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Telescope Array

Hybrid detector

Millard County, UT
39.3°N, 112.9° W,
Alt. 1400m
(~880g/cm? of air)
507 Surface Detector (SD)
counters 1.2km apart
+103 TALE infill array

counters of 400m and 600m
spacing

3 Fluorescence Detector
sites (FD): BR, LR, and
MD/TALE/TAX4MD °



SD Event E>101%eV

primary
Plastic scintillation counters Extensive partiCLe/
sensitive to e, vy, Y4, ... air shower

Time fit -> primary particle
trajectory —t
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TA SD Spectrum (2008/05/11 - 2019/05/11)
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TALE FD Monocular Events

Shower Profile
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Figure 5: A five-telescope fluorescence event. The display panels show the event image (PMT trigger pattern), the reconstructed
shower profile with relative contributions of FL/CL and scattered CL, and the time progression of triggered PMTs.
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Figure 6: A one-telescope Cherenkov event. The display panels show the event image (PMT trigger pattern), the reconstructed
shower profile with relative contributions of FL/CL and scattered CL, and the time progression of triggered PMTs.
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Combined TA Spectrum
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Compare with HiRes
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Compare with IceTop
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ExJ [eVZ xm?2 xsr!xs']

Good agreement up to ~10174eV
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Compare with KASCADE-Grande and Auger
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TA Spectrum Declination Dependence

2008/05/11 - 2015/05/11 (IcRc 2017) * UHECR2016, ICRC2017
1 result that uses 7 years of

- | TASD data
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4 years of independent TA SD data
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Using 11 years of SD data
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« Cutoff energies in
lower and higher
declination bands
now 4.7 o different.

* 4,3 o global chance
probability of the
effect

» Strong evidence of
cosmic ray spectrum
declination
dependence in the
Northern
Hemisphere
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Could it be caused by a systematic uncertainty?

Horizontal Coordinates

Up)

Zenith Angle[ °] (0
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 Instead of looking

North and South
(6<24.8°and §>24.89),
compare equatorial
east and west spectra
averaged over time
(6<24.8° and §>24.8°)

If there are no
systematic biases with
respect to local
horizonal coordinates,
must measure
identical spectra



Result

« Time averaged
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et l : and west
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Ratio

Also: Check Using Constant Intensity Cut
(CIC) Reconstruction Method
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TA SD Full Sky Spectrum
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* Energy spectra

derived by TA
Standard and CIC
methods agree:

their ratio Is
1.00 £ 0.01
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In Declination Bands, Constant Intensity Cut
vs TA Standard Methods
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Summary

« Cosmic ray spectrum measured over 5 orders of magnitude
in energy by TA and TALE

« Detected 5 spectral features

« Strong evidence of the spectrum anisotropy in the Northern
hemisphere (4.3 o global chance probability) at the highest
energies, which cannot be explained by systematic
uncertainties

« Stringent equatorial east/west systematics check performed and
possible systematic effects restricted to +2%

« Alternative model-independent energy reconstruction method used
to cross-check the results, +2% agreements over different
declination bands
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TA, ICETOP, Yakutsk, and Tunka

0 | A + -
X
| oot + |
L K
Ny ‘f o0’
oy
€ 10*|— e TA Combined (2018) —
= L 4 ICETOP (2016) 1 -
> - 5 -
3 - ¢ Yakutsk Cerenkov (2013) -
- [ 4 Tunka-55 (2013) |
> Y Tunka-133 (2013)
T : _
1 I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIII I IIIIIIIII I il 1 11
15 16 17 18 19 20

Iog1 O(E/eV)



E""I""I""l """""" LA LA |""E
F — TA 2008 2015 ;
3 ——- Auger, 2004 - 2016
100~ E
= N .
N: \\ ——/:
ﬁﬁfi- ‘ =
S |
L o
o0 |
10°F <t -
: AN | :
"l ]
o 1
IIIIIIIIIIIIIIIIII I I Llllllllllllllll
90 —70 -50 -30 -10 10 30 50 70 90
o [Degree]

Auger-TA Common Declination Band

First proposed at UHECR
2014

Upper limit of Auger
vertical SD analysis is
5=24.8°

Splits TA data into lower
and higher declination
bands at 6=24.8°

Auger-TA Common
Declination Band consists
of a declination range
(-15.7° < § < 24.8°)
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TA SD Resolution and Sensitivity by
Monte Carlo Simulation
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Comparison of distributions of the data (black points) and
MC (red line)

« Detailed Monte Carlo based on CORSIKA program used
for resolution and exposure calculations

« TA SD Resolution:

