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Telescope Array: The largest cosmic ray
observatory In the norther hemisphere

e l._
.......

Telescope Array
Delta, Utah, USA. ~1400 m a.s. I.
Collaborators from HiRes, AGASA and other institutes
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Map of the TA site

3 communication towers / Telescope Ar ray Locations
= For the SD array General Reference Map

Fluorescence Detectors(FDs)
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TALE FD

Located in TA MD site

10 FDs in the TALE station

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

Refurbished HiRes telescopes & electronics
Mirror: same as TA FD (MD) wf
Elec.: 10 MHz 8bit FADC
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Installed in Nov. 2012
Operation since Sep. 2013
Hybrid trigger: Sep. 2018




Event sample by SD array
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Event reconstruction

10"

'E' 22h- | | | | | | | 1 | | _I .E.
St g.ve”t PR Ly L) R S T ST
: | Size = # of particles ] . z R e B ABasae
$% _ .p E  fesg Time fit
g 19 Color = timing Tless 5 9
a 18— = E f 8.5
17k © 2, g 8 +
16— - 7.5
15 | 7.5 ’
14 o 83
6 A L " L a Al s s a1 o s a s a2l oao.
13 -4 -3 -2 - 0 1 2
7 Distance along shower axis, [1200m)
12~ 1.05
1 1‘? é -11 é é }I' EI: sl: 1|u 1l1 12 1— / 2 ) (1.0+i
Distance East, [1200m] 12 x 10°m 30m
Modified empirical formula in AGASA
£ “F~Lateral distribution profile fit §"
= 0 ~1.2 —(n(6)—1.2) 2\ —0.6
i r=4(orem) (torem) O oo )
g 91.6m 91.6m 1000m
o
% " S800 n(0) = 3.97 — 1.79 [sec(d) — 1]
(&)

Empirical formula used by AGASA

r = Soom : Distance from shower axis, [1200m] S8OO -> primary energy



Charge Density, [VEM/m’)

Primary energy determination
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Event reconstruction

0 observed images
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Status of 11 years of operatlons

SD array

94 5% of 507 SDs are in operation

on 11 year average
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Energy spectrum
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TA SD spectrum from 11 years of data

E> xJ [eV? xm? xsr! xs']

Energy spectrum from 11 years of TA SD data,
from May 11, 2008 to May 11, 2019

LT y =-3.28 £ 0.02
T ankle @ logE = 18.69 + 0.01
Yy =-2.68 +0.02
cutoff @ logE = 19.81 +£0.03
Y =-4.84 +0.48

logE1/2 =19.79 £ 0.04
Significance of suppression is 8.4 o

const [2.24 = 0.06] x 10 eV ' m2sr's
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log, [E/eV] 19.81 = 0.03 !
......... Le s s s o ool ool a0, L
18 18.5 19 19.5 20 20.5
Iogm(E/eV)

Energy resolution = 18 % logE > 19.0
Energy scale systematic uncertainty = 21 %

D. lvanov

Expanding the zenith angle range
for logE > 18.8 (100 % efficiency)

y =-2.67 £0.02
cutoff @ logE = 19.81 +0.03
y=-53+05

logE1/2 =19.97 £ 0.04
Significance of suppressionis 12.0 o
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TA SD spectrum from 11 years of data

D. lvanov
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e | Declination dependence of the TA SD spectrum
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TALE FD monocular reconstruction

N ’
o

E Energy spectrum from 4 years of data measured by TALE FD with KIM, Jihee
:» . . monocular reconstruction (Jun. 2014 - Nov. 2018)

16.28+0.012 Cherenkov-dominant and mixed

events are used.

Aperture is calculated by
EPO-LHC MC.

Result of resolution studies by MC
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TA stereo: Xmax distribution

D. Beraman and T. Stroman
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<Xmax> from measured data and from QGSJET 1I-04 MC predictions (proton and iron)
Data support a light component at any energy.

