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Telescope Array: The largest cosmicray

observatory in the Northern Hemisphere

Science goals:

* Oirigin and properties of the ultra-high
energy cosmic rays:

* spectrum, composition, anisotropy
* Physics of HE hadronic interactions

* Multi-messenger and interdisciplinary
studies

* photons, neutrino, dark matter

e thunderstorms, TGFs

Telescope Array
Delta, Utah, USA. ~1400 m a.s. |l
Collaborators from HiRes,AGASA and other institutes

* meteoroids

* Development of the next generation
experiments

Google™



Map of theTA site

3 communication towers
“~~_For the SD array
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Fluorescence Detectors(FDs)

Middle Drum(MD) : 14 telescopes
+ TA Low energy Extension (TALE) 10 FDs
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Surface detectors(SDs)

507 scintillation detectors
- 2 layers, 3m2 each

- 1.2km spacing

- total coverage ~700kmz2

A Locanons

|& Black Rock Mesa(BRM) station
- telescopes

) ry
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TALE

Located in TAMD site
10 FDs in the TALE station
Elevation: 300-570 (higher elevation than

MD) Azimuthal: 1140

104 SD infill array identical to main TA SD e - .

Variable spacing up to 400m oF-
T
$
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» TALE SD N SO S Sy iy . bkl b
TALE FD BN o : 100 (F) T w0 180 % m
#. . Identical Azimuth sngle [degree)
=2 in design _
Jseasaiiiiiis TALE FD Installed in Nov. 2012
LN /% Operation since Sep. 2013

.22 TASDaray ""/ |

TALE SD completed Mar. 2018
Hybrid trigger: Sep. 2018




routine observation
since Jun. 2019

TAx4 North

TAx4 southern FD station

routine observation
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Dept. of Physics Univ., of U

Goal: fourfold increase
in size of TA SD array
(up to 3000 km?).
Triple statistics for
E>20 EeV in 5 years.

Hybrid experiment:
2 FD stations, 12
telescopes are installed

257 SD scintillators out
of 500 are installed and
operational since Nowv.

2019
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SD Event Reconstruction
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Event reconstriictinn

observed images
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-,

tSD

Shower
Detector
Plane

~

Line intersection ST o
of shower
detector planes

35
-
i x % X 0 XX » x
- X 0% x x X x >x
x x x X
30—‘,( WX 2K X xx X
% x % - X 200 X X x o
P ox x X w o X X * x x
- x X ) X% 0% - = -
- x % x x. X X XX x XX - *
x X x xx x
b:x Kx % i 00¢ 300¢ N s
L x> x x X X x
x X x x - x x
X x X Moo x
20h 2 x x x X oo X X » »
» ook % x X x x x =
%% x x »x X X x » x
x > x x o 200K x x
x x x x
x e x ¥’ X X WX x
15 o x »w X x x X X x
— X x x x x
x x Xx X 0 X x
- » Ratal \ 2O
- X x 0ot % x
10} x x x MOX woox x x
. » » L3 x x x x
L »w X x e x
L 20x x X x X x x
L »x - x x - > x -
5_:: 2004 x x x x
x x x x x
E x 200 * x % XX X 00K
|1 | IR SN NN P RN N
20 30 40 50 60 70

35
-
B x x xx
x
B x ,(,l‘)o‘!x x
" x x x x - xx *
30~ x X x ¢ X x
o x X xx x x X x
- x x - W X x x
- o X x X x X xx
- x > = * »x X *
26 b= > xx x X X % X ¢
- X ¢ x x . x
- x x x x x x »x
x < x x o x x
o » <3¢ x x x » x x x x X X x
20 x o X X x x > x x X -
" ot 200K w0e X
x XX X ~ 200 x
* L x X X X X% o
00 RN X Mo MO K % % x x
x x X XXy 1D x -
15~ x x x o I w X x x
[~ x x X x (LR x - x
™ x X x 1 o e XX x x
o XX X x Ix o x x
- X - x x 0)x x X x
10 x b » > » x M XX x
- x x x x x x »x X
x x x X % x x »x
o » x x
" x x x x x
5l— X x 200K X x
L x x MO0 > x x
x x x x x x
L
-llll!lllllllllllllllllllllllll
280 290 300 310 320 330

reconstructed shower profiles

T

25

20

Mie Cherenkov
Direct Cherenkov s
Rayleigh Cherenkov
-~ NPE detected by PMT +—e— —

T
Fluorescence ===

15 I

10 Y

Comparing

0 500

1000
slant depth (gicm?)