« 19% energy, 1.5°angular, E> 10190 eV
« 29% energy, 2.1° angular, 10'85eV < E < 10190 eV
« 36% energy. 2.4° angular, 10'80eV < E < 10185 eV



Monte Carlo check: time fit residuals
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Test the time fit formulas derived from the TA SD data

Each entry = counter, plots are over all counters and over all events
Normalized residual = (counter time — fit time) / Tq

Plotted versus (perpendicular) distance from the shower axis

Data and Monte-Carlo fit in the same way

QGSJET-II.3 proton Monte Carlo 23



Monte Carlo Check: lateral distribution fit

residuals
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Each entry = counter, plots are over all counters and over all events
Normalized residual = (counter p —fitp) / o,

Plotted versus (perpendicular) distance from the shower axis

Data and Monte-Carlo fit to the AGASA LDF in the same way
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DATA and MC chi2/dof
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DATA and MC fitting uncertainties

2000

1000

o, [Degree]

(¢) Fit uncertainty of the event arrival
direction.
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(d) Fractional uncertainty on (fitted)
signal size 800 m from the shower axis.
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QGSJET-I1.3 proton MC Xmax agrees with TA data
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Looking at other hadronic models

SD energy from the hadronic SD energy from the hadronic models
models relative to the FD after normalization at 10'° eV
——— PQGSJET-I.3 ——— PQGSJET-II.3
0.7 ———— —— ——— P EPOS o 03 - ——— P EPOS
ot — P QGSJET-IL4 W —— P QGSJET-II.4
’ ............. P QGSJET-I s " ............. P QGSJET-I
0SE i P Sybill ° 0% S— P Sybill
> ol g L )
HJ--_I 03é= ,,,,,,,,,,,,,, TR R R R R TR R R R R R R L R R af E 015 E
o e T T T L T T T T T T T T T o - C ]
o 02 £ 0.5 :
Lus 0'15-___I._ _______________________ == :E OE E der. rrnnnnl;
o 0; \mro.os;
—0.1f 8 —0.1F ]
[ = = ]
0.2 W _o.15f -
: o o S o N 8} E . . L L L L IE
0349 192 194 196 1938 20 = 024 192 194 196 1938 20
Iogm(E/eV) Iogw(E/eV)

(B.T. Stokes, D. lvanov study made for ICRC-2013)

TA SD results not sensitive to hadronic models above 1019 eV



SD Energy Reconstruction - Standard TA Method
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Secant of zenith angle

* Look-up table made from Monte-Carlo
* Energy (E'™8L) is a function of reconstructed S800 and sec(0)

« (Calibrate to FD using constant scaling factor: EZ; ETBL/1.27



SD energy scale set to FD using hybrid events

s 5 * Energy scale locked to the FD
% to reduce the systematic due to
2 the model
5  Use events well reconstructed
= separately by SD and FD in
e e IO hybrid mode:
TASD, log, (E/eV) .
O O - SD N [BRU LR UMD Hybrid]
o sai _ EFINAL — ETBL / 1 27
« TOP figure: EFINAL yg EFD
scatter plot
» BOTTOM figure: histogram of
- I-n.[E(-TA-H.ybrid)/I.E(TA sD)] EFINAL / EFD ratiO
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S800 [ VEM m?]
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SD Energy Reconstruction - Constant Intensity
Cuts (CIC) Method
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« Attenuation curve from SD data
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* Use reconstruction method
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b @ cross-check SD energy spectrum
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Nonlinearity sources above 10'% eV in TA

Source of Nonlinearity Amount (percent per decade above 10'? eV)

FD missing energy correction 1% +/- 1%
FD Fluorescence Yield Model 1% +/- 1%
FD Atmospheric Conditions 1.7% +/- 1%
SD and FD comparison: 2% +/- 9%

et -0.3% +/- 9%
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Linearity check of SD with FD using hybrid
events: no evidence of nonlinearity
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Comparison of SD energies reconstructed using either QGSJET-II.3 proton
model or Constant Intensity Cut method to FD shows no evidence of
nonlinearity: the slopes of the linear fits are within their fitting

uncertainties.



