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Telescope Array:

Largest cosmic ray observatory

in horthern hemisphere with Hybrid Detectors
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Telescope Array Detectors @& -
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Fluorescence Detectors(FDs) [ = O o " T TN x]
Middle Drum(MD) station 222 . A
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14 telescopes
+ TA Low energy Extension
(TALE) 10 telescopes
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Surface Detector(SD) array
8 507 scintillation detectors, each 3m2
@& 1.2 km spacing

total coverage ~ 700km?
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Black Rock Mesa(BRM) station
i 12 telescopes
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Long Ridge(LR) station
12 telescopes
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TA Low energy Extension(TALE) & ffffﬁ 5

"Romcﬁ
« Low energy CRs-induced shower
- Not so bright, higher X,,.«
— high elevation telescope
- compact shower size
— dense SD array

« Constructed in north part of TA site

-« Same concept as TA detector
- 10 Fluorescence Telescopes
o Y, 40 SDs with - 80 Surface Detectors, 20 km?2

. 00m in
TALE-FD <20m spacing -+ Low energy target: E > 106 eV

« Operation: FD since Sep. 2013

0 SD since Nov. 2017
£
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TAx4 Detectors -

’ : « Focus on highest energies
b . E>10195 gV
S « New Northern and Southern
e 1 b SD array
- expand TA SD area by factor 4
~3000 km?Z2
TALE i - 2.08 km spacing (TA: 1.2km)
Delta, Utah  New4 + 8 FDs
- In operation both detectors
- over 3 yrs data taking

o

000000000000000000000
e

oooooooooooooooooooooo

ooooooooooooooooooooooo
ooooooooooooooooooo

ec0e

oooooooooooooooooooooo

ooooooooooooooooooooo

oooooooooooooooooo
oooooooooooooooooo
oooooooooooooooo
ooooooooooooooo
ooooooooooooo

TAx4 South 29
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Event Reconstruction,
Hybrid/StereO - time vs. angle fit to obtain

shower geometry
- in hybrid: add SD info.
— most precise shower
geometry

« stereo case: 2FDs observe
same shower
— intersect shower image

« shower profile reconstruction
using signal intensities

- Integral of dE/dX to obtain
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Event Reconstruction, FD

Low energy event

- detect Cherenkov light like IACT
— achieve low energy threshold

« simultaneous reconstruction for shower geometry and
shower profile

- constrained shower geometry by shower profile
because of Cherenkov light directivity

« Integral of dE/dX to obtain energy
fO —dX
- same way as high energies

- Achieve ~1° angular resolution
~10% E resolution @10PeV




Event Reconstruction, SD

« Measured footprint

« Arrival direction reconstructed using relative
timing differences

- LDF fit has done to obtain energy estimator

Time [4uS]
oof T T 1 1T T 1 _I! T
21 -119 <
Event Map: ,
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Primary Energy determination, SD
— Energy Iook up table (8800_ | 0)

19 Scale to FD(Hybrid) energy
E - E,SD /127

18.5 SD

S
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w
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=
w
w0 0
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§ o o 10
: S800
2
Q
r = 800m rom shower axis, [1200m]
1 10 102
SD [EeV]
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Energy Spectrum in UHE

TA SD Decllnatlon Dependence

+ Energy spectrum (E > 10'%eV) ] ]

® -157° <DEC <2438

declination dependence IF NKE
2yrs TAX4 SD (E > 1019eV) nf EDifferences in cutoff energies \E

log(E/eV)=19.84 £0.02 for (24.8°~90f)
log(E/eV)=19.65 £0.002 for (-15.7°~24.8°)
PRI NS SR S S N N T |

18.8 19 19.2 194 19.6_ 19.8 20 20.2 I I204I I
Iogw(E/eV)

TAx4 SD spectrum

-3.27+0.02 -4.47+0.41

| \!

]

2g1grieV?
—
o
PN

Flux x E3 [str-! sec™! m~2 eVv?]
=

Ll /||||||| !

