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Energy spectrum of cosmic rays

Cosmic-ray flux
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Acceleration of cosmic rays

to Knee energy (~5x10% eV)

could be explained by

shock wave acceleration

(sourc spectral index a=2.0 ~ 2.2)

at supernova explosions in the Galaxy

What are the most powerful accelerators
that generate cosmic rays of 10%° eV
in the universe?

10° 100 101! 1012 1013 10%# 10%> 106 1017 108 10%° 1020 102!

Energy (electron volt, eV)




Astrophysical cosmic-ray accelerators
as source candidates
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Telescope Array(TA)
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Surface Detectors (SD)
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Communication: radio




Fluorescence Detectors (FD)

Middle Drum

14 telescopes @ station
256 PMTs/camera

Reutilized from HiRes-I

New Telescopes
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12 telescopes/station
256 PMTs/camera
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North [1200m]

TA shower analysis with SD

An SD hit map of a typical event

Time [4uS]

1 2 3 4

Use S800 as an energy estimator

5 6 7 8
East [1200m] —
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Time fit
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10

log. [E(Hybrid)/eV]

Energy Scale Check and Resolutlon

Final energy is scaled by 1.27 100F Ty
ETBL 3 E>10Y eV
—1.27 B . 0
EFD - [ Angular resolution = 1.4
hybrid __ 60
Y £ |
ETBL = E(5800, sech) aof
AprrrT T T o L T :
C . ] 20
258 Hybrid events E [
20 - IR
- . & [Degree]
19.5_— -
oF- E Entries 551
N : 100:llll|llll|llll|ll Constant 66.05 + 3.45
18.5F - 90F Mean -0.003176 + 0.014178
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18- = : ]
C . 70:— ]
17.5F - 502‘ E>10%1° eV
17:I L1l I LL.L1 I L1l I L1l I L1l I LL.L1 I LL1.l I L1l I: 50;_ Energy reSOIUtion < 20%
17 17.5 18 18.5 19 19.5 20 20.5 21 40;— 3
Iogm[E(SD)/eV] 30F 7
(SD scaled to FD energy: calorimetric) 20F E
10 =
—[FTBL : ]
E(SD)—E /1-27 %45 1 05 0 05 1 15 2

In [ E(TA Hybrid) / E(TA SD) ]
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E2J/10* [eVZm2sisr!]

TA SD Spectrum (9 years data)

fit to broken power law

Log(E/eV) GZK
Log(E/eV) Ankle =19.81 £ 0.04
=18.69 £ 0.02

Normalized Log Likelihood / NDOF = 21.96/22

| N_EXPECT (> GZK, no cut-off) :79.8

od |
L_H

N_OBSERVE (data > GZK) £ 22
GZK CHANCE PROBABILITY 121012 ~7o
107" [~ BEREZINSKY F_1/2, log10(E/eV) :19.80 +0.05 | =
18 18.5 19 19.5 20 20.5

Iogm(E/eV)
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TA & Auger Spectrum WG report
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2 - TA SD Full Sky (ICRC 2015) 7]
< (E rescaled by -5.2%) [}] [}] ¢

L TE o Auger SD Full Sky (ICRC 2017) E
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e Break points are roughly in agreement
* Smaller but significant difference remains
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Declination dependence in TA

1033 L. —
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3.90 effect in TA using broken power law fit



TA Low-energy Extension (TALE)

Galactic to Extra-Galactic Transition

TALE-FD: 10 reused HiRes telescopes to look TALE-SD array:Graded infill
higher in the sky (31-59°) to see shower surface detector array - more

development to much lower energies TALE-SD array densely-packed surface detectors
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201131103//723

All 10 Telescopes installed and in operation since
fall 2013

Test array of 16 scintillation SDs has been in

operation — Totally 103 were deployed in Feb.
2017




Nearby Events with Cerenkov

Cerenkov Event seen in two TALE Telescopes
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TALE Energy Spectrum

(Monocular)
E 5107 [~
-
"= break point: 17.04 +/- 0.032
> 4x10°% slope before: 1.86 +/- 0.012
W
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Comparison with other measurements

ExJ [eVixm?2xsr!xsl!]
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Xmax Technique