S800 [ VEM/m? ]

Check constant intensity cuts method
using TA SD Monte Carlo
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LEFT: TA SD Monte Carlo has the same CIC attenuation as
the data

RIGHT: S;, and energy relation is the same in TA SD Monte
Carlo as that between the TA SD and TA FD data



Energy Comparison between Constant
Intensity Cut and Standard TA Reconstructions

B L] I L] L] L] I L] L] L] I L] L] L] I L] L] L] I L] L] L] I L] L] L] I L] L] i Entries 3684
20.2f - Mean 0.008263
= 3 -
20k PO RMS  0.03487
.2 19.8[- - E
o | : E
" 19,61 E -
o | . =
o A - ]
g 14t ; E
19.2F- - E
19-F _- L1 11 I L1 I-I"-I_ [ | I L 1 1 I Ll 1 1 I L1 I
1 Igl L L 9' 2' L L 9'4' 1 igl 6' L iglsl L |2|0| L |20I 2' L ] .2 _0115 _0l1 _0l05 0 0-05 0-1 0-15 0-2
1 19. 19. . . .
10 Standard

Individual event energies reconstructed by the standard TA
and the Constant Intensity Cut methods agree at ~3% level
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Check of FD energies

« Maximum possible

| non-linearity effects of
- atmospheric conditions
(0.9%idecads are 1.7% per decade

0.1

ﬂl)

] ® VAOD=0.040

/E

g
E-O.OB

=
~ 0.06

-l m VAOD=0.034
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More FD checks

- reconstructing TA data with Auger FY

E(Auger-FY)/E(TA-FY) - | = - 14%]

AE/E = -14%

I S S N A PR S S S S

17.5 18 19.5 20

18.5 19
Logm(Em_FYfeV}
— 25
S [ == Auger
= r
‘K“E ’)0__ hooaaan TA
W =
= =

15—

10F

5

0_\I‘III\|\III‘I\Ill\l\l‘l\l|I\I‘I\

175 18 185 19 195 20 205
10g10(E [eV]D

; - reconstructing Auger data with TA FY
mf'. 0141 AE/E = +12%
) maf— * e o
0.12 *
- ¢ .
0.11— +
0.1 E(TA-FY)/E(Auger-FY) — 1 =+12%
I N B IR L

17.5 18 18.5 19 19.5 20
log (E /eV)
=10 Auger

UHECR 2016: It was shown
that non-linearity effects of
the fluorescence yield and
missing energy correction are

within 1% per decade above
1012 eV
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Declination Dependence of the Spectrum
Without the TA Hot Spot

E3 x Differential Flux « Exclude a 20° region around
A oSS B TA Hot Spot

_ ____________ . RA,DEC=(] 4840,4450)

= | -1 < Result: second break points

. o it e\ ................. Jod - . 19.59 = 0.06 (below 24.8° in declination)

NS 3 . 19.81 + 0.04 (above 24.8° in declination)

IR TR S S N[
: N

- o W ||| ] * Consistent with what we've
...... NN found previously but the
------ Lo INGE L 3 difference is less significant

19 19.5 20 20.5
log. (E/eV) (~3 oinstead of 3.9 ¢)
10

Using 7 years of TA SD data 38
(2008/05/11-2015/05/11)



E2J(E)/ (eVZm2sris?)

E3J(E)/ (eVim2srist)

Remaining difference with Auger in the
common declination band

(7 years SD data)

 TA and Auger spectra can be

brought to agreement after a
; correction of Auger energies by
. asptsge 520 NEEE +10%, and TA energies by -10% per
\-\\ ] decade, starting at 1079 eV.
o ‘ « Second break points of Auger and
- ; TA would then be (log,, (E/eV)):
R T BV SN (Y- Y- R R R 19.58 +/- 0.03 for Auger and 19.56
log, (E/eV) +/- 0.06 for TA

 TA energy estimation nonlinearity
evaluated as -0.3 +/- 9% above
10! eV and spectrum has been
checked using two different
reconstruction methods.

1 024

Auger SD, -15.7° < 5 < 24.8
(E rescaled by +11%

and +10% / decade)

L ]
TA SD, -15.0° < § < 24.8° NN
(E rescaled by -10%/decade) T
[¢]

19 19.2 19.4 19.6 19.8 20 20.2 20.4
Ic)g1 D(E/eV)



Q. What about the TA and Auger full sky spectra (not just in
common declination band) when + 10% correction is applied

to TA and Auger in opposite directions ?

