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Outline

Telescope Array (TA)

| TALEFD

~ [MDFD

TAX4
extension

Recent TA results
5- or 6- year data

TALE (TA Low E extension)
FD result TALE SD
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Cosmic-ray flux

Energy spectrum of cosmic rays

L0 _

10_1 B
104
1077
10—10

10—13
10—16;

Cosmic Rays
- High-energy elementary particles that travel the universe

- Main component is proton. Others are nuclei and electrons
- They arrive at the earth uniformly (~0.1% level anisotropy)

"o Flux o E~¢

a=~3

10—19'
10—22:"

| (7TeV p) X(7TeV p)
| CM system

from rest p

. ~10%0%V
| 107evp |

10—25;_.

1028

LHC beam energy

Highest-energy cosmic rays

< 1/km?/(100 years)

a hundred million times 0y

Ll ol ol al Ly

10° 10%° 1011 1012 103 10%4 10%> 106 1017 108 10%° 10%° 102!

Energy (electron volt, eV)

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




2015/06/16

Candidates of accelerators
of highest-energy cosmic rays

Active Galactic Nuclei
AGN

Cluster of galaxies
’

- .

fhe largest gravitationally
bounded objects

& |
'Th'e most rﬁasﬁ_ig{e BH:\ :
" and jets o

New Magnetars

—

The most violent exp

The strongest magnetic field

Photon 2015



Calorimetric Measurement of Air Showers

~10%° eV primary cosmic ray:
Energy, Direction and Particle Species

SD

Surface
Detector

Air
Fluorescence
FD

Fluorescence
Detector

Charged Particles

2015/06/16
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Telescope Array detector

¢ Utah, USA
- lat. 39. 30° N, long. 112.91°W

B i iae | 5075Ds,1.2km spacing
~700km?

Surface Detector (SD)

3m?scintillator detector

wwEde
T
R

TI78 T16S

T185 TI7S
T188 Ti78

T19S T18S

3 i""i”i“‘”h“l 3
28km : "l*“i’“-_”"l_ u l“i‘“‘i’“‘i“‘i”i’“‘i“i‘”“ :

Elevation angle:3~33°

Bhotor] 015

Hybrid observation since Mar, 2008
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5 countries, 126 researchers .
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Recent TA results

Energy spectrum
Anisotropy (hot spot)

Mass composition (Shower maximum depth, Xmax)



Energy spectrum



D.Bergman
COSPAR 2014
TA energy spectrum

e SD data:2008/May~2014/May (6 years)

— E® x Differential Flux
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Physics picture from TA energy spectrum

([FluxJ(E)] X [energy E]3)

P+Ycvs — PHeT+e Theoretical calculation
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based on proton
propagation model

Ankle

\

24 |

e Cosmic rays (E > 1082 eV)
— Extragalactic protons

e Suppression consistent with
GZK cutoff

— 2.7-K CMB photon =
gamma rays with E > 100 MeV

O 6-year TA %a

'y at rest system of 10%%eV proton
Sudden flux decrease u,\ 1 » Special theory of relativity of
P+Y g = PHT0, N+ N\ Lorentz factor of 101!

— Lose energy by pion production

Uni >7 EeV — Proton energy limit and arrival
niform —— : =l
LSS - - - l distance limit
: ' : : (horizon~100Mpc)
18.5 19 19.5 20 20.5 . .
log(EnergyleV]) e Ankle consistent with
0 d e'e* pair creation
Energy E]

1 EeV = 1018y * Source spectral index ~2.2

Photon 2015 11



Anisotropy



Why highest energy cosmic rays?

Cosmic rays are charged particles .