! [

E, IOg Ecnkle \

- = 18.68 =0.01 log Eqyrort
B = 19.78 =0.04

1023 Xz/ndf 26'] 062/(23-6) —— TAx4 SD Fitting (Broken power law)
- ---- TAx4 SD Fitting (Single power law)
- prob 0.07255 TA SD 11 years Fitting
» + TAx4 North 1.5 years + TAx4 South 2 years
— 4 TASD 11 years (ICRC2019)
PR RN T T NN SR ST NN SN N RN SN T T N T T S T SN S N L
18.5 19 19.5 20 20.5 27 9°9" 972 9097007 9T 9790 0" 07 97 5% 5 Y

Iog1 O(E/e\i) logao(E/eV)
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New feature in energy spectrum

Iy
A

A
L I I I

Pierre Auger found a spectrum

hardening in 101° - 10195 eV range

- 2-step softening after the ankle

Two-step softening exists in TA SD

spectrum

« 4.00 deficit above 101922 eV from
an assumption of no breaks before

1 025

’]

-3.27+0.02

-2.62+0.03

the high-energy steepening

-2.8510.07

X

-4.47+0.41

J(E) X E? [km™ yr! sl eV?]

13

spectral index + o, * 0,
107 = 7,=329£0.02 £0.10

O 7 =251+0.03 +0.05 I

7,=3.05 £0.05 £0.10
L 7 =51£03%0.1

4

TR L s s P L
19 20
10 10
E [eV]

A. Aab et al. (The Pierre Auger Collaboration)

Phys. Rev. Lett. 125, 121106 (2020)

>
ht log E
11024 — Og Einstep ® —
< F =19.22 +0.08 N\ .
Nm : \. :
-lga B IOg Eclnkle ? \ -
2 B = 18.70 =0.01 log E 05 .
Wk = 19.83 +0.04 _
102 x?/ndf 15.9162/(23-8) —
- prob 0.3876 -
_ 1 I 1 I 1 | 1 | 1 1 | |-
18.5 | E/1s\;,.5 20 20.5
Jan. 07, 2023 og, (E/eV)

Auger TA
71 -3.29 £0.02 -3.23 +£0.02
Y2 -2.51 £0.03 -2.63 +£0.03
73 -3.05 £0.05 -2.85+0.07
V4 51+£03 -447+041
Eqankie / EeV 5.0+0.1 5.0+£0.1
Einsiep / E€V 13+1 17+3
Ecuort / E€V 46 + 3 68 + 7
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Energy Spectrum in lower energy
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[ )
- TALE FD monocular mode measurement
L}
- Cherenkov dominated spectrum
TALE Energy Spectrum (Monocular)
’i_'i‘ le()‘l T T R R R R .~ Energy Source Value Contribution to Flux
'.‘; break point 17.04 + 0.03 <107 ev photonic scale 10% 20%
a Ax] 0% s Eipme it s s S s R <107 ev missing energy 10% 20%
3 <107 eV atmosphere 0 0
o <107 eV Cherenkov model 5% 10%
e <107 eV fluorescence yield 0 0
=30 <107 eV composition (Xpay) 3% 6%
10" ev photonic scale 10% 20%
108 ev missing energy 5% 10%
108 ev atmosphere 2% 4%
2% 10™ 108 ev Cherenkov model 0 0
10" ev fluorescence yield 10% 20%
108 ev composition (Xmax) 3% 6%
slope 3,12+ 0.01 -2.92 £0.01 -3.19 £ 0.02 107 ey otal 5% 1%
10" ev total 15% 31%
fit ¥* /ndf=31.6 /39
15.5 16 16.5 17 17.5 18 18.5
Iogm E [EeV]
Down to 2 PeV with FD measurement
Energy resolution at 2 PeV : 20%
at6 PeV :15%
at 100 PeV: 10%
TMEX2023

Jan. 07, 2023



Energy Spectrum in lower energy
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« TALE Hybrid measurement

- 4yrs data

TALE Hybrid Spectrum with TA spectra

Summary of systematic
uncertainties in energy, X,.x

Sources Energy
Photonic Scale 10 %
Relative Time of FD and SD 0
Fluorescence yield 3t0 10%
Cherenkov model 5tol%
Atmosphere 27 %
Missing energy 6 %
Total 12.6 to 15.7 %