Systematic uncertainty on <Xmax> is 15 g/cm2
Xmax resolution < 25 g/cm?2 , Energy resolution <7 % (energy dependent)



TA BRM+LR+SD hybrid: <xXmax> and 0 xmax

<Xpax> (g/cmz)
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W. Hanlon

< Xmax > along with predictions of
QGSJET 11-04 p, He, N and Fe

10 years data 10182 to 1019-1eV
3560 events after the quality cuts

Systematic uncertainty on <Xmax> is 17 g/cmz2
Xmax bias <1 g/cm?2

Xmax resolution = 17.2 g/cm?

Energy resolution = 5.7 %

Oxmax along with predictions of
QGSJET I11-04 p, He, N and Fe
The measured data are compatible with the

protons below 1019 eV.
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TA BRM+LR+SD hybrid: single element model

p-value

102

18.4 < log, (E/eV) < 18.5

QGSJET I1-04 proton

proton

® data

[__] Monte Carlo

cm

QGSJET 1I-04 nitrogen

QGSJET 1I-04 helium

Ap. J., 858, 76(2018)

arXiv: 1801.09784 W. Hanlon

Test the agreement of data and single element
models by comparing data and MC Xmax
distributions including a systematic shift of data.

Proton and He agree with the data especially in

QGSJET II-04 iron

the tail of distributions, whereas N and Fe

do not resemble the data.

(Xmax systematic uncertainty = 17 g/cm?2)

2

L]

—

4
olon

28
|

D
-
(8]

o

q

<4 > R o

QGSdJet 11-04 proton
QGSJet 11-04 helium

QGSJet 11-04 nitrogen

QGSJet 11-04 iron

1 1

19.4 19.6
Iogm(E/eV)

-~ 120

Data is compatible with QGSJET 11-04 proton
from 10182 to 10192 eV with systematic shifting
about 20 g/cm?2,

X

3

—0 8

. Other components are not compatible

in E <1019V
All 4 single components are compatible in the
highest energy bin. « low statistics (19 events)

Iys

o/B) U

3[\)

~40

6 Ferequires a shift of ~50 g/cm?
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TA BRM+LR+SD hybrid: 4 element model

> (g/cm?)

<Xna

W. Hanlon

Test the agreement of data and 4 component
mix by comparing data and MC Xmax
distributions (No systematic shifting).

eV, minimum x2 is found

proton = 57%, He = 18%, N = 17%, Fe = 8%.

(Xmax systematic uncertainty = 17 g/cm?2)

AL QGSJET II-04 proton, He, N, Fe, data: 0 g/cm?
< 2 2
- data <X,,> =731 g/cm®, o(X__ ) =62 g/cm
1000 :_ = ¥ mix <X,,.,> =731 g/em?, o(X ) =62 g/cm’
800— P, ?/dof = 9.0/14
i : —4"; p = 0.830
- 4 E For 1018-2-1(019.1
L : : ® data (+0 g/om’) i
600 : : . at the fraction,
- E |—+ ----- p/He e mix
400 __ ; """ : |:| QGSJET 1I-04 proton
- : [ ] QGSJET 11-04 helium
i : _o— [ QGSJET 1104 nitrogen
200 == ' [] aGsJET 1-04 iron
0 600 700 80 900 1000 12;I 00
Ximax (9/cm®)
E & 70 L
780 :_<Xm ax> §’ E OXmax
mEQGSJET 11-04p, He, N, Fe g 65%
C x - [
o data: 0 g/cm?2 + ® ol # + % + I
750? é + + 55 :— L T L
740 + E °
: Y 50— .
730 ; ® data (+0 g/cm?) E
720 i Q O  QGSJET II-04 p/He/N/Fe mix 45— @ data (+0 g/cm?)
= @ B O  QGSJET 1I-04 p/He/N/Fe mix
T T T Y TR A Y N T R T TR G R VR R R T A TR T R
Iogm(E/eV) Iogm(E/eV)

<Xmax> and Oxmax Of the
4 element mix are within the
statistical uncertainty of the data.
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Xmax measured by TALE FD with monocular reconstruction
4 years of data (Jun. 2014 - Nov. 2018)

Change in Xmax elongation rate at an energy of ~1017 eV
(It is likely correlated with 2nd knee in the energy spectrum)

Smooth connection of the low(TALE) and the high(BR/LR hybrid) energy rails.