! Cosmlc; ray
Orlgln e

)

Fe,

4

S”‘"c raYS

-_*20. Low energy cosn.éys

' © > bend by the magnetic field i B
- Isotropy at the Earth = :
¢ Highest energy cosmic rays LB -
20157)(3A4m05t go straught agam;g m%gpetlc field 13

- Possible to find cosmic-ray origin directly



A feature expected in the arrival directions
of highest-energy cosmic rays

1D GZK cutoff (2 Nearby matter distribution
— Arrival distance limit in the unlverse (~50 Mpc)

- prr S
Ay e L s A N -

A 'Ef: 3 ‘\’, N T

L Y e &

3 [ < 1 k"

(Horizon~100 Mpc)

@ Rectilinear

— Source identification

Very anisotropic

~_*>

Anisotropy of arrival directions of highest energy cosmic rays
originated from @) is expected!

2015/06/16 Photon 2015 14



Distribution of arrival directions of cosmic rays
with energies greater than 10*° eV

e 10% eV ~ ~1/6 of cutoff energy
e TA SD data for 6 years:3316 events

L

Isotropic



Medium-scale anisotropy of highest-energy cosmic rays

APIL, 790:L21 (5pp), 2014
(TA SD 6-year data) for 5.year data
87 cosmic rays above 5.7x10%° eV e QOversampling by 20°-radius circles

Northern sky

D E>57EeV  Dec. (deg) o E > 57 EeV 5
. .‘. ) 4
Se L ‘ll" &N 3
. . : "\‘ .- “ ‘ Bk
N L 1

""""""""""""""" 180 0
S A A 0

R.A. (deg)

SGP GP

- '~‘.. l"‘ 1
'1"-"‘-: o « ’ -30 -2
"~ Equatorial Coord. -60 -4

Southern sky

e Maximum pretrial significance: 5.55 o

Inside a 20°-radius circle e Chance probability of exceeding 5.55 ¢
Expected events for isotropy:5.5 3.1 X10~ (4.0 o)
Observed events: 23
23/5.5 ~400% excess HO tSPOt’
2015/06/16 Photon 2015
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TA 6 Years + Auger 10 Years

E > 57 EeV

North: Spax = 5.190, (R.A, Dec.) = (148.4“, 44.5°)
South: S,y = 3.570, (R.A, Dec.) =(210.9°, -48.2°)
A.Aab et al, arXiv:1411.6111v1

K.Kawatd"2004/42/17 Photon 2015 17



Composition



Xmax analysis by hybrid events

APP64 (2015) 49-62

« MD FD: [refurbished HiRes] + SD hybrid

f"’jprﬁ';f e 20716 |—protonme " F=——— | Black points: TA data
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2 pomr il Energy log, (E/eV)
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&;ﬂ. PRE=: " i s S S0 DO Comparison with recent models: on-going
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Events: 68 X .. lgm/em’] Photon 201 (QGSJETII-4, EPOS-LHC)




TAx4



/0 Quadrule TA SD (~3000 km?) )
e 500 scintillator SDs
2.1 km spacing (Japan)

e 2 FD stations with refurbished

I-

s ®e -'c'di:" ° oo

cosecdoo00 0o
_o;'_’& seesesees
s ecascanabs
es G oo eannse

\ HiRes telescopes (US) /

KS-year project of SD part was \
approved by Japanese funding

agency last April (3.7MS)

e 2.7-year construction for new SDs
e TA SD: 19 year data
* 300 cosmic rays (E>5.7x10*° eV)

\ expected /

2015/06/16 Photon 2015
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May 27, 2015

Science Breaking News about TA X4

http://news.sciencemag.org/physics/2015/05/
japan-enlarge-massive-cosmic-ray-array-utah

2015/06/16 Photon 2015



Prospect of TAX4

 Arrival direction

* Hotspot
* Hotspot source
e Confirmation at > 50 level
* Fine structure?
e Other excess spots?
 Study of galactic MF and extragalactic MF