— 10
o -
F
NE s S, Mvr,ﬁﬂ -y s
C b 5T
;_' I~ L.’lf}a‘:&'
S e
3 1k
w —
. Epreax - 16.950 +£0.031 —— TALE Hybrid, preliminary
B 7,:-2.88 £0.00 «~— TA-SD (11 yrs, ICRC2019)
B A -3.19 £ 0.02 -— TALE-FD Monocular (2018 ApJ)
i x%ndf: 1.33 (p =0.19) —— TA BRM/LR Monocular (9.5 yrs)
- TA MD Monocular (3 yrs)
10" g 17 18 19 20
log(E/eV)
T 1OglO(Ebreak/ eV) 72
TALE Hybrid -2.88 +£0.003 16.95 + 0.03 -3.19 + 0.02
TALE Monocular 292 £+ 0.01 17.04 = 0.04 -3.19 £ 0.02
TA SD - - -3.28 £ 0.02
TA BRM / LR FDs - - -3.29 £+ 0.01

Jan. 07, 2023

Down to 10165 eV
with Hybrid measurement
Energy resolution

at 10165 eV: <10%

Clearly shows break feature
at 1017 eV
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Energy Spectrum in lower energy

<+ TALE SD measurement
2.5yrs data

| TALE SD energy table | | TALE SD Spectrum
18.5 — 10
1.5 0
1018.5 ev ‘,"7,
=
>
)
~ N
3 =
© 0.5 })
e w1
o 17.5 =
=) y :-3.34 = 0.02 —e— TALE SD, preliminary
x2/ndf: 1.04 (p = 0.40) —— TA-SD (11 yrs, ICRC2019)

—— TALE-FD Monocular (2018 ApJ)
—— TA BRM/LR Monocular (9.5 yrs)
L TA MD Monocular (3 yrs)

1 l | 101 | | | |
1 1.1 1.2 13 1.4 1.5 16.5 17 17.5 18 18.5 19

sech log(E/eV)
Down to ~1017 eV with only SD array Energy resolution

Energy estimator: s600 E>1017eV: ~20%

look up table was made

- same way as TA SD Consistent with TA results

- reconstructed 0 and s600 is used
Finally scaled to FD energy
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TA energy spectrum
All energy range

1 024

E’xJ [eVZ xm2 xsr! xs1]

low energy ankle

mstep

T +

ankle
: C TA SD (2019) .
- @ TALE Monocular (2017) -
. o TA Combined (2019) -
_ knee @ logk ~ 15.5 -
low energy ankle @ logE = 16.22 + 0.02
- 2nd knee @ logE = 17.04 + 0.04 -
ankle @ logkE = 18.73 + 0.01
B instep @ logE = 19.25 + 0.03 _
cutoff @ logE = 19.85 + 0.03
lllllllllllllllllllllllllllllllllllllllllllllllllllll BB
15 16 17 18 19 20

Iogw(E/eV)
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Mass composition analysis

Estimate primary cosmic ray mass
composition from the depth of the air shower

maximum (X,,a,)

iron

Lighter composition
propagates deeper
at same energy

Iongitudinél
5¢+09 - distribution
ses00 | fOr MC

3e+09 | Proton
Iron

Number of charged particle

2e+09 |
1e+09 -

Proton

Iron

O 1 1 1

0 200 400 600 800 1000 1200
2
Jan. 07, 2023 Depth [g/cm?]