(7 years SD data) ngher declination band TA
""""""""""""""""""" AAAREARN) MEAAAARE) RRAARAAAR) SRR R AL LA LA R RALRLER R
Fu|| -sky TA i | i
NIE 1070 E ‘}IE 24
> n TA SD, -15.0° < & < 90° (Full Sky) o OTF B
- (E rescaled by -10%/decade) > - TA SD, 24.8° < § < 90° 7
my ] g : (E rescaled by -10%/decade) :
5 Auger SD, -90° < § < 24.8° (Full Sky) ¢ \_ m i ]
U (E rescaled by +11% = o o
. | andef:: /e/ dzcade) \_ ,.; " ‘?E”r%es’cg’lg& fy°+1<13 <24.8 .
T L BTV B T S T-Y- BT R 505 504 - and +10% / decade) \-
log, (E/eV) g 0 0
Common decllnatlon band TA log, (E/eV)
""""""""" AL RS LA RS LA RR) LR AR . .
[ ] « Small difference in full sky TA and Auger
A spectra persists because TA and Auger view
‘? different skies and there is an evidence of
' E declination-dependent anisotropy in TA.
r TA SD, -15.0° < 5 < 24.8° E
= (E rescaled by -10%/decade) . ..
@ « The difference becomes more visible when
SD, -15.7° < & < 24.8°
o E macaled by sitne N0 one compares Auger full sky spectrum to
nd +10% /d de) -
o TR o 1 the TA spectrum above 24.8° degrees in

19 19.2 19.4 19.6 19.8
Iogm(E/eV)

- For the TA - Auger spectrum working comparison purposes we use TA
spectrum in the TA-Auger common declination band (-15.7°, 24.8°)

204 declination.
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Result robust after nonlinearity shifts up to
+20% per decade of energy

[ Original result |

2/ ndt

const

T Pl
{) P2

log10Eb

7.643/16

1.94 £ 0.07798
-2.728 +0.05988
-6.09 +1.555
19.85 + 0.03051

E3J(E)/ 10%*[eVim2sris™]

1 -
¥ | ndf 9.008/ 16 ]
const 1.836 + 0.09788 -1
[ pl 2.601 + 0.08935 \ :
p2 4.07 +0.4320 ]
[ log10Eb  19.59 = 0.06759 7
NI Y RN RS P P L
19 192 194 196 198 20 20.2 204
log_ (E/eV)
10
| Adding +20% nonlinearity | [ /ndt 7.585/16
const 1.943 + 0.07813
10 ! UL I -2.597 + 0.05526
[ p2 -5.742 + 1.445
- log10Eb 19,92 + 0.03282

E3J(E)/10** [ eVim2sris]

%2 / ndf 9.031/16
const 1.837 = 0.09801
pl 2.478 + 0.08246
1 [ p2 3.858 + 0.4019 N
[ log10Eb  19.64 + 0.07195 ]
-I...I...I...I...I...I...I\..-
19 192 194 196 198 20 20.2 204

Iog1 l:’(E/eV)

| Adding -10% non-linearity | [ /naf
L I T I L ;:’“St
i "
(;) log10Eb

E2J(E) /10 [eVZm2sris]

7.621/16

| Adding +10% nonlinearity |

1.941 + 0.07803
-2.809 + 0.06265
-6.345 £ 1.631
19.81 + 0.02908

| |
(7]
o
(/4]
o
! E
o
1l %2 | ndf 9.013/16 o i %
- const 1.836 + 0.09792 u e
L | P 2,675 + 0.09349 \\ i ]
- | p2 4.223 + 0.4538 1 o
et
[ | log10Eb  19.56  0.06413 1 -
_ N\ | =
S
_ NI
M o«
\ ¥
| IFEPEPE EPEPEPE EPEPEPE EPEPEP EPRPEE B | L
19 19.2 194 196 198 20 202 204
Iogw(E/eV)
| Adding -20% nonlinearity | [/ndt 7.542/16
const 1.945 + 0.07818
e LA I I 2 -2.905 + 0.06583
i p2 ~5.696 + 1.728

E3J(E)/10#* [eVim2sris™]

-t

log10Eb  19.77 1 0.02732

[ ¥2 | ndf 9.024 /16 -E
L | const 1.838 + 0.09807 b 1
[ | p1 2762 + 0.09624 1
M| p2 4.429 = 0.4804 I
[ | log10Eb 19,54 = 0.05939 \ I
I...I...I...I...I...I..I.\.LI
19 19.2 194 196 198 20 20.2 204
Iogw(E/eV)

%2/ ndf 7.626 /16
const 1.941 + 0.07802
p1 -2.658 + 0.05743
p2 -5.895 + 1.495

log10Eb

19.88 + 0.03175

9
%2 | ndf 9.013/16
1 const 1.836 + 0.09792 -
- pl 2,535 + 0.0857 i
[ p2 3.951 + 0.4158 \
i log10Eb  19.61 + 0.07011
NS S T B T T
19 19.2 194 196 198 20 20.2 204

Iog1 l}(E/eV)

O 24.8°<6<90°

® -15°<6<24.8°

(7 years SD data)
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