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Outline

e Latest Hybrid Xmax measurements from TA FD
— Xmax Distributions vs MC simulation for 4 pure primaries
— <Xmax> vs LogE

— o(Xmax) vs <Xmax>
— Interpretation of Results: Shape Analysis

* Anisotropy
— Global anisotropy
— Hotspot
— Coldspot
— Large Scale Structure
— Anisotropy in the spectrum
— Small scale Anisotropy

e Ralph says | have to show the TALE spectrum
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Telescope Array
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507 scintillation counters surface detector (SD): Area: ~700 km2.
3 fluorescence detector (FD) stations
In operation since 2008
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Refurbished
from HiRes-I

14 telescopes@station
256 PMTs/camera

Observations
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Latest Composition: FD Xmax;

shower geometry: timing fit including S

Event

Display:

SD

Event

Display:

FD
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| Event: 2014-01-22 04:42:34.391175 |
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(¢) Fluorescence detector display.
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(b) Time vs angle fit.
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Xmax Distributions vs MC
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Xmax Distributions vs MC
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Xmax Distributions vs MC
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<Xmax> vs logE
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Interpretation of <Xmax>?
Extrapolation Uncertainties for <Xmax>

Ulrich, Engel and Unger arXiv:1010.4310v1 [hep-ph] 20 Oct 2010)
Thomson and Abbasi, arXiv:1605.05241v1 [hep-ex] 17 May 2016)

<Xmax~> <Xmax>
Model uncertainty uncertainty
107eV 10195eV 000
QGSJetIIi03 CORBSIKA Prediction
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Uncertainty at 250 TeV (= 10%°- eV) encompasses all the
models at the + 1o level; smaller at 1017 eV.

But the uncertainty is less for RMS(Xmax).
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Data/MC: o(Xmax) vs <Xmax>
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Dots: Resampled MC with same no. of events as data; with contours
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Data/MC: o(Xmax) vs <Xmax>
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Data/MC: o(Xmax) vs <Xmax>
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Shape Analysis: 15t bin
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Likelihood function, L (logL is shown), is constructed for the data against the
MC event set (fitted to a Gaussian + exponential tail), vs. shift AXmax in data

logL is interpreted as a measured of how much the data resembles the MC
Max value of logL is a measure of how much the shifted data resembles MC
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Comparing Shifted data to MC
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e Likelihood function, L (logL is shown), is constructed for the data against the
MC event set (fitted to a Gaussian + exponential tail), vs. shift AXmax in data
[ ]

logL is interpreted as a measured of how much the data resembled the MC
e Max value of logL is a measured of how much the shifted data resembled MC
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Compare Shifted data to resampled MC
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e Resample MC (same no. of events as data in each resample)
 Find AXmax from max. logL. The max value of logL is then histogrammed and
the resulting distribution is fitted to a Gaussian — interpreted as a PDF
[

TA Jan

Find p value that one of the resample gives max. logL further away from data
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Repeat for each energy bin: Result

proton helinm nitrogen iron
energy AXpax p-val AX |« p-val  AX | ax p-val AX,a. p-val
18.2-18.3 290+2 0.32 7T+2 — —19+x1 — —41+1 —
18.3-184 30+£2 059 6+£2 2x107¥® —19+1 — —43+1 —
184-185 19+2 050 —24+2 9x107'1 —284+2 — 5341 —
185-186 19+2 0.65 —2+2 2x10711 3342 — —5442 —
18.6-18.7 22+3 038 —1+3 Bx10°7 —254+2 — —=bH2 42 =
18.7-18.8 204  0.55 243 6x107% —24+3 — =h3£2 =
18.8-189 204 097 2+ 3 0027 —27+3 3x10% —51+2 —
189190 2145 0.30 1+5 0.0010 —254+4 1x 10714 —42+43 —
19.0-19.2 105 098 —-T7+4 0059 —34+4 1x107° —57+3 —
19.2-194 268 0.98 9+ 8 093 —18+7 0.71 —50+£5 0.027
19.4-199 19+8 098 —-3+£8 093 —-23+£7 0.81 —-50+£6 0.26
“—": p-value < 7.6 10724 (significance > 100). X,,..

E<1019-0eV shifts are measured in g/cm?2.

* max. logL derived p rejects (at 95% C.L.) all species except H

E>1019-2eV

* max. logL derived p FAILS to reject (at 95% C.L.) any species

TA Jan 23, 2018
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p-value

Color indicates
the amount of
shift in Xmax
applied to data for
best fit to MC

(in g/cm?)