19
| MD-FD 2010/08/12 07:30:33.216258 | Time, [us]
» [w
30: ) ' . '.'.'.' 'j 100
- FD observed:::: {5
25' - . . T o
=z | 1M : e -
o I 7 ] —ea
320_ ]
E L 3 . 192
I 1
SB[ ]
3 [ 1 —fss X
w ok 1 maX
R AR SIS SO 86
o RRRRL RN <ok DO SOV A Jim
P ~2|_Shower Profile | log, (E)  20.12
.\ _— = T T LI | T X
315 320 3}2\;&32 [ DaE g1800 :?Illcg:nlgi T T T NMax 764.10
31600 «.+Scin ; + Max 8.44e+10
c = =Rayl | ]
= == Aero ' .
P1400{=Cher | ! -
Flongitudinal . ]
1200} 3 -

1000

800F

600

400F
200

ob

Cdistribution f-.,
FHfor data '

0
--------------
-
-

,,,, ]
e e mdmedimimidi= 1y
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TA Stereo measurement

: Elongation rate
‘ (B, Data event
A 1100
£ B — Data
,,,,,,,,,,, 9 :
><§ 1000[— —— Proton (recon.)
B —— Iron (recon.)
900 — :
B stereo lmage
@
800 - LR IMTS o
i —_—— o *
— —_——
[t CraAXEETRE oy oy .
700!-- —_— ®
LI- » —_——
600
50 | 1 | | | | | | | | | | | 1 | | | | | | | | | | | 1 | | | | |
52 18.6 18.8 19 19.2 19.4 19.6 19.8 20

Energy: Iog10 (Elev)
Xmax resolution < 25 g/cm?, Energy resolution < 7 % (energy dependent)
Systematic uncertainty onis 15 g/cm?
Scatter plot of Xmax vs energy.
Measured data and from QGSJET [I-04 MC predictions (proton and iron)
Data support a light component at any energy
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TA Hybrid measurement

E ¥ data
— ® QGSJET II-04 proton
T ® QGSJET Il-04 helium
I~ @ QGSJET lI-04 nitrogen
- ® QGSJETI-04iron .
- X datasys. 4
760
740
720
700 —
= . . 'y ¢ " L4
680 — .
- . °
660 ~ . .
640 :_ | | | | | | |
182 1 184 185 186 18.7 188 18.9 19 19.1
Iogw(E/eV)
°§ - ¥ data
o 90— ® QGSJET lI-04 proton
= ® QGSJET I1-04 helium
£ 80— ® QGSJET II-04 nitrogen
% = e QGSJET II-04 iron
70 (XX data sys. l
60—
50—
40—
30—
20;II\|JII\‘IIII|II\I|IIJll I|I Il\llll\lll
182 183 184 185 186 18.7 18.8 18.9 19 19.1
Iogw(E/eV)
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10yrs TA-Hybrid data 1082 to 10191 eV
3560 events after the quality cuts

Xmax bias < 1 g/cm?

Xmax resolution = 17.2 g/cm?
Energy resolution = 5.7 %
Systematic uncertainty is 17 g/cm?2

<Xmax> along with predictions of
QGSJETII-04 proton, helium, nitrogen, iron

Xmax dist. width( o y,.,) along with
predictions of QGSJETII-04 proton, helium,
nitrogen, iron

TA data are compatible with the light
component below 1019 eV

Quality Cuts:
Doorger > 100m, tracklength > 100 # of PMT > 11
SDP angle < 130, duration > 7us, zenith angle < 55°
Xmax in F.O.V, good weather

TMEX2023



TALE Hybrid X,,., measurement

« Measured reconstructed (X, ,ax)/0(Xmax) VS. €NEergy
- Nov. 2017 - May. 2022 (4 yrs, 1880 hours)

<Xax> VS. Iogw(E/eV) o(xmax) plot

850 100
800—
+
750— 80— + +
— 700 —_ e
£ E 60— i+ ‘
S, 650— S
A =
§ 600— - , —
>\7 % 40— R T
550(— ° ‘
+ TALE Hybrid <Xmax> + TALE Hybrid o{Xmax)
500— break point : 17.05 + 0.00 T OGSJETIOdproton,rec. 20— QGSJETIOA prot
before slope: 15.82 +5.40 — GGSJETIFOA Iron, rec. -04 proton, rec.
450— after slope : 96.50 + 4.33
lendf: 0.41 (p - 0.97) ——— Xmax Broken Line Fit QGSJETI-04 Iron, rec.
40 | 1 | 1 1 | | | | [
QI(S 16.5 17 17.5 18 18.5 19 qs 16.5 17 17.5 18 18.5 19
log(E/eV) log(E/eV)

pbefere = 16 + 5 g/cm2/decade -
D?(f)ter =97 + 4 g/sz/decade SuggeSt Ilght tO heavy be|OW

logo(Eprear/€V) = 17.1 1017 eV, then getting lighter above
MC elongation rate [g/cm2/decade]

proton iron
pMc 68 + 2 62 + 2




TALE Hybrid X,,., measurement

« Measured reconstructed (X, ,ax)/0(Xmax) VS. €NEergy
- Nov. 2017 - May. 2022 (4 yrs, 1880 hours)

