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Telescope Array
Delta, Utah, USA. ~1400 m a.s.l. : =  HrSeptembey2022
Collaborators from HiRes, AGASA and other institutes




TELESCOPE ARRAY

CRIS 2022
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TELESCOPE ARRAY

Telescope Array Detectors

Surface Detector Array (3/2008)
e 507 Scintillator Counters
1.2 km spacing
* 3m?area
e ~700 km?

Fluorescence Telescopes (2007)
* 3 Stations
* 12-14 Telescopes
* 3°-31° elevation
* Cover SD Array

CRIS 2022

TAx4 North T e - Middle Drum

TALE

TAx4 South

30 km

------

.5:.. &

----
nnnn
ssss og
-----
.....
.............

...... 14 September 2022

20 30 40 50 Kilometers

22 Apr2019 S. Thomad]

Dept. of Physics Univ. of




TELESCOPE ARRAY

TA Low Energy (TALE)

Fluorescence Telescopes

* 10 new telescopes

* 31°-59° elevation

e With main TA 14: 3°-59°
e Since 9/2013
Scintillator infill array

* 400 & 600-m spacing

e Same SD design as TA

e Since 3/2018

40 SDs with
400m spacing

40 SDs with
600m spacing

CRIS 2022
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TELESCOPE ARRAY

TAx4

Expanded Surface Array
e 2.08-km spacing
e SDs similar design as TA
e 257 of planned 500
deployed (operational
since 11/2019)
Fluorescence Telescopes
4 telescopes viewing NE
lobe (since 06/2019)
8 telescopes viewing SE
lobe (since 08/2020)
3°-17° elevation

CRIS 2022

- e liw

Helicopter
SD Deployment

TAx4 South

30 km

14 September 2022
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TELESCOPES

ve
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* Segmented mirrors
* 256 hexagonal PMTs/camera
* 1 pixel views ~1° of sky

« UV band-pass filter

CRIS 2022 I 14 September 2022 8




EVENT RECONSTRUCTION

* In fluorescence we see the
shower sweep across the mirror

8 10

e Reconstruct Shower-Detector
Plane

Altitude Angle (degrees

* Fit time-vs-angle to get geometry
(For hybrid add in SD times giving
much more lever arm for fit)

e Reconstruct size of shower vs
depth

Fluorescence
Direct (Cerenkqv)

*FRayleigh scatt. | |
wr-Aerosol scatt,

2
Flullphol'gns f%n de%ee)]

R

~J 80 800
Angle in shower-detector plane (degrees) Slant Depth (giem?)

CRIS 2022 14 September 2022 9




SCINTILLATOR SURFACE DETECTORS

2 layers scintillator

e 1.25 cm thick, 3m? area

» Optical fibers to PMTs 14 sepidnicig RN

CRIS 2022




Scintillator Detectors
on a 1.2 km square grid
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EVENT RECONSTRUCTION

Use counter location and
timing to locate shower core SoTmerE]Ge
and direction Time [4.5]

ometry Fit (modified Linsley)

Fit counter signal size to find
lateral distribution

S800: Signal size at 800 mis
the energy indicator

L 1 1.05 Lo 5\ o
' *“( T 12x 10~*m) ( o 301n>
1 1 1 Il
-1 [] 1 2
Distance along shower axis on the ground, [1200m]

Lateral Density Distribution Fit

[ I IIIIIIIIIIIII|IIIIIIIIIIIIII|IIII|IIII|IIII|

1
-2

o~ 107

Scaled to the calorimetric
energy/FD, E/1.27

-
(3]}

Charge Density, [VEM/m

Perpendicular dit.gm:e from shower axis, [1200m]

1 1 1 1 1
7 8 9 10 11
[1200m] —

5\~ 5\ -0O)-12) E
r=Alrm) (o) O o) )

1(0) = 3.97 — 1.79 [sec(d) — 1]
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EVENT RECONSTRUCTION

