• Measure an energy spectrum 

𝐽 𝐸? = @$+,-./"/ A&
MNO A& ⋅QA

・Δ𝐸: bin width (here, Δ𝐸 = 10".< eV)

• This is the first preliminary results 
of energy spectrum measurements 
from TALE infill SD array

TA preliminary
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Summary
• Reconstruction performance
・Core pos. resolution: 5~20 m
・Angular resolution  : 1°~2°
・Energy resolution    : 20~60%
・It is confirmed there are energy bias depending on the kind of primary particles

• Data/MC
・We compare the results of reconstruction of data & MC

→ MC dataset is consistent with observed data under mixed composition assumption

• Spectrum
・Measured energy spectra assuming pure-primary (proton or iron)

→ Showed the first preliminary results of energy spectrum from 
TALE infill SD array
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Back up
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TALE infill
• Observation period : Nov. 2023 ~

• Duty cycle : 98.5 %

TALE-SDTALE infill-SD

TA-SD
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Reconstruction process

Geometry fit : 
Determine geometrical parameters
by fitting the following function : 

𝜏 = 8 × 103!$ 𝑎 𝜃 1.0 + R
5$E

!."
𝜌3$."

・𝜏 : the time delay from shower plane
・𝑟 : the distance from shower axis
・𝜌 : the particle density
・𝑎(𝜃) : the shower curvature parameter

Rough fit

Geometry fit

LDF fit

Input 

Output  

𝑟

𝜽

Shower front
Shower plane

Shower axis 𝜏
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Reconstruction process

LDF fit : 
Determine Core Pos. & Lateral Dist. of the shower
by fitting NKG function

𝜌U7V = 𝑁 !
R0

4 R
R0

W34
1 + R

R0

W3X."

・𝑟Y : Moliere radius (for infill: ~ 77 m)
・𝑁 : scale factor
・𝑠 : shower age

then, calculate 𝑠"$, which is the particle 
density 50 m from the shower axis

Rough fit

Geometry fit

LDF fit

Input 

Output  

distance from shower axis [m]
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Reconstruction process

Output 
Primary energy 𝐸 is estimated using energy estimation table with 
𝜃 and 𝑠"$

Output below params:

Rough fit

Geometry fit

LDF fit

Input 

Output  
𝑬
𝜽,𝝓
(𝒙, 𝒚) 𝜽

𝒔𝟓𝟎

𝐬𝐞𝐜𝜽
𝐥𝐨
𝐠(
𝒔 𝟓
𝟎)

𝐥𝐨
𝐠
𝑬
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Reconstruction method

Geometry fit

LDF fit

Input 

Output  

Get information of waveform a & time

Determine arrival direction (𝜽,𝝓)
using time information

Determine core pos. 𝒙𝐜𝐨𝐫𝐞, 𝒚𝐜𝐨𝐫𝐞 & 𝒔𝟓𝟎
from lateral distribution fitting using 

waveform information

Estimate energy(𝑬) from energy-lookup 
table using 𝜃 & 𝑠"$

Output reconstructed parameters
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Data/MC comp.

• MC is consistent with observed data
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Event selection criteria
・Boundary cut
・Core#$% is in array

・Hottest SD cut
・SD*+,(-. is not located on the edge of the array

・𝑁*+ ≥ 10

・0 ≤ 𝜃 ≤ 40°

・ Core,-. − Core/0123 ≤ 200 m

・0.7 ≤ age ≤ 1.5

・𝜒,-.4 < 1 & 𝜒25064 < 15

MC dataset for this analysis
・Primary particle: proton, iron

・Hadron interaction model: QGSJETII-04

・Energy
proton: 10!".$ ~ 10!b.c eV
iron    : 10!".$ ~ 10!b." eV

・ 𝜃, 𝜙 = 0° ~ 65° , 0° ~ 360°

・Range: circle with a radius of 1.0 km

・period: 2023/11/1-2025/10/8
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Iron MC (logE = 15.0)
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Reconstruction bias
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The method used in TA collaboration traditionally

• Calculate 𝑒𝑓𝑓(𝐸^) = 𝑁_`aabc 𝐸^_`a / 𝑁d`e 𝐸^fgh

• Calculate exposure 
𝑒𝑥𝑝 𝐸^ = 𝐴 ⋅ Ω ⋅ 𝑇 ⋅ 𝑒𝑓𝑓 𝐸^

・𝐴 = 𝜋 × 10004m4

・Ω = ∫$°
5b$°∫$°

b"° sin 𝜃 cos 𝜃 𝑑𝜃𝑑𝜙
・𝑇 = 707 days × 24 h × 60 min × 60 sec (2023/11/1 – 2025/10/8)

• Calculate spectrum

𝐽 𝐸^ =
𝑁(𝐸^)

𝑒𝑥𝑝 𝐸^ ⋅ Δ𝐸
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𝒆𝒇𝒇(𝑬𝒊) = 𝑵𝐫𝐞𝐜𝐜𝐮𝐭 𝑬𝒊𝐫𝐞𝐜 / 𝑵𝐠𝐞𝐧 𝑬𝒊𝐬𝐢𝐦
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Exposure
• geometrical exposure = 𝐴D<9E ⋅ ΩD<9E ⋅ 𝑇
・𝐴4$2) = 400 m × 400 m
・Ω = ∫"°

89"°∫"°
:"° sin 𝜃 cos 𝜃 𝑑𝜃𝑑𝜙
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Spectrum

TA preliminary
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PyUnfold

• This is a python library which performs Baysian-statistics based iterative unfolding

• Steps of unfold are below:
1. 𝑁 𝐸?8<e is converted into an estimate of the true distribution 𝑁 𝐸?f7E

using Response Matrix

2. The cumulative distributions are calculated:

𝐹g 𝐸? =
Σhi?𝑁g 𝐸h
Σ?𝑁g 𝐸?

𝑘: current iteration, i: energy bin

3. The test statistics is defined as below:
𝑇𝑆 = max |𝐹g 𝐸? − 𝐹g3!(𝐸?)|

4. If TS becomes smaller than a chosen threshold (this analysis: 0.01), 
the iteration is stopped
otherwise, unfold procedure is repeated
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𝒆𝒇𝒇(𝑬𝒊) = 𝑵𝐫𝐞𝐜𝐜𝐮𝐭 𝑬𝒊𝐬𝐢𝐦 / 𝑵𝐠𝐞𝐧 𝑬𝒊𝐬𝐢𝐦
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TS values in each iteration 

proton iron

𝐹? 𝐸@ =
ΣAB@𝑁? 𝐸A
ΣA𝑁? 𝐸A

𝑘: current iteration, i: energy bin
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Compare energy dist. of before/after unfolding
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