TALE Reconstructed Shower X, vs Shower Energy

“-'g - Entri :dat8362898 " TALE data &
| e o proton
2750 Mean 15.89 proto {#
£ | Meany 602.6 e
T r|ems  oassss| © CNO oo :f. e
é 7004 RMSy  78.23| U Iron ! #FT
i <
-+
650 — o7 s
B _D__D__D— -I- -
B a {lj}ﬂ
600 — & = o
_i==iﬁ-l==i= G_D_{k _D__D_-D—
i . o
- oo == PRELIMINARY
550l o
Too-o  detector MC using EPOS-LHC showers
500 —
| I | | | I | | | | |- |- | | I | | | | I | | |

15.5 16

16.5 17

17.5

18 18.5
Iog10 (E[eV])

700

650

600

550

TALE FD

Ap. J., 865, 74(2018), arXiv: 1803.01288

LE FD monocular reconstruction

T. AbuZayyad

monocular spectrum (2 years)

W
(=]

3I(E) [eV/m s/st]
£ M
3
T

E

3x10% |-

break point 17.04 + 0.03

break point 16.22 + 0.02

slope:  -3.12+0.01 -292 -3.19 £ 0.02
fit XZ /ndf=31.6/39
L S R R R S B R P
155 16 16.5 17 17.5 18 18.5
long[EeV]
TALE Mean X, VS energy
hdata ® TALE Xmax
Entries 862898 | = BRJ/LR hybrid (ApJ 2018)
Mean 16.17 | __ Fit TALE Xmax g
Meany 614.2 o
RMS  0.3255 ; P8
RMSy  73.49 an?
|
-PRELIMINARY -

[I]I|IIII|

s1=35.13 =

J_IIII

0.35

fit parameters; s1, s2, bp: slope, break point

IllIlllIIll

s2 =

bp = 17.23 + 0.05

62.40 = 4.95

llllllllllllllllll

17 17.5

18 18.5 19 19.5
log,  (E [eV)
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TALE FD monocular reconstruction

T. AbuZayyad

e "0 Xmax measured by TALE FD with monocular reconstruction
4 years of data (Jun. 2014 - Nov. 2018)

4 component fit to measured Xmax distribution

Change in composition from predominantly light mix at lower energy to heavy mix at ~ 107 eV

TALE Data: Primary Fractions (Xmax Distribution Fits) TALE data: Mean log(A) [From Primary Fractions Fits]
= — < 4= _
$'?°  EPOS-LHCPRELIMINARY| g ‘ EPOS-LHC PRELIMINARY
1 3'55_ = TALE Data
3 ;— = MC with equally weighted primaries {H, He, CNO, FE}
0.8 25 E_ —— Expected <In(A)> equal primary weights
0.6 2; .
- S L }
0.4 15 . ™
: Tk
0.2 1:— .
O'Sf_ " " u m " + +
0 ~ -
O;_ 16 17
—0.2 . ﬂqu...m....wl?V...|....10|.e...|.[..
15 15.5 16 16.5 17 17.5 18 15 15.5 16 16.5 17 17.5 18
log1o(E [eV]) log1o(E [eV])
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“Hotspot” update from 11 years of data

ot y

K. Kawata

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

_ E > 57 EeV (Observed 72 events)
(a) 60
(Expected = 4.5 events)

Gy 200 over-sampling circle
Dec. (deg) o BT vearsY 19 events fall in “Hotspot” centered at (146.70. 43.20)
' - N — local significance 5.10, post trial significance 3.40
& N \ b e

L : (Del. (deg) = A Is
—1 4

G U 30
, —0 » 3
5 2
1
0

N W A O

-60

Zrelminary! ; Ijj

Hotspot from 11 years of TA SD data, from May 11, 2008 to May 11, 2019

E > 57 EeV, in total 168 events

38 events fall in Hotspot (a=144.3°, 8=40.3°, 25¢ radius, 22° from SGP), expected=14.2 events
local significance = 5.1 g, chance probability = 2.90

