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

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

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

TALE-SDTALE infill-SD

TA-SD

2

100 m spacing

30. Cosmic Rays 525

1310 1410 1510 1610 1710 1810 1910 2010
 [eV]E

1

10

210

310

410

]
-1

 sr
-1

 s
-2

 m
1.

6
 [G

eV
F
(E
)

2.
6

E

HAWC
MSU
Tibet
Akeno
CASA-MIA
Kascade
Kascade Grande
IceTop
HiRes 1
HiRes 2
Auger
Telescope Array

Knee

2nd Knee

Ankle

Figure 30.9: The all-particle spectrum as a function of E
(energy-per-nucleus) from air shower measurements [106–119]

Greisen uses s = 1.25, d = 1, and C2 = 0.088. For showers with
average Ne ¥ 6 ◊ 107 at the Akeno array [109], d = 1.3, C2 =
0.2 and s is fitted for each shower with typical values between
0.95 and 1.15. Finally, x is r/r1, where r1 is the Molier̀e radius,
which depends on the density of the atmosphere and hence on the
altitude at which showers are detected. At sea level r1 ¥ 78 m,
and it increases with altitude as the air density decreases. (See the
section on electromagnetic cascades in the article on the passage
of particles through matter in this Review).

The lateral spread of a shower is determined largely by Coulomb
scattering of the many low-energy electrons and is characterized
by the Molière radius, which depends on density and thus on
temperature and pressure. The lateral spread of the muons (flµ)
is larger and depends on the transverse momenta of the muons at
production as well as multiple scattering.

There are large fluctuations in development from shower to
shower, even for showers initiated by primaries of the same en-
ergy and mass—especially for small showers, which are usually
well past maximum development when observed at the ground.
Thus the shower size Ne and primary energy E0 are only related
in an average sense, and even this relation depends on depth in
the atmosphere. One estimate of the relation is [109]

E0 ≥ 3.9 ◊ 106GeV(Ne/106)0.9 (30.12)

for vertical showers with 1014 < E < 1017 eV at 920 g cm≠2

(965 m above sea level). As E0 increases, the shower maximum
(on average) moves down into the atmosphere and the relation
between Ne and E0 changes. Moreover, because of fluctuations,
Ne as a function of E0 is not correctly obtained by inverting
Eq. (30.12). At the maximum of shower development, there are
approximately 0.66 particles per GeV of primary energy.

The muon and electron lateral distributions used in reconstruct-
ing experimental data must be adapted taking into consideration
the altitude of the observations and the characteristics of the de-
tectors used. Useful examples include the Akeno [109] and Vol-
cano Ranch [121] arrays. Compilations of useful lateral distri-
bution functions and discussion of their applications are given in
Refs. [122,123].

Cosmic ray shower development is sensitive to hadronic physics
in the forward region above energies that can be probed at ac-
celerators. Specialized simulation codes such as CORSIKA [124]
include both the relevant physics and methods for e�ciently deal-
ing with the large number of particles in high energy air showers.
Hadronic interaction models used to interpret air shower mea-
surements now incorporate data from the LHC, reducing the ex-
trapolation required. However, di�erences between the simulated
and observed properties of showers remain. Most notably, the ob-
served muon content of showers near 1019 eV exceeds that given
by models by 30–60% [125].

There are three common types of air shower detectors: shower
arrays that measure a ground parameter related to shower size
Ne and muon number Nµ as well as the lateral distribution on

the ground, optical Cherenkov and radio detectors that detect
forward-beamed emission by the charged particles of the shower,
and ‘fluorescence’ detectors that measure nitrogen scintillation ex-
cited by the charged particles in the shower. The fluorescence
light is emitted isotropically so the showers can be observed from
the side. Detection of radiofrequency emission from showers via
geomagnetic and Askaryan mechanisms has been successfully em-
ployed in recent experiments [126]. Detailed simulations and
cross-calibrations between di�erent types of detectors are neces-
sary to establish the primary energy spectrum from air-shower
experiments.

Figure 30.9 shows the “all-particle” spectrum. The di�erential
energy spectrum has been multiplied by E2.6 in order to display
the features of the steep spectrum that are otherwise di�cult to
discern. The steepening that occurs between 1015 and 1016 eV is
known as the knee of the spectrum. Another steepening occurs
around 1017 eV, known as the second knee. The feature around
1018.5 eV is called the ankle of the spectrum.