* Use counter location and
timing to locate shower core
and direction

* Fit counter signal size to find
lateral distribution

* Signal size at 800 m, S800, is
the energy indicator

10

log, (S800)

* Use S800 and zenith angle to
look up energy (from CORSIKA-
produced table)

* Hybrid fluorescence provides
energy scale: E; = Eq5,/1.27

CRIS 2022

TA Hybrid, log_ (E/eV)
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KM : 2019/05/02 07:07:03.826151 .
Time, [uS]
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ENERGY SPECTRUM




ENERGY SPECTRUM
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Log (E (eV)) E,

= +
Log (E (eV)) Ankle 19.81 +=0.03

=18.69 = 0.01

ol
- ] TA Combined (ICRC 2019)
L 4 HiRes (2008)

r v HiRes-Il (2008)

Iogw(E/eV)

4 f—
F ® TACombined (ICRC 2019)

[ ] Auger 2017, E rescaled by +10.2%

r v KASCADE-Grande (2012)

Iog1 (E/eV)
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ENERGY SPECTRUM - I d
TA Energy Spectrum : ) _ R i
TAx4 1-year spectrum superimposed 3. ‘; _
Auger data (south) appears to drop h
off ~10196 eV, Telescope Array , g 100 | |
(north) sees a higher energy 10%°:8 eV N TA 2019 {
o
1-year of (half of) the TAx4 v TAx4 2021
expansion, data looks like it supports X

the higher GZK threshold in north Auger 2020

]
[ERY
(0]
1

TASD 11y~

IR AR

410t TAx4 SD 1 year data |
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ENERGY SPECTRUM

Declination dependence in the s =
TA SD spectrum e
* Difference of the cutoff E oo 1A Combined (R 2010
energles Of energy speCtra Auger 2017, E rescaled by +10.2%
O |Og(E/eV) = 19.64 i 0.04 for KASCADE-Grande (2012)
lower dec. band (-16°-24.8°)
* log(E/eV) = 19.84 = 0.02 for " og, (EreY)

higher dec. band (24.8°-90)

* The global significance of the
difference is estimated to be

* Oran Energy Dependent
correction (10%/decade E)

CRIS 2022
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THE INSTEP FEATURE [
Feature first seen in Auger data ;

=

=)
Combined fit of TA SD, TA G0
Monocular, and HiRes data finds S
the feature with 5.3c significance S 00
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251+0.03 2.63+0.02
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ENERGY SPECTRUM

Combine TA SD spectrum (11 years)
with TALE FD monocular (22 months)
to get CR spectrum covering 5 orders-
of-magnitude

* Knee: log,,(E/eV) ~ 15.5
LE ankle: log,,(E/eV) = 16.22(2)
2"d Knee: log,,(E/eV) = 17.04(4)
Ankle: log,,(E/eV) = 18.69(1)
Cutoff:  log,,(E/eV) =19.81(3)
Peter’s Cycle? : 1016 —10171eV

CRIS 2022
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SD event->Date: 20210527 Time: 103556.474337

= 2021/05/27 10:35:56.47, No FD observation —
E=1243.6 £10.7 EeV, 0 =38.6°, p = 206.8° - —
(£ = 242.8 EeV with the atmospheric energy correction) -
TA SD map: data event [ p vs dist. from shower axis |
3 e - o
10958:2,72999 Z o
g Distance from shower axis, [1200m] :g _ j: E;
g I Residuals vs dist. from shower axis 125 -
- ;E 30 - L o g
3 = ;
;.;

East [km]

3.5 e
Distance from shower axis, [1200m] rel. time|us




DIRECTION IN THE SKY-MAP

Equatorial
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CHEMICAL COMPOSITION

14 September 2022
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COMPOSITION ANALYSIS WITH TA HYBRID XMAX

10 years SD and FD hybrid data
Mean Xmax o (Xmax)

data [X] data sys.
QGSJET I1-04 proton = proton sys.
QGSJET 104 helium [ helium sys.
QGSJET II-04 nitrogen

QGSJET II-04 iron

data
QGSJET 11-04 proton
QGSJET 11-04 helium
QGSJET 11-04 nitrogen
¢ QGSJET II-04 iron
data sys.

