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Introduction to Ultra-High-Energy Cosmic Rays (UHECRs)

Observation of UHECRs

— Telescope Array (TA)
— Pierre Auger (Auger)

Recent Results

— Energy Spectrum

— Composition

— Anisotropy

Current status and future developments of the TAx4 experiment
Summary



Ultra-High-Energy Cosmic Rays

Differential energy spectrum of

cosmic rays W
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Arrival Directions

Cosmic rays are charged parficles
' *f/

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

2022/9/29
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Motivation to observe highest energy cosmic rays
* 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 UHECRSs



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.

022529 — | arge detection area (~1000 km?) is realized. 10



"UHECR Detectors
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Fluorescence detectors( FDs)

eﬂ// = .
e
=1 B =3 =3 /=3 Surface Detector
(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 . . .
7 Measure the energy deposit calorimetrically - absolute energy scale
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1.5 km spacing 1600 SDs: cover ~3000 km?

4 FD sites
Operation in a stable mode from 2004

The Pierre Auger Observatory TeVPA2019 Dawson

“Water-Cherenkov stations

I-glii 5““ - 16001 -5 km g:id 3000 km2 |

=»SD750: 61, 0.75 km grid, 25 km?2

@4 Fluorescence Sites
=24 telescopes, 1-30° FoV

@Underground Muon Detectors

=7 in engineering array phase -
61 aside the Infill stations

@HEAT
=3 high elevation FD, 30-60°
FoV

@AERA radio antennas
=153 graded 17 km?

+Atmospheric monitoring devices
CLF, XLF, Lidars, ...
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TALE (Telescope Array Low energy Extension)

Located in TA MD site ‘Middle Drum station
10 FDs in the TALE station e “
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

Middle f 3K
Drum /' £ L8
75t FD oo

TALE FD gais i 00
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/ : “{ installed in Nov. 2012
-/ " Operation since Sep. 2013
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Hybrid trigger: Sep. 2018
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Event reconstructions with SDs

'E' 1 L 1 1 1 1 —
g »I' Event map: j s
=il P- _ g & ”“__"":: AL I 2 A 0 1 2
£ L Size = # of particles |
S E S 95
g 9 Color = timing Thoss 50
% 18 = 5 = 85
(=) @ =
T -8 S E
16~ - 3
i e 3
14 ® 3
13k :3....3...12 ..11.... ....;....21..
7 stance along shower axis, [1200m)
20 v oy l 1.05
1 2 3 4 5 6 7 8 9 10 11 12 =a(l-— —3) (
Distance East, [1200m] 12 x 10°m
— 1
T w0k
= 10 ~1.2 —(n(0)—1.2) 2y —0.6
: p=4(5rem) (% grm) (1+ |ia00m) )
§ 10 91.6m 91.6m 1000m
E . 7(0) = 3.97 — 1.79 [sec(6) — 1]
(8]

1

10"

10"

2022/9/29 r = 8 0 O m 1 Distance from shower axis, [1200m] 5800 -> primary energy



Event reconstructions with FDs

Line intersection
of shower
detector planes

¥ Shower
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TA SD 11 years data
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Combined energy spectrum of TA SD with TALE FD Mono.
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D. Ilvanov
22 months TALE FD monocular data + 11 years TA SD data
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Phys. Rev. Lett. 125 (2020) 121106
Phys. Rev. D102 (2020) 062005
submitted to Eur. Phys. J. C (2021)
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E>57EeV DFHEIEDEIEARDESTE (TA hotspot)

; TA SD 12 years data
Original hotspot reported in 2014, J.H. K’m ' y '
from 5 years of data Significance map from isotropy expectation
Ap. J., 790, L21(2014) 9‘{) . """’”;;#gg el
E > 57 EeV (Observed 72 events) S 20 T
200 over-sampling circle S
19 events fall in “Hotspot” centered at (146.7° 43.29) > 8 a0°
(Expected = 4.5 events) &
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arXiv: 2110.14827
Submitted to ApJL i

(a) E2 10194 eV 90 FOV of TA

- - i . Max. Sig.