Cosmic ray experiments have systematic di�erences in their en-
ergy scales. For ground-based air-shower arrays, these are depen-
dent on an assumed composition and on the hadronic interaction
model used when interpreting the data. Systematic errors in en-
ergy scale are simplest when plotting dN

d ln E = E dN
dE . When the

spectrum is multiplied by a di�erent power of energy, systematic
errors in energy scale result in an apparent shift in the normaliza-
tion of the spectrum; for example, when the spectrum is multi-
plied by E2.6 a systematic shift of 10% in the energy scale results
in a 16% change in the normalization of the plotted flux. See
Ref. [64],§2.5.2 for further discussion of this issue.

In the energy range above 1017 eV, the fluorescence technique
[127] is particularly useful because it can establish the primary
energy in a nearly model-independent way by observing most of
the longitudinal development of each shower, from which E0 is
obtained by integrating the energy deposition in the atmosphere.
The result, however, depends strongly on the light absorption in
the atmosphere and the calculation of the aperture of the detector.

Assuming the cosmic-ray spectrum below 1018 eV is of Galactic
origin, the knee could indicate that most cosmic accelerators in
the Galaxy have reached their maximum energy for acceleration
of protons. Some types of expanding supernova remnants, for ex-
ample, are estimated not to be able to accelerate protons above
energies in the range of 1015 eV. Further observations of the PeV
gamma-ray sources recently detected by LHAASO [128] may pro-
vide insight into the types of objects that act as Galactic sources
near the knee and energies to which they can accelerate cosmic
rays. E�ects of propagation and confinement in the Galaxy [129]
also need to be considered. A discussion of models of the knee
may be found in Ref. [130].

The second knee may have a similar origin to the knee, but
corresponding to steepening of the spectrum of heavy nuclei, par-
ticularly iron. The Kascade-Grande experiment has reported ob-
servation of a second steepening of the spectrum near 8◊1016 eV,
with evidence that this structure is accompanied by a transition to
electron-poor showers resulting from heavy primaries [112]. Kas-
cade Grande has also reported that the spectrum of light nuclei
is steeper than the all-particle spectrum below the second knee
and flattens in the vicinity of the second knee [131]. IceCube has
performed a composition analysis using coincident surface (Ice-
Top) and in-ice data, and finds that the mean logarithmic mass
increases between 5 ◊ 1015 eV and 1017 eV [132]. Together, these
data are suggestive that the knee and second knee may result from
a Peters cycle, with a steepening of the spectrum of each primary
element taking place at the same rigidity but di�erent energy per
particle [133].

The Auger Observatory and Telescope Array (TA) have stud-
ied composition using the depth of shower maximum Xmax, a
quantity that correlates strongly with ln E/A and with the inter-
action cross section of the primary particle. The Auger Collabora-
tion [134], using a post-LHC hadronic interaction model, reports a
light composition below 2 ◊ 1018 eV and becoming heavier above
that energy, with the mean mass intermediate between protons
and iron at 3 ◊ 1019 eV. The TA Collaboration [135], using a dif-
ferent post-LHC model, has interpreted their data as implying a

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2022/8/083C

01/6651666 by O
saka C

ity U
niversity user on 08 February 2024

TATALETALE infill



TALE infill
• Observation period : Nov. 2023 ~

• Duty cycle : 98.5 %
→ stable observation is ongoing.
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Reconstruction process
Geometry fit : 
Determine geometrical parameters
by fitting the following function : 

𝜏 = 8 × 10%!$ 𝑎 𝜃 1.0 + &
'$(

!."
𝜌%$."

・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

𝜌+,- = 𝑁 !
&!

. &
&!

/%.
1 + &

&!

/%0."

・𝑟1 : 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  
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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  

sec 𝜃𝐬𝐞𝐜𝜽

𝐥𝐨
𝐠(
𝒔 𝟓
𝟎)

𝐥𝐨
𝐠
𝑬

𝜽

𝒔𝟓𝟎

𝑬
𝜽,𝝓
(𝒙, 𝒚)
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Outflow of this analysis
1. Make energy lookup table
・MC events for infill is only proton

 → Multi-primary MC is important for analyzing 
  knee region

 → MC of heavier nuclei should be prepared

2. Perform Data/MC comparison
・Check the consistency of MC dataset

3. Measure an energy spectrum

sec 𝜃

lo
g(
𝑠 #
$)

lo
g𝐸

This table is also 
only proton…
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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*+,-. ≤ 200 m

・0.7 ≤ age ≤ 1.5

・𝜒"#$% < 1 & 𝜒&'()% < 15

8MC 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°

・Range : circle with a radius of 1.0 km

・period: 2023/11/1-2025/10/8

0

2

4

6

8

10

12

14

16

18

20

22

9000− 8000− 7000− 6000− 5000−

x [m]

17500

18000

18500

19000

19500

20000

20500

y 
[m

]