250 over-sampling radius shows the highest local significance (scanned 15° to 35°¢ with 5° step) 23



“Hotspot” update from 11 years of data

K. Kawata

e Thereis a marginal excess is seen along the The increase rate of the events inside the hotspot circle

SGP (around the Perseus-Pisces Supercluster)  iS consistent with a constant within =10 fluctuation
at the local significance of ~ 30

o [~oma | PrEliMinaryL 7
wb |[] 20 '
35:_ | | 1o

- |+ B.G
0.
25/

20
15

10

Cumulative events in the Hotspot

"l.l"l FTTITd lll FTITTd I

%" 500 1000 1500 2000 2500 3000 3500
Days

Hotspot from 11 years of TA SD data, from May 11, 2008 to May 11, 2019

E > 57 EeV, in total 168 events
38 events fall in Hotspot (a=144.3°, 6=40.3°, 25° radius, 22° from SGP), expected=14.2 events
local significance = 5.1 g, chance probability = 2.90

250 over-sampling radius shows the highest local significance (scanned 15° to 35°¢ with 5° step) o4



Other studies
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Analyzing the shower structure (curvature and thickness) as
functions of R, 8 and E using 11 years of TA SD data.

Averaged shower thickness, < tr >, are fitted to a linear function,
<IR> =b+aXxR

where a and b are the fitting parameters.

Averaged delay from the plane, < t4 >, are fitted to the function,

R
tg =2.6 x (1+ 3()—m)A x pBm~?][ns]

where, p is the particle density at R. A and B are the fitting parameters.
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Non Imaging CHErenkov array (NICHE)

3 NICHE is a low energy extension of TALE sensitivity in order to measure ~ D. Bergman
: s e the chemical composition of cosmic rays in the energy from 1 to 100 PeV. Y Omura
;::_s B |;‘v‘u": v:'m.‘u':r;: = a N " g la;!PFD
32"@3 0 | \
{ & ’ 8
; \522:5 g b !
N O o o !
R o ‘%'
~ ALO} »o o) .
) . ° N
. I'T E =

14 Cherenkov light detectors (8inch PMT+45°¢ Winston corn), ~ 800 m from TALE FD, 100 m spacing.
Deployment started Sep. 2017, commissioning until Feb. 2019.

. Ground Plot 60 Mirror Plot T vs A Plot
20170921073212_0813da8b N
Rcore = 1057 +/- 24 22000 + 20170921073212_0813da8b
50 - Psi=118.1+/-1.0, Rp=932+/-22, t0=19704
—200 Chi2/NDF = 81.9/40
_ TALE Chi2/NDF = 61.2/32
204 @ 21500 -
£
-g —400 1 = £
= . (7]
4 =30 1 : 21000
< ) 5 i
£ . @ O g 20170921073212_0813da8b f
Z 600 - = SDP ( 0.8772, 0.4643,-0.1219 £
L0 O © 2 20 < ) £
Tube Mean ( 0.3674,-0.4859, 0.7931) °
X % 20500 A
SDP Uncertainty 0.7 deg 2
~800 101
20000 -
[ i1: .
. neclin g wm ol
1000 ' ' T e ' L 10 0 10 20 30 40 50 60
0 200 400 600 800 1000 T T T T ' T -
E of TALE [m] -120 -100 -80 -60 -40 -20

Azimuth (CCWfE) [deg] SDP Angle, chi[deg]

A coincidence event detected by NICHE and by TALE-FD at Sep. 21, 2017. And a hybrid geometry reconstruction
from NICHE and TALE-FD data.
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atus of extension projects




TALE hybrid

TALE-SD detector

TALE-FD

18,

16

400m spacing 40
SDs

600m spacing 40

"y =
é SDs
> 12|
10
' - ]
10 8 6 4 2 0 2 4
X [km]
Middie [ /%
Drum |
! FD °
i & [ g b""gog'v&-' s 0 o
: < B0 6 600 Wil
o;°ooo - ,“5"0
DARESD arrayn s oafssssss

o¢ Secovscce
v .