Longitudinal development of cosmic-ray showers depends
on primary particle type

FD observes longitudinal shower development

Xmax (depth of shower maximum): the most efficient
parameter for determining primary particle type

longitudinal shower development

Ge+09
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F=
o

S
[1%]

Je+09 [

2e+09 |

1e+09 [

Number of charged particle

1 1
0 200 400 600 800 1000 1200
Depth [g/cm?]
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Xmax distributions (I-hlﬂxbrid, Stereo

MD/BRM/LR
BRM/LR
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= — — sl | S N A R o arcge™ above 10" eV.
40 _ T
w0 8 e Undersampling in the
= L 30 tails due to insufficient
i B F Dig these energies.
10 2 _1' B
B i i L
ol ST S NI R S [ LI - e I S T T B
1000 1100 1200 600 700 800 900 1000 1100 1200
Xmax (glcm’) X e (G7ENT)

24



Elongation rate (Hybrid, Stereo)

Four TA independent <Xmax>
measurements:

2 BR/LR hybrid
1 MD hybrid
1 Stereo (BR @ LR & MD)

Event numbers shown are for
BR/LR hybrid (A) data.

The gray band are

x ShL R ybria Data (A model-independent systematics
700 s e B SN ISP B - || B serconua on BRI/LR hybrid (A) data.
I . =" o |ron A MD Hv,rhrilfl Data
680 e e e I aa%.et 104 Hotlom All models shown are QGSJet
o T . : ®  QGSJet I.04 Nitrogen 1I-04 as reconstructed by BR/LR
o I | [ ] QGSJet 11-04 Iron . .
560 if ....... M . ............ o — .......................................... hybnd analy5|s.
640 i e R ' e ol i Within systematics all independent

1 1 - Sl | 1 | 1 1 | 1 1 1 | 1 1 | 1 1 1
18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8 measurements agree.
Iogm(EleV)
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(X ) (9/CM)

Xmax width (Hybrid, Stereo)

.—+—

—.I..Pl.¥+

BR/LR Hybrid Data (&)
BRILR Hybrid Data (E)
Stereo Data

MD Hybrid Data

QGSJdet 1104 Proton
QGSJet 1104 Hellum
QGSJel 11-04 Nitrogen
QGSJel 1104 Iron ey

[ Y 45 B W

18.9 19
Iogw eV)

a(X_ )ofall TAX
max max
measurements.

Event numbers shown are for
BR/LR hybrid (A) data.

o(X ) appears to agree with
protons for all current X
measurements from 1072 - 10
eV.

Above 10" eV, statistics are
falling too rapidly to make an
accurate measurement. Even a
couple of events will cause
o(X ) to change by ~25%.

All models shown are QGSJet
11-04 as reconstructed by BR/LR
hybrid analysis.
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Why highest energy cosmic rays?

Cosmic rays are charged particles

. . .

s

- S o :
| Cosmlc_r'ay; :
Origin. '
r
o)
3
.

- % Low energy cosm
~ = bend by the magnetic field
= lIsotropy at the Earth
¢ Highest energy cosmic rays "
- Almost go straigldsagainst magnetic field :
S Possible to find cosmic-ray hotspot



Anisotropy Analysis

9 years of TA SD data

Zenith angle up to 55°, loose border cut

Geometrical acceptance; exposure 8600 km? yr sr

Angular resolution: better than 1.5°

Energy resolution: 20%

E > 10 EeV, 6 < 55°
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Prob 0
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GlObal anisotropy Super-Galactic (SG) coordinates
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p-value for K-S test = 0.01 for SG latitude, & E > 57 EeV

Isotropic for other energy thresholds/coordinates
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Correlation with Large-Scale Structure

L]

Co® e ~Hot spot center

.UM

Gray patterns:

expected flux density from
proton (E>57 EeV) LSS 2MASS
Galaxy Redshift catalog (XSCz) vV PP
Smearing angle = 6°
17 August 2017 H. Sagawa KIAA-WAP |l, Beijing, China

Equatorial coordinates
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Global aniSOtropy Large-scale structure

E > 10 EeV
0 % Relaaiatalaiattiiataiat st e ityr 07" ] E > 40 EeV
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TA Hotspot (5 years data)