°oy
KAE

|\I\IIHII‘IH]‘II\I'I\IWHI\II\II

30

TTT

p il p e e g p ]y m oy ilite e p | pe g 20’7“"""“\"‘\ Ll ]

%
S5
4

92 events

S

*— ,,ééﬁ —e— 51events

e

186 187 188 189 19 191 182 183 184 185 5 7 188 189
log (E/eV)

Energy Range: 10182eV — 101°1eV

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

19 _ 19.1
log, (E/eV)
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HYBRID COMPOSITION

1019 >E> 1019.2 eV 1019.2 >E> 1019.4 eV
90

80 “H
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9.5 yrs of data

Adding even 5 years of TAx4 data will significantly improve separation
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HYBRID COMPOSITION

1019 > E > 10192 gV
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Adding even 5 years of TAx4 data will significantly improve separation
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TALE FD XMAX STUDY

TALE Bias Corrected X,,,,, [EPOS-LHC]

—u TALE <X,,,, using Fit fractions
— EPOS-LHC proton

— EPOS-LHC 1ron

— EPOS-LHC helium

— EPOS-LHC CNO

TALE Measured Shower X,

s TALEX,,,
« BRI/LR Hybrid (ApJ 2018)
__ Fitto TALE X

max

it

|TITI|]III|TTII|IIIT]IT

|lIIl{[llIllT[llllll]llllII

IIIIIIIIIIIII|II|||||||I||||I||||I||||||| TlllllII[JlllIlllllllillllll]]lllllllll|l
16 16.5 17 17.5 18 185 19 19.5 15 155 16 16.5 17 17.5 18 185
log, (E [eV]) log (E[eV])
Table 2. Fit parameters to a broken line fit to TALE Xax Figure 22. Bias corrected X,.x using EPOS-LHC fit
elongation rate. The upper set of measurements are for the fractions and the unbiased EPOS-LHC MC prediction for
EPOS-LHC, the lower set is for QGSJetll-03. Uncertainty
reported as value & Ostar. + Osys. — Osys. -

U
55

the mean Xpjax of the four primary particles used in the
analysis. These results include a first order correction to the
EPOS- | break point | 17.291 +0.060 + 0.077 — 0.084 detector acceptance bias.

LHC slope before 35.863 +£0.294 + 1.481 — 0.536
slope after 65.413 £6.655 + 0.000 — 3.269
QGH.]M- break point 17.310 £0.049 4+ 0.052 — 0.179
11-03 slope before | 35.784 £0.298 + 1.337 — 0.667
slope after T70.860 +=6.508 + 0.000 — 11.387

14 September 2022




COMPOSITION

TALE Measured Primary Fractions [EPOS-LHC]

* Detailed measurement of TALE Mean X, vs energy
composition from 2 PeV to 2 EeV
e Using TALE with Cherenkov-light
dominated events
« ApJ 909 (2021)178
* Fit to four species
* Reduction in protons above the
Knee
* Getting heavier
* Elongation rate fit
* Break at 160 PeV, 2" Knee
* Getting lighter above that s1=34.61+ 030 PRELIMINARY

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

Fraction
o
r

® TALE Xmax (ICRC 2021 Update)
= BR/LR hybrid (ApJ 2018)
— Fit TALE Xmax

2 Fractions corrected for acceptance bias
el PP

55 16 165 17 175

1 n 1
18
log,, (€ [V)

$2 =62.30 + 4.36
TALE Measured Mean log(A) [EPOS-LHC]

bp =17.20 £ 0.03 CNO

l\ll]!lllllllll!llllll

llllllllllllllllllllllll

1
16 16.5 17 17.5

175 I8
log,, (E[eV])
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COMPOSITION

* TA SD composition: BDT analysis using 16 composition sensitive signals (12 years: 2008—2020)
* Find light, unchanging composition above 1 EeV, with two different high-energy interaction models