W escoscssess

TALE hybrid =

low energy extension of TA hybrid
sensitivity down to 1016 eV, with
FDs observing higher elevation,
Densely-arrayed SDs

Precise measurement of the composition :

FD + SD hybrid measurement

TALE-FD : 10 telescopes are in operation
since Sep. 2013

—

nstalled 80 SDs with 400m, 600m spacing
TALE-SD array in operation since Feb. 2018
TALE-hybrid started running at Sep. 2018

Expected specifications of TALE hybrid
Threshold energy E : loge=16.0

Event rate : ~5,000 events/year

A6 =1.0° (FD mono: 5.3

A Xmax = 20 g/cm2 (FD mono : 44 g/cm?2)
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TAx4

In order to Increase
the event statistics@UHE

!
To Increase the coverage from
TA = 700 km=2
!

TAx4 = 3,000km?

SD array of ~3000 km?2
by 500 SDs
with 2 km spacing

_I_

2 FD stations (12 HiRes-ll telescopes)

4 FDs at the northern station
8 FDs at the southern station

TAx4 FD FOV
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TAx4

Feb. 19 - Mar. 12, 2019

257 SDs
6 communication towers

were installed in the site
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Reconstruction efficiency

Number of events (arbitrary unit)
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A site: Platform for next generation

detoctions of ultrahigh-encray ii;;?;ff:l for E U S O - TA
connect to POEMMA

UV band
pass filter

FAST@1/10) »
60 stations

17,000 km?

Next generation detector for ultra-high energy cosmic ray air
shower observation

Developing a low cost FD using Fresnel lens and single pixel
Deployed four CRAFFT detectors at TA FD site.
Test observation : 2017 Nov. 9 ~ Nov. 23 (10 nights, 63.5 h)

OV, of CRAFFT col
stEvent display of TA

Simple gEructure FD
1.4 m2 Fresnel lens

Four CRAFFT detectors deployed at TA FD site. Waveform of air shower
8 inch. PMT at the focus. Recorded by CRAFFT
F.0.V. 8° x 8’ with spacial filter for test observation. v

Originally 12° x 12° w/o spacial filter.

g
CRAFFT (Cosmic Ray Air Fluorescence Fresnel lens Telescope) Y. Tameda (OECU)




TA site: Platform for future

S F. Biscotti for JEM-EUSO collaboration
) UHECR event on May 13, 2015
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TA site: Platform for future

B e Y. Tameda for CRAFFT collaboration
B o (1.4m2 fresnel lens
S i + 8 inch PMT)
o S| X 4 telescopes One of events detected by TA FD & CRAFFT
P — " 2000 “Upper left PFEOV. o CRAFFT compared with 3

e Lower 3skEvent dlsplay of TAFD
n : 2500 | Upper center 1 — e
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Upper right 305
2000 | 1 2 f ]
E) ) 25 .
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O 1500 p s 20F
S g F
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1000 =

500 r Waveform of air shower
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T. Fuijii for FAST collaboration

F AST One of the highest energy events detected by
TA FD, SD and FAST prototype




Summary(1/2)

Telescope Array is UHECR observatory in the northern hemisphere.

Hybrid = Fluorescence Detectors + 700 km2 Surface Detector array

Energy spectrum from 11 year observations by TA SD array
Indication of the declination dependence

TA Low Energy Extension (TALE) FD have measured energy spectrum.

TA FD stereo and hybrid Xmax measurements

Below 1019.1 eV TA hybrid data is found to be compatible with mixtures composed
of predominantly light elements such as protons and helium.

Hot spot from 11 years of data, it is seen in the direction of Ursa Major (post trial 3o
significance). It now appears larger(extended) than we originally thought.
NICHE is in operation since Sep. 2017.
We need much more data at high energy end — > TAx4 is in operation!
Full TALE SD is now on-line! Hybrid observations since Sep. 2018.
Hybrid measurement has extended the energy reach below ~1016 eV
TA site is a platform for FUTURE!
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10th anniversary of Telesc.ape Array‘_ope‘?at’ion -

sz:—ﬂ' waﬂ
Wik ,

at Dec. 19,2018 “

Thank you for your continuous support toward 20th anniversary !
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