72 events with E > 57 EeV
ApJL 790:L21, 2014: loose cuts

pre-trial significance
5 Excess

4
3
2

__-_____-\—.—_.-————.'I__————-——‘—————_—{—._———..— e — S

Equatorial coordinates g9 4 Deficit

Oversampling circle radius: 20°

Maximum pre-trial significance : ~ 50 (Observed: 19
at RA=146.7°, Dec=+43.2° Expected : 4.5
Post-trial significance: 3.40 L(26% of events in 6% of area)

17 August 2017 H. Sagawa KIAA-WAP II, Beijing, China
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Hotspot with 9 years data

143 events with E > 57 EeV
SGP

Dec. (deg) N E > 57 EeV

With original 20° oversampling, spot looks With 25° oversampling,
larger.... Thus, scan over 15°, 20°, 25°, 30°, Maximum pre-trial significance: ~5

& 35° at RA=144.3°, Dec=+40.3°
[Observed: 34 J
Expected : 13.5

Post-trial significance : 3o

17 August 2017 H. Sagawa KIAA-WAP II, Beijing, China 34



Spectral anisotropy
s 7 years of TA SD data

(24
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— Xzdef = Inside (On) Inside (On)
i - 78.3/16 = Qutside (Off) Mean 19.5
Maximum pre-trial signif. at (R.A., Decl.) = (139°, 45°) - ; RMS 0.21
for average spherical cap size <r> of radius 30° i i i z Outside (Off)
2 10 f { i l I I Mean 19.4
“cold spot” at lower energies, g ] RMS 0.18
same place as the hot spot at high 5 I I {1
E )
E 10°
Post-trial significance: 3.70 : Cold Hot
i (deficit) (excess)
Scanned for log,,E >19.0, 19.1, 19.2, 19.3 1ot L oo, uovnin, Lodh Lo, Levvni v, |
: 19 192 194 196 198 20 202 204
radius <r> = 150, 200, 250, 30° Events: 147 Energy log, (E/eV)
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Spectral Anisotropy

(from the point of regions with more/less nearby objects)

Super-Galactic Plane (SGP) TA energy distributions
(5 years of SD data)

M 403 LELELI I LILIL I LENLELI l LI L I LENLIL I LN l ol LI I:
Off source region 3 —=— Onsource (SGPlat <[30 ) 3
L —e— Off source (SGPlat>[30 ) 1

o]
c ]

2
&10? =
F ] 3 :
; = .
: ]
2h, . Oh -
N, 4 P 10F 3
'5’:"“ .» k Y “a : :
Equatorial coordinates = o i :
Colored dots: 2MRS galaxies (E < 75Mpc) [ log(Eq /E€V) ]

L= 1.67
On Source region (Within 300 from SGP) él L1 l L1l l L1l l L1l = a

: 1 12 14 16 18 22 24
more nearby objects Log, (E/EeV)

Eony @nd Eqe: 3.20 difference
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Content

* Telescope Array (TA)
e Latest results

— Energy Spectrum
— Composition
— Anisotropy
e Future of Telescope Array

— TAx4
— TALE SD and NICHE
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TAX4

« TA Rl =
 Surface Det. (@ «—) TAX4 ext

* 507 SDs (1.2 km spacing), ~700 km? :

* Fluorescence Det. (@ «—): 3 stations e

Drum

nnnnnnnnnn

L Taxd SD Liar o
¢ o Northeast e

e TAX4 extension W o
e Surface Det. (0« ——) itetamngl
* Additional 500 SDs (2.08 km spacing)

e Quadruple TA SD (~3,000 km? incl. TA SD)
* Funded by JSPS from JFY2015 for five years

e Fluorescence Det. (0« ——)
e additional 2 FD stations (12 HiRes TeIescopes)' piles
 Approved by NSF in 2016 T
* Northern site construction underway