In A> vs log(E/eV) |
Knax> V8- log, (E/eV) | <In A> vs log(E/eV)
850 5 — —e— KASCADE, QGSJETO01 Tunka, QGSJETI-04 —=— TA Hybrid, QGSJETII-04
—=— KASCADE, SIBYLL 2.1 —~— Yakutsk, QGSJETI-04 —e— TALE Hybrid, QGSJETII-04
—— IceTop, SIBYLL 2.1 Auger, QGSJETII-04
800—
750— 4= } Jrrremrmre ion T
;

~

=

=3
|

<X,..> [0/cm?]
N
(3]
o
[

<in A>
N
| —.—
> —m—
» —
.
>
»
————
—_—————t————

before slope: 15.82 +5.40

600 8 4

i e R
550 —7 Y LT | #l .................. ! ” neliur
500/~ preak point : 17.05 +0.00 —— GO roce e B | { U ’

450~ after slope : 96.50 +4.33 1] l | ‘ J“
12/ndf: 0.41 (p = 0.97) Xnex roken Line o t ‘L I 1 O proton
| | | | 1 | | | | |
10Gs 16.5 17 17.5 18 18.5 19 16 17 18 19 20
log(E/eV) log(E/eV)

pbefere = 16 + 5 g/cm2/decade -
D?(f)ter =97 + 4 g/sz/decade SuggeSt Ilght tO heavy be|OW
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Anisotropy



Anisotropy, in higher energy(E>57EeV) ~

Search for Intermediate-scale anisotropy
in the UHECR arrival directions

Dec. (deg) . ._ E > 57 EeV Dec. (deg) 4 4 : e5{117I,sEeV

Original hotspot reported in 2014, from 5 years of data
Ap. J., 790, L21(2014)

E>b57 EeV (Observed 72 events)
20° over-sampling circle
19 events fall in “Hotspot” centered at (146.7°, 43.29)

(Expected = 4.5 events) local significance 5.1 o
post trial significance 3.4 0

Jan. 07, 2023 TMEX2023



Anisotropy, in higher energy(E>57EeV) ~

Search for Intermediate-scale anisotropy
in the UHECR arrival directions

Galactic plane Galactic plane
Supergal Supergalactic plane

o pergalactic plane o
0 FOV of TA 90 FOV ——
o E > 57 EeV ] 60°

. 60° Max. Sig.

L S, s 80 30

60 360" {L \ ‘)?o"
\ b a :3 o
N |
USiﬂg ]4YI’S TA-SD dataset Deficit Li-Ma significance Excess

E>b7 EeV, in total 205 events

44 events fall in Hotspot (a=144.0°, 0 =40.5°, 25° radius, 22° from SGP)
expected=16.9 events

local significance: 5.1 o, chance probability: 3.2 0

25° over-sampling radius shows the highest local significance

(scanned 15° to 35° with bo step)
Jan. 07, 2023 TMEX2023



New excess of events with E >101°%4eV ~

Galactic plane

Supergalactic plane
90 FOV of TA
= - 60 Max. Sig. &
’//
e S 30°
¥ AT '
180’ 120° : Qlé i3 - 3007 240’ 180"
g T 2%
- . d
-30°
-60°
-90°
| | | |
4 3 2 -1 0 1 2 3 4
Skymaps in the equatorial coordinates
Deficit Li-Ma significance Excess

- 1060 events with E > 10194 eV (14yrs TA SD data)
- Maximum local significance: 3.8¢ at (17.4°, 36.0°)
Observed: 95 events
Expected from isotropy: 61 events