Zatsepin Readings 2022

i
!
i
1500 2000

100

90

80

70

60

50 s s i

with MC -> Xmax WS-
Integration of signals ->1ry E |

T
Fluorescence D
Mie Cherenkov
Direct Cherenkov s —
Rayleigh Cherenkov mmmmm
NPE detected by PMT +—e—

4
500 1000
slant depth [g.'cm’]



KM : 2019/05/02 07:07:03.826151

Time, [uS]

:IIIIIIIIIIIIIIIIIIIIIIIIIIII LI IIIIIIIIIIIIIIII:.26
15__Dlsplay Elacl
10? é —22

T E TAX4MD =
—_ 5__ .
EF 1 120
oo B 1
] OF E
£ 5 q {18
(=] » .
=2 u .
-10¢ {16
1sE =

- 4 14
20 —

EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE 12

20 -15 -10 -5 0 5 10 15 20 25
East [2080m] —

TA4XMDFD: 190502 070702.826194

Time, [us]
16f § ”s
14} Y
S..f 120
512 2
S8t i
£10 23 115
]
s | _ i
o 8 |
w [ g 10
6_ . . . . . . . . . . 4 N . ]
: . ./ D . . . . . . . . . . . : 5
4_ R A S D.L:Velt |
:II i 'Ia.lvl l:

60 62 64 66 68 70 72 74 76
Azimuth [Degree]

KM : 2019/05/02 07:07:03.8261

51

Time, [uS]

s 26
23 e 3 III
// /)
22 —{24
21
519 —20
=
218
S
1
6 —16
15
//
14 # 14
Ve /
Ve
-1 0 1 2 3 4 5 6 7 8 9 10

East [2080m] —

Time vs Angle (Hybrid)

355

x2/ ndf 412.00/19
Trp -14.26
| Rp 22.44E+03
G 82.75

IIIIIIIIIIIIIIIIfiIlIIlIIIIIIIIIII—I‘

-5 0 5 10

15 20 25

Angle in.SDP [Degree]

TAx4 Hybrid
Event Example



Energy spectrum




TA SD Energy Spectrum

TASD 11 years data TAx4 SD 1 year data
102 1 [
Fit to broken power law | I TAx4sD
| § AugerSD2020
{  TASD2019
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E’ xJ [eV? x m2 x sr x 8]

Combined Energy Spectrum
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Log (E (eV)) Log (E (eV))

Log (E (eV))
= 16.22 + 0.02 Second knee A Cutoff
_ +
TA SD (2019) 17.04 = 0.04 -19.81 = 0.03

Log (E (eV))
TALE Monocular (2017) Ankle
=18.69 £ 0.01

TA Combined (2019)

log 1 U(E/eV)

Combined TA
spectrum using 22
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The “Instep”
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oint Auger + TA spectrum WG result
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TALE FD monocular XMAX

TALE Mean X,,., VS energy

tFE " TALE Xmax (ICRC 2021 Update)
o, 800 = BRI/LR hybrid (ApJ 2018)
< — Fit TALE Xmax ? L
E i . .
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§ 750 1 r
= a

700

650 s2 = 62.30 + 4.36

bp =17.20 + 0.03

PRELIMINARY
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A break in the elongation rate at energy 10!72 eV
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TALE Measured Primary Fractions [EPOS-LHC]
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TA and TALE hybrid XMAX

TALE hybrid

Elongation plot : <X >

X
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TA SD composition

Machine learning technique based on BDT and |6 composition-sensitive observables
with |2 years of TA SD data