QGSJet I1-04 proton
QGSJet 11-04 helium
QGSJet 1I-04 nitrogen
QGSJet 1I-04 iro

_____________________________________________________________________________________________________________

1072

< > B o

-3 | I
10482 18.4 18.6

Iogw(EleV)
E<10%°-%eV
* max. logL derived p rejects (at 95% C.L.) all species except H
E>10%2eV

* max. logL derived p FAILS to reject (at 95% C.L.) any species
TA Jan 23, 2018 19
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Supergalactic Coordinates

:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII: -|||||I|||||||||||I|||||||I|||IIIIII-
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250 4 20k T ]
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: ] 15F — .
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50 100 150 200 250 300 350 -80 -60 -40 -20 0 20 40 60 80
longitude, degrees latitude, degrees

Kolmogorov-Smirnov p-value = 0.01 for SG latitude, E>57 EeV
other thresholds/coordinates = isotropic
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____,_._.-..—_ql—.——-_—

Total events: 72
Observed: 19
Expected : 4.5

TAJan 23, 2018

____________________________________________________________________________________________________________________________

3 —— e e — — — e — — — — — —— — " —
o o ' — —— —

Hot Spot (2014)

E > 57 EeV

___________________

o = N W & O

1 1 1 1
= w N -t

Best circle center: RA=146.7°, Dec=+43.2°
Best circle radius: 20°

Local significance : 5 o
Global significance: 3 o
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Hot Spot (2017) E>57 EeV - Years 1-9 excess map

TA preliminary

Best circle center: RA=144.3°, Dec=+40.3°
Best circle radius: 25°

Total events: 143

Observed: 34 o
Expected : 13.5 Local significance : 5 ¢

Global significance : 3 o
TA Jan 23, 2018 23
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Cold Spot

6
>3
ATHGC E>10792 eV
35
-------------------- i
2, Inside (On)
x! 0 = Inside (On)
78.3116 | = Outside (Off) Mean 19.5
RMS 0.21
! i L] ; Outside (Off)
£ ”” i i i i I I l Mean 19.4
cold spot” at lower energies, { RMS 0.18
same place as the hot spot at high ] i
3.70 global |
- | COLD HOT
Lundquist 1 | | | | | | |
10 NN EERNE AN NN NN ANENNNNNNNENNNEN (WA NENEN] | [FNEN NN NN NN NN NN AN
talk CRI 231 ™ e s e

TA Jan 23, 2018
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C: Centaurus SCI (60 Mpc); Co: Coma CI (90 Mpc); E: Eridanus CI (30 Mpc); F:
Fornax CI (20 Mpc); Hy: Hydra SCI (50 Mpc); N: Norma SCI (65 Mpc); PI. Pavo-
Indus SCI (70 Mpc); PP: Perseus-Pisces SCI (70 Mpc); UM: Ursa Major CI (20
Mpc); and V: Virgo Cl (20 Mpc).

e Sky map of expected flux at E > 57 EeV (Galactic coordinates);
e smearing angle is 6°.

TAJan 23, 2018 26



Large-Scale Structure

E>1.0x10%° eV

01 = xk
0.001 | '

2 0.000] at { 2
e |1
r ]

=i
e=tin T [50)
- | | gfﬁﬂgﬂ'ﬁ*hﬂ'
05 10} 15 20 23 30
e E>5.7x101° eV
‘lﬁﬂill.‘“!lﬂi
Wy
u L1 F  w ™
= —%
= £
& 001 ¢! .
- x, XX, MXETXx [;EI:II:{::
e il STRUCT —%— |
3 10 15 20 23 30

TA Jan 23, 2018

E>4.0x101° eV
L B g e N

MO g XX

5 ™
b X X WA

E>5.7x10%° eV
Consistent with LSS
Inconsistent with isotropy
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Hint of enhancement along SGP

‘E 103 C T T 1 T T T I T T T T T T T T T T T T T T T T
o - —&— Off source u
i I EETYCITTLL Off Source best fit i
Y— ~ —a— On source i
8 B — N source best fit I
2 = ———— Simulation (Off source) 1

£ ———— Simulation (On source)

2 102 — =
: + ]
10 | 4 i -
: L.,{ ]

: I | | I | L1 1 | I | | ] | 111 |
1 1.2 1.4 1.6 1.8 2 2.2 24
Log, (E/EeV)

TAJan 23, 2u1s

Source: Within
30° of the

Supergalatic Plane
(SGP)

Simulation: using
the large-scale
structure model
shown previously,
assuming proton
primaries

28



o™~ IIIIIIIIIIIIIIII

L
"

Difference
between on-
source and
Off-source

Each spectrum fit to broken power law with:
(1) Power Law Index of no. of events vs logE

IIIIIIIIIIIIIIIIIIIIIIIIIII

"‘
_7 IIIIIIIIIIIlIl'Il-

\ i before break: a 4
Aoilbre.1 (2) Break point energy = E.