- post trial : 3.10
Jan. 07, 2023 TMEX2023



New excess of events with E >101°4eV *

Galactic plane
Supergalactic plane
90’ FOV of TA
== — = 60° PPSC

= \ 30°

Leo.SC " Com.al SC
o Hercules SC B
' Virgo C
180° 120° 240° 180°
-30°
-60°
-90°
I I I I
-4 -3 -2 -1 0 1 2 3 4
Skymaps in the equatorial coordinates
Deficit Li-Ma significance Excess

Compare new excess with the major structures within 150 Mpc
« Virgo cluster (17 Mpc)

« PPSC (70 Mpc)

« Coma supercluster (90 Mpc)
« Leo supercluster (135 Mpc)

« Hercules supercluster (135 Mpc)
Jan. 07, 2023 TMEX2023

Result indicates that a CRs source
may exist in the direction of PPSC
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Large scale anisotropy

« Dipole anisotropy search with SD data
- 11yrs TA SD and 2yrs TALE SD

Residual intensity sky-map with
45-degrees oversampling

29

TA SD 11lyears data
6032 events observed
above 8.8 EeV

“m;:nlmm:o N \(QP x " g qua ;c ad::o m:o e 15 | |
/f < w_/,{ - & . TALE SD 2years data
il " . * 5 - % = & 1122 events observed
R e e e I ‘o = in1EeV<E<3EeV
t tso\ N 005 é -30 é
ApJL, 898, L28 (2020
- e E > 8.8 EeV
03— TAISDsF > ?8 EeVI e O'GI'ALE SD, 1 EeV <E <3 EeV « Consistent with both
- Xndf=14.1/10 —TA 12 [ 42/ndf=3.8/10 isotropic and Auger
3 "= Auger 017) 3 5 M reported dipole
0.1F ] 'E 02
C 1=
Ol 17 o 1 EeV <E < 3 EeV

|
S
—_

|
<
o
I

- r,=0033£0019

Residual intensity (N j, ~N ¢x,)/N exp

¢.=131 £33

Clovv v b v v bt vy bbb v v by v bbby
—0-3350 7300 250 200 150 100
Jan. 07, 2023 Right Ascension [degree]

i

BAkakr Si=nks

C 1, = 0.009 £ 0.043

Go = 327° £ 267°

Right Ascension(deg)

« Consistent with isotropic
Need more statistics

TMEX2023


http://tadserv.physics.utah.edu/TA-ICRC-09/images/9/93/200728_dipole_ApJL.pdf

Recent progress of
extension project



Future prospect o
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- Farther low energy extension
with Hybrid mode
- 50 SDs with 100m spacing
« Target energy: E > 101° eV
« SD production on Oct. 2021

|
79 8 =7 -6 5

[ TALE Hybrid Spectrum with recent measurements |

- same design as TA/TALESD :"F ™ - -
W W o e i m \‘
E — gg(%?k[)E-Grande W 4
wl \
1; 1‘5 1‘6 1|7 1|a 1|9 ] 2|0,77
| <InA>vslogE |
5 m . MM S e
ab L . 1‘ l ffffffffffffffffff R .
p 3 : ITJM#‘% ' |
: $ H LI T
- plan to start data taking on 2023 2{¢_HL%f‘%ﬁxwlﬁ e e
. . T ’+’I”5;*‘1* ””””””””””””””” TEset S
« MC study is ongoing also Sk : I%-'”h




Summary

) Mﬁm’ A ]

Telescope Array is UHECR observatory S
in the northern hemisphere LM ‘
Spectrum H
- 5 orders of spectrum are observed T e
- new feature above ankle R
Mass composition T s o
- heavy to light above 2nd knee *wa ¥ ‘
- Compatible with a light component in V 2;‘;@”?’”* ,,,,, “ff*ﬁ B ‘H fffff

higher energies _ ol
Anisotropy search -
- new excess above 10194 eV —
- PPSC is behind Pad¥

pvaeny &

We need much more data at highest
energy |
-> TAx4 is in operation! — —

Deficit Li-Ma significance Excess