 Construction from JFY2015 |
* Add detectors in about three years } NG

*TAX4SD b oS
s Southeast e

« TA 19 year data by 2020 TAX4 ext. s e
e ~300 highest-energy cosmic rays i g AR el h e | NG VA
i : i |. s ajfs o o & 8w @ & @ 8 & o -// Ii ’..
4 ; G ; Io-co.ao‘.s-c-o-/_/_
. . IUzU,V h\ln .......... IK - + 3
* Detailed observation of the hotspot s 6o ARz g i /"
° . E ! e 3 { : ": p \.\ .' e ..‘ ./r Sl / 2
TA 16.3 years of hybrid data . il / S e e oY

(JFY: Japanese Fiscal Year)



TAx4 SD

@  Scintillator counter assembly (Japan)

Utah, USA

@  Final assembly (workshop)

@  Assembled SDs (workshop)

@ Sta king (for SD positioning and follow-up surveys)

. 2/3 of TAx4 site finished by ATVs
. 1/3 will be finished this fall (2017) by helicopter
Plan

— Permission from Bureau of Land Management
— TAx4 SD deployment



TALE SD Array

Full TALE SD Array (103) deployed Feb 2017 — now commissioning

2017 March 13 10:23:06

20
o lSD
19
- L]
T . oY 0
= | o
= Y
- 17 L) —40
3] o O
g 16[- ™ LR
s F ® 30
e
g
a L 20
o 1
= 10
L L L1 l Ll L L l Ll L1 ] L L1 l] L L L1 l Ll L1 ] 1Ll 1 ] L L L L
[ T E S 5 4 0

Distance From CLF [km]
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NICHE

Non-Imaging CHErenkov array

O MD/TALEFDs  Use non-imaging light collection to extend the
: LA:(L:EEDS range of TA/TALE to below 10*° eV
O J-NICHE - Hybrid with TALE Telescope (left figure)
- 0.25 km?, 70-m spacing (E > 101> eV)
- Stand-alone array overlapping with TALE SD
- 1.5 km?, 200-m spacing (E > 10'7eV)

- 100-m spacing (E down below 10% eV)

4 jNICHE CDs
Deployed in Mar 2017 Array of 15 Cerenkov detectors (jNICHE) are being

added
jNICHE: funded by JSPS (JFY2014-2017)

March 2017: Deployed 4 Cherenkov Detectors

| : 2 CDs TALE
: Shutter Motof — o W et wi 2017-04-20 06:10:58,004366595 ; I
1o : : : 1024 ol
Mean 549.9 *
\ . PMT | AMS 57.61 B
- »2 1 nall 1840 / 1019 T
. time 524.3 = 0.0
= FADC 1 peak 4188=13
=, y = 3 ttront 27238 = 0,026
== Contiol droop 3.637 = 0.028
i i baseline 2070 = 0.1
1\ | 8 I T
) Batteries | EJ
I # | |
i II.. ; . .
i | wCharge Confrollerd } L L
- — — . s arimuthal angle counter-clockwise from east (deg.|

Triple coincidence
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Conclusions

TA SD/FD and TALE FD energy spectrum shows spectral features
(101>4 eV < E < over 1020 eV)

— ankle (1018%° eV), cutoff (101°-81 eV)
— 2" ankle, 2" knee in lower energy region

TA Xmax: compatible with light composition (E > ~1018-2 eV)

TA hotspot (3oc) now appears larger than we originally thought
TAX4 is coming soon; construction underway

Full TALE SD was recently deployed and is coming on line.
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log, , (S800)

Surface Array Energy Measurement

él"(lm'5 eV

1.4

1.5
sec(0)

 Energy tableis

constructed using
the MC (CORSIKA)

Determination of
event energy by
interpolating
between S800 vs.
sec(0) lines

Uses novel “de-
thinning” of
CORSIKA (paper
draft in internal
review)
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TALE-FD: 2013/10/01 06:18:19.419991
Time, [us]