TA SD, QGSJET I1-04 i TA SD, QGSJET 1103 —3—
Auger SD delta 750m, QGSJET 1I-04 Auger SD muon XMAX, QGSJET I1-03 »—l—
Auger SD delta 1500m, QGSJET I1-04 A i Auger SD risetime asymmetry, QGSJET II-03 »—&—

19 . . 19
log1g E, eV logqg E, eV

CRIS 2022 14 September 2022




ANISOTROPY STUDY




ANISOTROPY

Galactic plane
Supergalactic plane

The TA hot-spot with 12 years of data E> 57 EeV . 2 e
* 179 events with E> 57 EeV i Max.Sig. #
* 40 events in hot-spot, 25° circle,

local 4.56 significance, 3.2c global

CRIS 2022 14 September 2022




ANISOTROPY

TA Hot Spot announced 2014 in data First five years: 5. - “a, =~ Last seven years:-2.3c

E>57 EeV (ApJ 790 (2014) L21)

Now with 12 years of data

e 179 events with E > 57 EeV

* 40 events in hot-spot, 25° circle,
local 4.5c significance, 3.2c global

The original brightness seems to not

be sustained

 Still significantly higher than
background

* Growth rate consistent with linear

hotspot

Cumulative # of events inside the
5 5 .

CRIS 2022 14 September 2022 33




Number of Events

Comparison between
the averaged spectrum and
the directional spectrum

SPECTRAL ANISOTROPY AT HOTSPOT

~

‘ Anti<GC

180 0

--------------- RANded)™ "~/ "gF ~~~f----~
GC*

* Inside (On)

= Qutside (Off)

S 019.2 eV
3.7c post-trial significance

19.4 19.6 19.8 20 20.2
Events: 352 Energy Iogm(EleV)

6

- N w f-N (3]
o (Local Significance)

o
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ANISOTROPY

Galactic plane

At lower energies (above 40 EeV) see E> 40 EeV . Supergalactic plane

a hew excess J Max. Sig.
* |n the direction of the Perseus-

Pisces Supercluster -

\ 30°

CRIS 2022 14 September 2022




ANISOTROPY

At lower energies (E> 40 EeV) see a

new excess

* In the direction of the Perseus-
Pisces Supercluster

Significance is still being worked out,

will be greater than 3o and less than

50

* Considered these energies
motivated by TA-Auger energy
spectrum difference
Have to calculate the penalty
factor carefully

CRIS 2022
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35<= Distance (Mpc) < 100

T T
Galactic plane
« Supergalactic plane
2MRS galaxies
Perseus-Pisces SC
Max. Sig.
PPSC center.

= . NGCTFI

- R'Nao7sis
TR

Significance

Galactic plane
Supergalactic plane
FOV of TA

Max. Sig.

\ 30°
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SUMMARY — RESULTS FROM TELESCOPE ARRAY

Spectrum

e Spectrum measurements over >5 orders-of-magnitude in energy

* TAx4 has begun to measure and make a contribution to the TA spectrum >10 EeV

* TA finds a significant difference in its own spectra above and below 25° declination (agrees with Auger in
overlapping region)

* Observation of the “instep” feature

High Energy Event Observed
* New high energy event: 2.4x10%° eV - Approaching Fly’s Eye (1991 OMG) particle energy: 3.2x10%° eV

Composition

* Light-heavy-light pattern in 10> — 108 eV energy range using TALE (w Cherenkov)

* Appears Light and Steady for E> 108 eV

Anisotropy

* Hotspot persists, but significance not increasing very quickly

* New significant excess at slightly lower energy in conjunction with the Perseus-Pisces Supercluster

Future
* Need to Improve statistics especially for Anisotropy and Composition measurements
e Complete TAx4 and take more data!!
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ANISOTROPY

At energies above 8.8 EeV
* Look for dipole (a la Auger)
e TA12-yrresult:
Ty = 3.1%; ¢, = 134°
* Auger 2017 result :
Ty = 4.7%; ¢, = 100°
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