6 TA SD, l:.IG-S'JET [1-03 »—2— ) 6 | TA SD, QGSI.JET 1-04
Auger SD muon XMAX, QGSJET 11-03 =l Auger SD delta 750m, QGSJET II-04 —Jil—
5 | Auger SD risetime asymmetry, QGSJET [1-03 »—d—s | 5 Auger SD delta 1500m, QGSJET I1-04 A
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Si 1 A Si
g 3 | yuy ® g 3 _ )|
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Yana Zhezher, ICRC’2021
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TASD UHE photon limits

New p-y classifier based on neural network.
Classifier uses full time-resolved signals from
all triggered SD stations along with 16

composition-sensitive observables.
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Anisotropy




CR clustering: Dipole update (12-yr)
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CR clustering: Ho

- First 5-y—rs: 72/events |/ TR Last 7-yrs; 107 events’
S at hotspot center =50 - S at hotspot center = 2.36
B Energy E > 57 EeV

Cumulative # of events inside the hotspot

t spot update (12-yr)

Overall post-trial significance has dropped
from 3.40 t0 3.20

The growth rate of events inside the
hotspot Is consistent with the linear
one within ~ 1o

00
Days

2500 3000 3500

Jihyun Kim, ICRC’2021
Zatsepin Readings 2022
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Declination (deg)

CR clustering: Medium scales

E> 57 EeV
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Correlation with LSS: chemical composition
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Declination Dependence of Spectrum
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* Difference of the cutoff energies of energy spectra
— log(E/eV) = 19.64 * 0.04 for lower dec.band (-16° -24.8" )

— log(E/eV) = 19.84 + 0.02 for higher dec.band (248" -90° )

* The global significance of the difference is estimated to be 4.30
TA Collaboration, arXiv:1801.07820
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Observation of Terrestrial Gamma-Ray Flashes with TA SD

TGF Event 2018/10/03 04:03:48

@ INTF
- - Fast Antenna
VHF Signal

I
N
o

Detector (FADC count)

surface

688660 688'670 688680 688690 688‘700

Microseconds after 04:03:48

688710

Fast Antenna (V/m)

* Broadband Interferometer (INTF):
* Three 20-80 MHz flatplate

100
antennas
¥ * 2D high-resolution
= reconstruction of lightning
200 sources
- Fast Sferic Sensor (FA):

* Detects electric field change
* l|dentifies substructure: initial
breakdown pulses (IBPs)

* Clearly defined TGF onset during

the flash's strongest initial
breakdown pulse

TA Collaboration, arXiv:2205.051 15



Variation of Level-0 trigger rate during Thunderstorms

* Level-0 trigger rate is monitored
at 10 min resolution at each SD
station.

. Thunderstorm detected by NLDN
~ changes the trigger rate.

* The result may be interpreted by
using EFIELD option of CORSIKA.

* Intensity increase or deficit
depends on electric field type
(intracloud or cloud to ground)
and thunderstorm polarity

TA Collaboration, Phys. Rev. D 105, 062002



Extension of TALE SD: TALE-infill

TALE-infill SD array

TALE SD array
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Summary

* Telescope Array is UHECR Observatory in the Northern Hemisphere
* Energy spectrum is measured from 10/>> to 102%> eV (5 decades)
* New feature in the energy spectrum at ~10'%3eV

* TA Low Energy Extension (TALE) energy spectrum indicated that second knee may
result from Peters cycle (10'>-¢eV—>10!7-1eV)

TALE Xmax shows composition becoming heavier between first and second knee,
consistent with Peters Cycle interpretation

* Between 1089 eV and 10'°-'eV TA hybrid data is compatible with predominantly light
elements such as protons and helium

* Indications of anisotropy at highest energy
* Hot spot from |2 years of data in the direction of Ursa Major (3.20 post trial)
* Hint of excess in the direction of Perseus Pisces E > 10!%3eV
* Correlation with LSS consistent with large fraction of protons
* Declination dependence of the spectrum

* We need much more data at high energy end —>TAx4 in operation!



