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TELESCOPE ARRAY
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TELESCOPE ARRAY

Telescope Array Detectors
Surface Detector Array (3/2008)

* 507 Scintillator Counters
* 1.2 km spacing

* 3 m?area

e ~700 km?

Fluorescence Telescopes (2007)
e 3 Stations
e 12-14 Telescopes
 3°-31° elevation

Cover SD Array
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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

Same SD design as TA
Since 3/2018

40 SDs with
400m spacing

40 SDs with
600m spacing

Comic Rays the Multimessenger Era 2022

TALE

TAx4 South

30'km

MD Telescopes

50 Kilometers

22 Apr 2019 S. Thomay

Dept. of Physics Univ. of
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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
e 4 telescopes viewing NE
lobe (since 06/2019)
» 8telescopes viewing SE
lobe (since 08/2020)
 3°-17° elevation

Helicopter
SD Deployment

Cosmic Rays in the MultiMessenger Era 06 December 2022 7
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Segmented mirrors

256 hexagonal PMTs/camera

1 pixel views ~1° of sky
UV band-pass filter
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EVENT RECONSTRUCTION

* |n fluorescence we see the
shower sweep across the mirror

e Reconstruct Shower-Detector
Plane

* 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

Cosmic Rays in the MultiMessenger Era
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Cosmic Rays in the Multi

SCINTILLATOR SURFACE DETECTORS

3

 1.25 cm thick, 3m? area

* Optical fibers to PMTs
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Scintillator Detectors
on a 1.2 km square grid
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EVENT RECONSTRUCTION

e Use counter location and

timing to locate shower core
and direction

N
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* Fit counter signal size to find
lateral distribution
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ENERGY SPECTRUM
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ENERGY SPECTRUM

7 .
F e TA Combined (ICRC 2019)

[ 4 HiRes(2008)

- ¥ HiRes-ll (2008)

pl s Los a1y 100 [FE AR RN [FEEEEEEE N [T EEEEE N 1 L
15 16 17

Log (E (eV)) E,
=19.81 =0.03

Log (E (eV)) Ankle
=18.69 = 0.01 L |

- TASD 11 years data s 1L
|

2 aaaaaaaala raaaalasassssasasaldlasasasaasaaalaa L v KASCADE.Grande (2012)

18 18.5 19 19.5 20

Iogm(E/eV) 7 2

Iog1 (E/eV)
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ENERGY SPECTRUM

Declination dependence in the ,.mw.,.;;
TA SD spectrum ™%
* Difference of the cutoff £ o TA Combined (ICRC 2016)
energies Of energy SpeCtra Auger 2017, E rescaled by +10.2%
Q |Og(E/eV) =19.64 =+ 0.04 for KASCADE-Grande (2012)
lower dec. band (-16°-24.8°)

17 18

* log(E/eV) = 19.84 % 0.02 for log, (E/eV)
higher dec. band (24.8°-90"

* The global significance of the
difference is estimated to be 188 19 19.2

19.4 196 19.8 20 20.2
log (E/eV)

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

Cosmic Rays in the MultiMessenger Era 06 December 2022 18



THE INSTEP FEATURE

Feature first seen in Auger data

Combined fit of TA SD, TA
Monocular, and HiRes data finds

the feature with 5.3c significance

J(E) x E* [km? yr!sr!eV?]
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spectral index + o
Y, = 3.29 £0.02 £0.10
Y,=2.51£0.03 £0.05
/‘ =3.05 £ 0.05 £ 0.10
Y= 5.1+03 £0.1

IIIIII|

[~ A. Aab et al. (Pierre Auger Collab) ¢
| Phys. Rev. Lett. 125, 121106
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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,y(E/eV) = 16.22(2) | TA SD (2019)
« 2" Knee: log,,(E/eV) = 17.04(4)
* Ankle: log,y(E/eV) = 18.69(1)
* Cutoff: log,y(E/eV)=19.81(3) TA Combined (2019)

Mﬂ

#1'
cosny s o +++

TALE Monocular (2017)

Peter’s Cycle? : 106 —-10171eV

17 18
Iogw(E/eV)
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North [km]