—

1.2 14 1.6 1.8

2 22 24 (3) Power Law Index of no. of events vs logE
H09,(5,/EeV) before break: a 4

arXiv:1707.04967v3 [astro-ph.HE] 11 Aug 2017

Region ' aq logo(Ey/EeV) a9
a1 4+0.34 / =+0.053 o+0.040 ‘ 0.64
Al 2147050 x 107 177570028 1778700 —391%06%  Global Chance
On source (1.1128 x 104)  (=1.775) 1.832100%  —3.91'070  Probability/Significance
re i - . = -4
Off source (1.0286 x 10%1)  (—1.775) 166810032 _3g¢t03s 1P =6.2x107(3.20)

TABLE I. Parameters of the be
TA Jan 23, 2018

st fit broken power law in the SGP case.
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— I - — :
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a % ! S !
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TA spectrum is harder than AUGER at
the highest energies

—

o=
[
B

TA SD Full Sky (ICRC 2015)

Auger SD ICRC 2017, E rescaled by +11%
HiRes-l (2008)

HiRes-Il (2008)

E°J(E)[eV®m2srisT]

17 17.5 18 18.5 19 19.5 20 20.5
Iogw(EIeV)
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£ 10%p= \ -

Y [+ TASD,A57°<§<248° \I\ ANE

o f NN

- - N N

S po  AugerSD,-57°<5<248° 1 N | |4

W " (E rescaled by +11%) I
Ly Luuun L Luuun Lunun L l.
19 19.2 19.4 19.6 19.8 20 20.2

Iogm(EIeV)

Energy spectra of TA and Auger in the
common declination band. They agree
at about 1c level

TA Jan 23, 2018

E°J(E)[eVim2sris]

¢
¥
n

10%f q -
- O 5> 24.8% * \" -
" log (E /eV) = 19.85%0-03 NEE

10 2 -0.03
[ @ 5<24.8°% \ l
[ log (E /eV)=19.59%0-0° N

10° 2 -0.07
-I | | I | | I 11 1 I | | I 11 I | I | I I

19 19.2 194 19.6 19.8 20 20.2 20.4
Iogw(EIeV)

Energy spectra of TA above and below
0=24.8° They disagree at ~4c level

Global Significance ~3.2 ¢
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Turning the detector 90 deg.
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Small-Scale Anisotropy

Autocorrelations: E> (1.0, 4.0, 5.7)x10%° eV
scan over [small] angles -> NO significant clustering

Coincidence with PAO

e At high E -> small deflections, E> 100 EeV, resolution = 1,

pre-determined angle

spread determined by _ V7 X resolution

angular resolution

e doublet in TA/Auger joint
dataset of 6 events [ST 2012]

 became a triplet(2TA + 1PAQ)
with more TA data b

[TA 2014]

TA Jan 23, 2018
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TALE Spectrum compared to some recent Measurements
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Conclusions: Composition

<Xmax> Result compatible with either helium or hydrogen —
statement is model-dependent (and extrapolation uncertainties)

Get around the problem by comparing the shape of the Xmax
distribution (in energy bins) to MC predictions for four primaries
(H, He, N, Fe)

Shift <Xmax> using maximum likelihood method on the Xmax
distribution

Use Max. logl as a measure of compatibility between data shape
and MC

Compatible with ONLY protons < 10*°eV
Insufficient statistics to rule out any primary >10%%eV

NEED MORE DATA! (TAx4)
We will be studying composition with TALE
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Conclusions: Anistropy

Hints of large-scale anisotropy at E>57 EeV
v’ Supergalactic latitude distribution
v’ Supergalactic plane spectrum
v’ Large-scale structure correlations
v’ declination dependence of the spectrum

Medium-scale anisotropy at E>57 EeV
v’ hot spot larger and closer to supergalactic plane (9 years)
v’ cold spot at lower energies in the same place
Small-scale
= Doublets at E>10%° eV, not significant

ALL POSTITIVE HINTS IN THE NORTHERN SKY OCCUR
AT THE HIGHEST ENERGIES: NEED MORE DATA!
(TAx4)
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TALE-SD array
\ (103 sDs, 70km?)
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TAXx4 now under
construction:

Will double TA data
sample by mid-2021
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