TALE FD
TALE SD
TALE-infill SD



1. Energy lookup tables 9

There are energy bias depending on the mass of primary particle.
ex.) the event with sec 𝜃 , log 𝑠#$ = 1.04, 2.00
rainbow plot from proton MC : 𝑬𝐫𝐞𝐜 ≈ 𝟏𝟎𝟏𝟔.𝟑 𝐞𝐕
rainbow plot from iron MC     : 𝑬𝐫𝐞𝐜 ≈ 𝟏𝟎𝟏𝟔.𝟓 𝐞𝐕

proton MC iron MC

TA preliminary TA preliminary

sec 𝜃

lo
g(
𝑠 #
$)

lo
g𝐸

/e
V

sec 𝜃

𝜃 [deg]𝜃 [deg]

It’s approximately 1.6 times larger!!



iron MC

2. Data/MC
• Reconstruct data with new tables

→ Compare the results of data with 
 the ones of proton, iron MC
・period: 2023/11/1 ~ 2025/10/8

• Weight to MC data
・𝐸: assume the following spectrum

𝐽 = 8
𝐸%..8 (log 𝐸/eV < 15.6)

𝐸%'.!(15.6 ≤ log 𝐸/eV < 16.2)
𝐸%..9(16.2 ≤ log 𝐸/eV )

• Adapt additional event-selection
1.0 < log 𝑠"$ < 𝑓,:;< sec 𝜃 , log 𝐸 = 16.4
→ get a common area of proton & iron MC 10



2. Data/MC
• 𝜃: 

MC is consistent well 
with data assuming the 
mixed composition

• Other parameters:
MC is consistent well 
with data
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2. Data/MC

• age: MC is consistent  with Data assuming the mixed composition
• 𝑁=>: MC is consistent with Data assuming the mixed composition
• 𝑠"$: MC is consistent well with Data 
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2. Data/MC

• MC is consistent well with Data
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3. Energy spectrum measurements
• Calculate 𝑒𝑓𝑓(𝐸K) = 𝑁LMNNOP 𝐸KLMN / 𝑁QMR 𝐸KSTU

• Calculate exposure 
𝑒𝑥𝑝 𝐸K = 𝐴 ⋅ Ω ⋅ 𝑇 ⋅ 𝑒𝑓𝑓 𝐸K

・𝐴 = 𝜋 × 1000.m.

・Ω = ∫$°
'J$°∫$°

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

• Calculate spectrum
𝐽 𝐸K =

𝑁(𝐸K)
𝑒𝑥𝑝 𝐸K ⋅ Δ𝐸
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𝒆𝒇𝒇(𝑬𝒊) = 𝑵𝐫𝐞𝐜𝐜𝐮𝐭 𝑬𝒊𝐫𝐞𝐜 / 𝑵𝐠𝐞𝐧 𝑬𝒊𝐬𝐢𝐦
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Exposure
• geometrical exposure = 𝐴KL;( ⋅ ΩKL;( ⋅ 𝑇
・𝐴/012 = 400 m × 400 m
・Ω = ∫$°

4'$°∫$°
5$° sin 𝜃 cos 𝜃 𝑑𝜃𝑑𝜙

• It seems that geometrical exposure is 
too close to the data points…
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Energy spectrum

TA preliminary

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

• Not yet energy scaling to FD energy
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Summary & To do
• Summary:
・Energy lookup table

Make the tables assuming pure proton & iron with large statistics of MC
→ There are energy bias depending on the mass of primary particle

・Data/MC
Compare the results of reconstruction of data & MC
→ MC is consistent well with Data except for the area of small 𝜽 & large 𝑵𝐒𝐃

・Energy Spectrum
Display the first preliminary energy spectrum from TALE infill SD array

• To do next:
・Calculate scaling factor to FD energy

・Measure an energy spectrum with mixed composition
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Back up



Efficiency of iron MC 
• Efficiency ≃０at log 𝐸 = 15.3

→ MC events of log 𝐸 = 15.0, 15.1 is not 
 made in this analysis
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Proton MC events with low energy 21



Iron MC events with low energy 22



Energy resolution 23

proton MC iron MC



Spectrum 24



Event selection
• 1.0 < log 𝑠^_

→ alternative selection of Energy cut

iron MCproton MC TA preliminaryTA preliminary
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𝒆𝒇𝒇(𝑬𝒊) = 𝑵𝐫𝐞𝐜 𝑬𝒊𝐫𝐞𝐜 / 𝑵𝐠𝐞𝐧 𝑬𝒊𝐬𝐢𝐦
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Exposure
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Spectrum
• Not yet energy scaling to FD energy

TA preliminary
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Spectrum 29



• These matrix shows that events with 15.7 ≤ log 𝐸/eV ≤ 16.2 can be
unfolded correctly 

Response Matrix

TA preliminaryTA preliminary
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