60

Galactic plane
Supergalactic plane
FOVof TA

Max. Sig.

30

r =
180 &3@" \5— fg«)'. |

E> 10194 eV

*

(b) E 210195 gV

180" 180

180 180"

Galactic plane
Supergalactic plane
FOV of TA

60" Max. Sig. ¢

FHROEIKAMR

ARVEDIEB Hyk
ARvk&YEHDLIELY
IRILF—TH

Eﬁ./ I]-é;haf"

°>I~#ﬁi@0)
’{ET =
For E > 1019-4 , 3.60
For E > 101%> eV 3.60
For E > 1019 eV 3.40
(20 EE Moversampling
F1%)
11E B DTAEERDSD
T—3%EH

22



Correlation of arrival directions with astrophysical sources
searched by the Auger and TA anisotropy working group

* Auger: E>38 EeV
A. di Matteo  TA:E > 49 EeV
* Correlations with a sample of

starburst g,alaxms Y= [5.5°

{%g) _— nearby stalrburstlgalaxies and
12 = 2MRS catalog galaxies.
llll“.‘\\\ {(1)(5) _c_'z * Angular scales and energy
"’....l“ 590 > thresholds were scanned.
“ B '." W é)g_) S . Post-’frial signif;]cancebof the |
o 4 = t t t t i
A W B 0 sestmaedtobeazs.
Gal. pl = supcerg. pl. """" g Rescale of energies
Equatorial coordinate Eta = Eayger = 8.57 (ETA /10 EeV)0'937 EeV
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Auger intermediate-scale anisotropy
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Fundamental observation:

non-trivial interplay of CNO

- mass composition,
- magnetic horizon and
- local source distribution
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001 bl : )
10 100
‘ Energy [EeV]

J‘ (Ding, Globus & Farrar 2101.04564) (Harari, Mollerach, Roulet PRD92 (2015) 06314) 24




Auger correlation study with 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
s A All galaxies (IR) 40 7 i S T 6.7x 1074
; Starbursts (radio) 38 251! 9t 248 3.1x1073
All AGNs (X-rays) 41 2L 8% 193 40x10™*
Jetted AGNSs (y-rays) 40 23 % 13 1.0x 107
Year

2006 2008 2010 2012 2014 2016 2018 2020
; ' 47
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Jetted AGN (y-rays) - Em =40 EeV
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Galaxies > 1 Mpc (IR) - E,, = 40 EeV

E. =41 EeV
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180
Growth of test statistic (TS) compatible with linear increase
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Measurement of mass composition with TA SD and FD in hybrid mode

W. Hanlon 10 years TA SD and FD hybrid data
Mean Xmax o (Xmax)
‘E 840: ¥ data [X] data sys. ‘E : X data ﬂ
& 820~ ® QGSJETIL04 proton KXjproton sys. % 90 e QGSJET II-04 proton 0 5
7\; 8005 ®  QGSJET 04 helium 7] helium sys. -~ [ ¢ QGSJET II-04 helium s >
g~ % GOETI0nitegen g g0l e QGSJET II-04 nitrogen 2 —
s 780 % GOSIETIEMiGn X F e QGSJET Il-04 iron N 0
- 70:_ data sys. o .
750:— e ? : i ®
740 GRS SR 4’ |
7005_ 50; & " " ) I i
680 0 o ¢ o é
— - @
660 , > = 305— ® . i ® * ‘ e $ ;
640__1,|I|1|J||.,|I;|,||..|||,1\J|,,.||||J||‘.|, 20__11||1111 lepgsaglgampl teepl a9 seaeplagyay] g
182 183 184 185 186 187 188 189 19 19.1 182 183 184 185 18.6 18.7 18.8 18.9 | 19 E/ ;119.1
log, (E/eV) og, (E/eV)
* Energy Range: 1082 eV —10'%1 eV
* 3560 events after the quality cuts
» Systematic uncertainty of <Xmax>: & 17 g/cm?
* QGSjetll-04 interaction model was compared with the data
— agreement with light composition
20227929 * More events are needed to study highest energies 26