T TALE Fluorescence-
55 :
Co.. 1=10 [}
I : dominant Event
N N 118
5453 .
= i Shower Profild 22/ ndf  120.65 /65
a0l ] log_ (E
540: 14 m S T T[T T T T[T T T [ TTTT] gw() 17.88
- 1 o Mg Fit Xiax 752.86
35: - , 100 Rayl ................... ........................ NMax 4-87e+08
B ] — Aero ? ? ? ? T
30_ = H : : : H :
B R T R U R T NI [
Azimuth [Degree] 80 i ; ; : ; : i :
Time vs Angle, TALE-FD-Mono
N — PR | 6.561/65 .
@ \ Ty -10.28 £ 0.5691 ®
— ol Re 7435 +3521 | 260
E E \ W 55.58 + 4.237 ':_E
101 :: . k=)
- H\H . 2
8 \ﬂ% ] 40
of H“%\ :
ab “N\\ ] 20
C . ]
2
B “\1 ] ; : ; . 5 : 5 : 5
0_ N“\‘: |_|i||||i'|||i|||'i:iiIi"'li'll'il"li'll'i_
:\ 450 500 550 600 650 709 750 800 850
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High Energy Hybrld Event

MD-FD 2010/08/12 07:30:33.216258 |
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T T T
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| Shower Profile |

. T|me, [us]

100

x2/ ndf 115.13 /99

| Time vs Angle (Hybrid) |

™| Trp -21.71
Rp 21.45E+03
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1000
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1200

Energy: 1.3 x 10%° eV

kZenith Angle: 55.7°

Surface array constrains
geometry fit via extra timing
& core information
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Stereo Observation

i Loy
- f
g | % e}
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Proton X, resolution, £ = 10" eV

p_Xmax_res

BOD— Entries 16242 |
- J—' Mean -1.118
00— 1 1 RMS 21.81
- |J ¥* fndf for.E/ a7
B0 — 3 Constant 630275
= Mean =1.057 £ 0153
- Sigma 1688 + 016

Intersect shower planes to get more
DFECISG geometry -qEIIII -30 ErEII A0 -20 o 20 40 . &0 B 100
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Hybrid Observation

e Astropart. Phys. 64 49 (2014).
4 yrs, 297 Events > 10184 eV

e Cuts based on pattern recognition
technique to improve resolutions s <
25 g/cm?, all energies.

e Update:
7 yr, 613 Events > 10184 eV

17 August 2017 H. Sagawa

d ' |

Son 4 ) 1IN 1200
Slant Depth [gmicm’]
— Large Trianghe Apex
— Lafi Triangle
— Right Triangle

Flux [pe/deg/m”]

Start

End

ElAman b P am il I-‘h-l-rl'hln‘lil
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Mean Xmax Comparison

< 800+ :
3] i
e H :
2 i ;
~ 780f— : I S
E L s
X H 0 20000 I;:""‘z’:‘:‘:‘:’:‘i
v s R RRIEIL /
760 o 0000009.-!;_9.0.9.-)
H SEee e s e e T %% ‘8 i
T XX/ vz :
740/ =
720(— . : : .
5 ° TA BRILR 7 year data (preliminary)
i Auger 2014 ® TA BR/LR
700 — ] gerUia @ IABRLR |
68? I_ | 1 1 l 1 [ 1 i 1 1 [ I 1 1 1 l 1 L 1 I 1 1 L I 1 1 1 I 1 [ 1 I 1 1
8.2 18.4 18.6 18.8 19 19.2 19.4

9.6 19.8

Iogw(EleV)
Fig. 5. Preliminary (X,,.x) derived from TA seven-year BR/LR hybrid data compared to the
(Xmax) of the reconstructed Auger composition mix using QGSJetll-04. Systematic uncertainties

on the data and mix are also shown. Within systematic uncertainties the TA data agrees with the
mix, which is derived from a fit to Auger data.

WG - UHECR 2016
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Search for UHE photons

p-induced EAS ~v-induced EAS
/ /
muons /4 /
EM cascade/ /’ | /
/ EM cascade
I ’ muons o ﬂ4
Sy >~
N /] 1 ‘
/ / ! / |
N / \
: .—A
~

—T
Photon-induced showers:
» arrive younger
» contain less muons
» = multiple SD observables affected:
» front curvature, Area-over-peak, number of FADC
signal peaks, \?/d.o.f., Sp

Multi-Variable Analysis (MVA)

Integral v flux, km?Z sr! yr'1

NEEEEEE

MVA estimator ()
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0.01 £
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T~
'f,,jA SD _ ~x
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Search for UHE neutrinos

young shower, ¢ = 19.5°

S N S ——

neutrino shower, ¢ = 78.6°

‘,,.__/\J\,J\,Juwym

S

old shower, 78.3°
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ﬁ&‘
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—
A
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TA SD composition (MVA)

