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UItra—nghEnergy Cosmic Rays

Differential energy spectrum of
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Hillas Diagram
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Arrival Directions

Cosmic rays are charged parficles

Cosmic ray
Origin

% Low energy cosmeroys ) 2
- bend by the magnetic field | 5
- Isotropy at the Earth ‘

< Highest energy cosmic rays »
- Almost go streght against magnetic field
- Possible to find cosmic-ray origin directly
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Motivation to observe highest energy cosmic rays
A Cosmic ray sources are uncertain

* Smaller deflection angles (o< 1/E)

* Sources are limited in the local universe
(~a few tens of Mpcs)
— anisotropy in arrival directions
— origin of cosmic rays

* Difficulty: To obtain

high statistics (~E,, 2 above E,,)



Observation of UHECRS



UHECR Detectors

Air shower:

When cosmic ray interact
with nuclei in atmosphere, dNe/
many secondary particles

are generated. -~

Fluorescence detectors(FDs)

L
PR = £

Fluorescence light o P P BT EmSurface Detector
from the excited (SD) Array

nitrogen by air shower particles
Detect air shower particles

Surface Detector (SD) and Fluorescence Detector (FD)
cover large area and detect the air shower.

0221929 — | grge detection area (~1000 km?) is realized. 10



"UHECR Detectors
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(SD) Array

* SD: Regardless of weather condition, high duty circle and wide FoV
— high statistics (~FDx10) - Anisotropy & Spectral shape

* FD: limited to clear moonless night.

Longitudinal development of air shower—->Mass composition (Xmax)

2022/9/29 . . .
Measure the energy deposit calorimetrically - absolute energy scale



Surface Detector
(SD)

H"‘\ { ‘ FD station TA
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SD array [ 5% 17 L . 507 SDs
SDarray 2 3my 1.2 cm
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(FD) station
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The Pierre Auger Observatory TeVPA2019 Dawson

“Water-Cherenkov stations
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TALE (Telescope Array Low energy Extension)

Located in TA MD site

10 FDs in the TALE station

Elevation: 300-57¢ (higher elevation than MD)
Azimuthal: 1140

TALE'FD

Refurbished HiRes telescopes & electronics.

Mirror: same as TA FD (MD) -»[
Elec.: 10 MHz 8bit FADC g ""E
P

T— o A——— i

e O ]

D : o o0 5 o 0 0 0 0 ~— !

TALE FD 5oy - - |
TALE FD was

/ ’ ~, installed in Nov. 2012
TALE ; - Operation since Sep. 2013

Hybrid trigger: Sep. 2018
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;Event map: j'
|_Size = # of particles &
- Color = timing 1B

Linsley Fit

Q95

(=]
o
Onset time, [1200m)]

7.5

a o s adaa b s s a2\ . .
1 1 2
stance along shower axis, [1200m)

(=2
&II_IIIII‘TIIIIIIIIIIIIHIII

| | | | | 1 | |

Charge Density, [VEM/m’)

| H— |
1 2 3 4 5 6 7 8 9 10 11 12

Distance East, [1200m)]

1

10' b=

10’

2 ( s )—1.2 (1 L S )—(7](3)—1.2) (1 L [ S :|2) —0.6
P=2\91 6m 91.6m 1000m

n(0) = 3.97 — 1.79 [sec(#) — 1]

10*

10" 1

10"

r = 8 O O m 1 Distance from shower axis, [1200m] 5800'> prlmary energy

15



2022/9/29

Event reconstructions with FDs

observed images
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TA SD (2019 ) outside of BR / LR Obs. Period BR/LR Mono Combined (2020)
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Combined energy spectrum of TA SD with TALE FD Mor
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22 months TALE FD monocular data + 11 years TA SD

2022/9/29

D. Ivanov
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Auger Energy Spectrum
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E > 5FEeV (TA hotspot)

i TA SD 12 years data
Original hotspot reported in 2014, J.H. _Klmj ] y _
from 5 years of data Significance map from isotropy expectation
Ap. J., 790, L21(2014) & . e
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arXiv 2110.14827 E > 1@94 eV

Submitted toApJL — e
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Correlation of arrival directions with astrophysical sour
searched by the Auger and TA anisotropy working gr

A Auger: E > 3BeV
A. di Matteo A TA: E > 4&eV
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Auger intermediatescale anisotropy
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Augercorrelation studywith catalogs

B(E , 0o > 41 EV) [km™ sr' yr] - Galactic coordinates - W = 24° All data until end of 2020, optimized quality cuts: 120,000 km?2 sr yr
Catalog Ey [EeV] W[deg] a[%] TS Post-trial p-value
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Measurement of mass composition with TA SD and FD in hybrid n

W. Hanlon 10 years TA SD and FD hybrid data
Mean Xmax T Xrhay
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QGSjetH04 interaction model was compared with the data
[bagreement with light composition
More events are needed to study highest energies 26
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Measurement of mass composition with TA SC

Machine learning technique based on BDT and 16 composBositive observables

with 12 years of TA SD data.

6

TA SD, QGSJET I1-03 +—¢—
Auger SD muon XMAX, QGSJET [I-03

5 Auger SD risetime asymmetry, QGSJET [I-03 »—d—s
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Measurement of mass composition with TALE FD In monocular m

ApJ 909 178 (2021)

TALE Reconstructed Shower X . vs Reconstructed Shower Energy TALE Measured Shower X [EPOS-LHC]
o = TALE data 5 800 s TALE X,
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Upper limits of UHE photons

Astropart Phys110, 8 (2019)

_ MNRAS492 3984 (2020)
updated in 2021.

1 B ;I " Gelmini et al. éobé,' GZK p s _ Photon flux upper-liit, E > 1EeV
- 3 Hooper et al. 2011, GZKp wssm S

$ » 2011, GZK Fe maamm
- -V Yakutsk SHDM ——
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A UHE photons were not detected.

A Left: the updated upper limit on GZK photons withyEhlrs TA SD data
A Right: upper limit for directions in the field of view witky8ars TA SD data
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Measurement of mass composition by Auger
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Composition becoming lighter upto ~ 2 X 108 eV, heavier above this energy

A. Yushkov [Auger Collaboration], ICRC 2019 arXiv:1209.08073
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Xmaxanisotropy by Auger

Smoothing over 30° bins
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Implications of anisotropies from the ICRC2021
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TA/TALE/TAx4 Array
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