Measurement of mass composition with TA SDs

Machine learning technique based on BDT and 16 composition-sensitive observables

with 12 years of TA SD data. Y Zhezher
6 TA SD, QGSJET I1-03 +—¢— 6 | TA SD, QGSJET II-04
Auger SD muon XMAX, QGSJET 11-03 il Auger SD delta 750m, QGSJET 1I-04 —l—
5 | Auger SD risetime asymmetry, QGSJET [1-03 »—d—st 5 Auger SD delta 1500m, QGSJET 11-04 '+ A
4 Fe 4 IFe
'Si | | Si
é ° 4 3 ¥ & 3 A 4
c N f= N A A A A A
v 2 e B - "oy v 2 A AL
T I T X % x B . A X
He % T . 4 He m "o
1 A A 1 :
— _— =1 gm
0 P 0 D _
18 18.5 19 19.5 20 18 18.5 19 19.5 20
log4p E, eV log1p E, eV
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Measurement of mass composition with TALE FD in monocular mode

ApJ 909 178 (2021)

TALE Reconstructed Shower X . vs Reconstructed Shower Energy TALE Measured Shower X [EPOS-LHC]
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Upper limits of UHE photons

Astropart. Phys. 110, 8 (2019) MNRAS, 492, 3984 (2020)

updated in 2021.
1.00000 __Il ' Gelmm% et a'l. .'—_"‘Obé,' GZK p s _ Photon flux upper-limit, E > 1 EeV
- - Hooper et al. 2011, GZKp wwwem
$ L 2011, GZK Fe =
- -V Yakutsk SHDM —— 1
#.10000 - ¥+ ¥ SHDM' ——— =
oy EY TA 9yr -
E §
»0.01000 Pierre Auger hybrid -
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 UHE photons were not detected.
* Left: the updated upper limit on GZK photons with 11-years TA SD data
* Right: upper limit for directions in the field of view with 9-years 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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Implications of anisotropies from the ICRC2021

Galactic plane Galactic plane — 2 LN LN NLNL NN BN LN BLELEL BLELELE B
E > 57 EeV %0’ S S TA E > 40 EeV % P b TA 3, TA
60" Max. Sig. 60" Max. Sig. o ) B b
- X i T
= R " 'L
30 X 30 o L J
" =] ) N X
4 i , _ .
( & P ' — ‘: 10%F 2008/05/11 - 2019/05/11 [
360 0 30 0
\ - i ¢
; p S | - - A T [ e 16°<s<248° N
— - ™
o o 24.8°<5<9
30 30 w
X I
m Common Auger
60 60’ =gl 1 P P PR PR T T
. =
-90 -90° 188 19 192 194 196 198 20 202
3 T T T T E T
E , : : L T l : : L log_ (E/eV)
-4 -3 -2 1 0 1 2 3 4 -4 -3 -2 1 0 1 2 3 4 10
All data until end of 2020, optimized quality cuts: 120,000 km2 sr yr Auger
Catalog Ewn [EeV] W |deg] a|%] TS Post-trial p-value LAY L 0 L 0 L0 L A %
All galaxies (IR) 40 45 1540 189 6.7x 107* w:_:EPOS—LHC qj""° e
Starbursts (radio) 38 95%! 9j3 24.8 3.0%¢107° ®(E,,., > 41 EeV) [km? sr'yr] - Galactic coordinates - W = 24° 320E E
All AGNs (X-rays) 41 7Y 83 193 4.0x 107 \ Tr ]
Jetted AGNSs (y-rays) 40 “j‘; 6% 173 1.0x 1073 );‘20 800F J
Year 20 a N ]
2006 2008 2010 2012 2014 2016 2018 2020 18 E 7801 ]
30:— —_— S arburst oaiames (]r:xclow E =38 [ﬂ\/ I n 16 “Ein L ]
E — Jetted AGN (y-rays) - E,, = 40 EeV ¢ =14 = 7601 -
onE: = gll AGN (hard X-rays) - E,, = 41 EeV r“’? 60 " 4() o 12 " r .
" — Galaxies > 1Mpc (IR)- E,=40EeV  af g ¥ g 7401 .
uf : — Centau Q £ 1 \ - 50 ;3 e r ]
N 20:« o 8 e qant -“ni'i ]
2 » 40 S 3 lo 6 ?—{]__ ]
3 b F = 4 C 1
s C 30 3 2 T00- -
E ik z|3 3 0 C [5] offplane
o 10~ < = P z o E
g e 8 20 § Direction fixed to that of Cen A, free E, and ¥ 68{]: + all- sk} |Z| on-plane ]
s 218 i E; > 41 EeV, ¥ = 27°: 3.90 post-trial deviation from isotropy (5% excess) P P A 1 TP P P P
e 21 : 134 186 18 3 19 192 194 196
% B BN TR R T L lg[E/eV]