NEW RHIGHEST EVENT DETECTED BY TA

& 2021/05/27 10:35:56.47, No FD observation
E=243.6 £ 10.7 EeV, § = 38.6°, p = 206.8° -

(£ =242.8 EeV with the atmospheric energy correction) -

| pvs dist. from shower axis |

TA SD map: data event

15 zen:38.13, azi:207.44
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SD event->Date:20210527 Time:103556.474337
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DIRECTION IN THE SKY-MAP
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CHEMICAL COMPOSITION




COMPOSITION ANALYSIS WITH TA HYBRID XMAX

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

data ] data sys. data
QGSJET II-04 proton as] proton sys. QGSJET 1I-04 proton
QGSJET I1-04 helium (7] helium sys. QGSJET 11-04 helium
QGSJET II-04 nitrogen QGSJET 11-04 nitrogen
QGSJET II-04 iron \ QGSJET 1I-04 iron

“7/) data sys.

92 events
—e— 51events

182 183 184 185 186 18.7 188 18.9

* Energy Range: 10182eV —101°%1eV

* 3560 events after the quality cuts

e Systematic uncertainty of <Xmax>: = 17 g/cm?

* QGSjetll-04 interaction model was compared with the data
— agreement with light composition

06 December 2022



HYBRID COMPOSITION

1019 > E > 10192 eV

1019.2 >E> 1019.4 eV

“Data Box

780 800
<Xpnax> (9/CNP)

780 800 820
<Xpnay> (9/CNF)

9.5 yrs of data
Adding even 5 years of TAx4 data will significantly improve separation

Cosmic Rays in the MultiMessenger Era 06 December 2022 26



HYBRID COMPOSITION

780 800
<X__ > (g/cn?)

max’

800 820
<X__ > (g/cn)

max

780 800
<Xpnax> (9/CNP)

800 820
<Xpnay> (9/CNF)

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

* Detailed measurement of
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

QEE
* Getting heavier

* Elongation rate fit
e Break at 160 PeV, 2" Knee
* Getting lighter above that

Cosmic Rays in the MultiMessenger Era

TALE Mean X,,., VS energy

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

s2 =62.30 +4.36

bp =17.20 + 0.03

$1=34.61+0.30 PRELIMINARY

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

18 18.5

19 19.5
log,  (E [eV])

Fraction

o
1

TALE Measured Primary Fractions [EPOS-LHC]

17.5 18
log,, (E [eV)

17.5 138
Ingl“(E [eV]D)
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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 II1-04 TA SD, QGSJET [I-03 »=—
Auger SD delta 750m, QGSJET II-04 —l— Auger SD muon XMAX, QGSJET II-03 il
Auger SD delta 1500m, QGSJET 11-04 A Auger SD risetime asymmetry, QGSJET [1-03 »—&—

Fe

= e |
N OF Y

N

— -
—_— —

X
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ANISOTROPY

Galactic plane

The TA hot-spot yvith 12 years of data E> 57 EeV ‘ Supergalactic gi{aTnE
e 179 events with E>57 EeV . Max. Sig.  #

* 40 events in hot-spot, 25° circle,
local 4.56 significance, 3.2c global
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ANISOTROPY

TA Hot Spot announced 2014 in data First five years:.5c.% " ‘”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 4.56 significance, 3.2c global

The original brightness seems to not

be sustained

e Still significantly higher than
background

e Growth rate consistent with linear
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ANISOTROPY

At lower energies (E> 40 EeV) see a

new excess

* |nthe 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

Cosmic Rays in the MultiMessenger Era
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Galactic plane

- Supergalactic plane
2MRS galaxies
Perseus-Pisces SC
Max. Sig.

PPSC center.

20
Right Ascension (deg)

¥ -

Significance

Galactic plane
Supergalactic plane
FOV of TA

Max. Sig.
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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)

* QObservation 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 101> — 10*® 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
* Complete TAx4 and take more data!!

Cosmic Rays in the MultiMessenger Era 06 December 2022
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Comparison of TA and Auger (+8.5%) Spectra

18.5 19 19.5
I::)g1 u(EfeV)
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