(with TA hybrid composition (Xmax)

/PRELIMINARY/ TA-I}:SbSrig: QGSIET 1108 —e—

4 'Fe

<Iln A>

""‘NWL>_I<>I<>1<>I<>I<>L

1 —He | : | - i J(
0

18 18.5 19 19.5
logqg E, eV

CRIO70 - TA SD Composition Results, Y. Zhezher

20

TA SD only measurement of
composition.

Nearly 100% ontime.
Much higher statistics.

X ., hot observed.

Boosted decision tree is built using
SD 13 observables and trained using
model dependent two-component MC
(proton and iron).

Observed composition can be inferred
by KS test of proton/iron fraction.
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Consistent with Fluctuation

K.S. Test shows data is consistent with BUT, inconsistent with chance excess from
fluctuation for hotspot isotropic distribution (Poisson: average = 0.9
(Poisson: average = 2.78 per year, no per year) at ~ 2.60

time variation),

TAHotSpot 9 years of TA Data
Entries 9
3'5 bl L L | I I L Mean 2.778 LI A LI L L N L L L LB LN LA
RMS 1.872 [ e Isotropic, Poisson p = 0.9 events/year
3 +2 / ndf somarz| | e Poisson p = 2.54 events/year
copst  9.022 +3.008 Data i
K 2.793 + 0.567 .
2.5 93+0 ]
2 i
1.5
10 -
1 X . . Z
- Cumulative Probability i
05 - Distribution of number of .
) - events per year .
0 10—2 | I | I 4 1 1 I 1 01 1 I 1 1 1 I 1 1 1 I 1 1 1 I | I 11

Events

Niiot Spn‘lj Year

0 1 2 3 4 Evemg 6
Niiot Spnlj Year



Hotspot

17 August 2017

Supergalactic coordinates

E > 57 EeV

E > 57 EeV

H. Sagawa KIAA-WAP II, Beijing, China

54



Hot spot Years 6-9 vs. 1-5
no hypothesis — no tests

years 1-5
total 72

—

e —-——

total 71

o
o (Local Significance)

1
N

-3
TA anisotropy summary//ICRC2017 19.07.2017  slide 55 of 17
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All sky survey with TA and Auger

TA 7 years (>57 EeV)
Auger 10 years (>57 EeV) with Nearby Galaxy Clusters

(no E scale adjust.)  Ursa Major Cluster
(D=20Mpg Pielugh

Perseus-Pisces
Supercluster

Virgo Cluster
(D=20Mpcq) |

R # . 7Fornax Cluster
Centaurus . = .: H
Supercluster (D=60Mpc)

i

, _ _ Huchra, et al, ApJ, (2012;
dots (*) : 2MASS catalog Heliocentric velocity <3000 km/s (D<~45MpC

TA hotspot is found near the Ursa Major Cluster



Astrophysically p and He
are very different

10° .
i Poton | ]
" ]
[ 't{_ Fe — -Helium | |
100 L T TN |
g L o iy :
B [« Sy |
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g -
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10" b ' | ———
N W = :
W | Pegry 2 B k]
10° L N[l J e T
1G.1 1 ] 1 1 1 L 1 1 1
10 10 1021
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Interaction lengths of p,He,0 and Fe
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Clarify the details of the Hotspot
Simulated TA 19 year-equiv. data

L Ly M
e A S T v
(1) One Hotspot ~ we -4 = & v RHE hamg
d g 2 4 iy . f .
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Single Source

17 August 2017 H. Sagawa
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Two Separated Sources

KIAA-WAP Il, Beijing, China
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Small-scale anisotropy Autocorrelations

Doublet
(A6=1.31°) _

E > 100 EeV

- : S .
T & ..... e "'A‘j'i'ﬁi{}(j

TA 9 years (23 events)

" ST Auger 10 years (6 events)
Doublet

-60

2 doublets above 100 EeV.
= the probability to have >2 doublets with A8 = /2 deg

P =0.30% (2.80)
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