Auger exposure > 32 EeV [103 km? yr sr]



TA/TALE/TAx4 Array
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Future prospects: the TAx4 experiment

Image of ~200 SDs

 We plan to deploy the remaining
250 SDs to realize the full TAx4
coverage in 2023-2024.

 We are investigating the analyses of
anisotropies and compositions with
new detectors.
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Upgrade of the Observatory — AugerPrime

VERTICAL (0-60°) HORIZONTAL (60-90°)
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Physics motivation

- Composition measurement
up to 1020 eV

- Composition selected anisotropy

Composition sensitivity
with 100% duty cycle

- Particle physics with air showers

- Much better understanding of
new and old data

Components of AugerPrime

- 3.8 m2 scintillator panels (SSD)

- New electronics (40 MHz -> 120 MHz)
- Small PMT (dynamic range WCD)

- Radio antennas for inclined showers

- Underground muon counters
(750 m array, 433 m array)

- Enhanced duty cycle of fluorescence tel.

(Gabriella Cataldi) (Giovanni Marsella) (Ana Botti)
(Tomas’PO4HAS (Felix Schliter)  (Gaia Silli)




Summary

The TA experiment continue to observe UHECRs from 2008 with the largest detection area in the northern hemisphere.

Arrival directions
— 3.20 hotspot with E > 57 EeV was obtained using TASD 12 years data
— 3.50 excess with E > 10'%%eV was obtained using TASD 11 years data
— Correlation with a sample of Starburst Galaxies at 4.2 confidence level obtained by the Auger and TA working group.
Energy Spectrum
— Declination dependence was claimed at 4.3c in the energy spectrum using TASD 11 years data
Mass composition
— TASD and FD hybrid: consistent with light composition with 18.2 < log (E/eV) < 19.1. More events at the highest energies are needed.
— TASD: Analysis was conducted for 18.0 < log (E/eV). More events at the highest energies are also needed.
— TALE FD mono.: Xmax results were obtained with log (E/eV) > 15.3.
— Upper limits of photons are being updated.

Implications of anisotropy are being updated by the TA experiment.

Plan of the detectors of the TAx4 experiment:
— 500 new SDs with 2.08 km spacing + TA SDs (1.2 km spacing) - Coverage of 4 X TA SDs ~2800 km?
— 2 new Fluorescence Detector (FD) stations (4+8 Telescopes)

257 new SDs were deployed in 2019. The SDs are running stably since Nov. 2019.
New FDs were completed. New north FD is running stably since Jun. 2018. New south FD is running stably since Sep. 2020.

The extension of the SDs to the full coverage of TAx4 is scheduled for 2023 and 2024.
Preliminary energy spectra were measured with new SDs, FDs, and SD FD hybrid.
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