 Point source search

e Correlations with the results by other experiments
e TA/Auger whole sky analysis
e Search for correlation with gamma-ray sources
e Search for correlation with IceCube neutrinos

e Measurement of spectrum and Xmax of cosmic rays around cutoff
with high statistics

e Search for UHE gamma rays and neutrinos

2.7K CMET

pmtun ﬂ
E= 10 eV neutrr:m

pruton

2015/06/16 23



TA low energy extension



TALE (TA Low-energy Extension)

e E

Results from
Previous
experiments

E3) [eVZm2srisl)

900

850
€ 800
o
750
A700
> 650
v

600

2015/06016 17

down to 101°>° eV

e ~10' eV cosmic ray shower:
compatible with LHC center-of-
mass energy

TALE layout Construction

10159 —-10%° eV
Second knee at ~1017-> eV?

Drastic change of composition
at 1017~10%eV?

d completed
Transition from galactic to e, e
extra-galactic cosmic rays? r'-i o | R RT n v §

2075 | e, K |, mjspacm%:35“ X
T < HiRes-MIA =) aff e et PR :
= Fly's Eye - g1 -ty .
@ 2 Newo. o \®, 600 m spacing;
o Yakutsk -41% | o, O o -
s Kascade-Grande -9% | ‘o :
l . J[ Energy resc o
e »* /
| X %@ . Ir
bty |
5 4
TS

QGSIET-1! Proto

QGSIET-I 1ron
17.5

Partially constructed
16 TALE SDs running

18 Photon 2015

log,,E [eV]
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TALE+TA spectrum (E > 10> eV)

(FD) (SD)

4.4 decades in energy

"_m
X
‘I-L
(7))
X
o
£
X 102 - o TALE Ckov (APS 2014) ! _
% u e TALE Ckov & Scinti (July 2014) ¢l -
o - +  HiRes-l (2008) VN ]
- - v HiRes-Il (2008) 179 \ -
X i e TASDG6 Year ]
o I \
Ll I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIII I LiL L 1 1%
16 17 18 19 20
Iogw(E/eV)

Composition meas. with good Xmax resolution is an urgent subject
— Hybrid (FD+SD) analysis by constructing the full TALE SD array
(with meas. of core on the ground)

TALE SD 5-year project for the completion of TALE

was approved by Japanese funding agency this May (~1MS)

2015/06/16 Photon 2015
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NICHE proposal (E > 104> eV)
Non-Imaging CHErenkov array (1.5-2 km?)

rd 3”-
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JNICHE: a 15-PMT array funded by Japanese funding agency last year
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Other activities including
associate experiments from the world

ELS (Electron Light Source, electron accelerator)

e On-site FD calibration by pseudo air shower generated by known
energy of electrons

e 10° electrons of 40 MeV

* Associate experiments by S.Prohira
» Test of several CR detections by radio / @this conf.
* TARA (TA Radar): transmitter —» shower — radio echo ——

* Molecular Bremsstrahlung detection
e Test of Askarian Radio Array (ARA) with Ice at ELS

* Test of next-generation Fluorescence Detector
e TA-EUSO: Test of prototype of JEM-EUSO (or K-EUSO) at TA site
* Mono-eye FD test

TA extensive SD burst events associated with lightning

TA muon detector projects

e Check Auger muon excess (1.8xMC)
e Scintillator with absorber
e Auger water tanks deployed at the TA site

e etc.

2015/06/16 Photon 2015




Summary

Confirmed two breaks in spectrum
e consistent with GZK cutoff
e ankle

4 N
Evidence for anisotropy of

TA ™ cosmic rays(E > 5.7x10%%V)

Hotspot!
- J
4 ™
\| Consistent with light (proton)
o composition

(E > 10!82eV)

—

On-going projects

TA 4-times extension
Nearby extragalactic universe
elucidated by
highest-energy cosmic rays

Preliminary spectrum by telescopes

TALE (Eth to below 10 eV)
Breaks at ~1016-2eVV&~1017:3eV

>

TALE

Add TALE SD—precise Xmax meas.

4

Explore transition from galactic to
extra-galactic cosmic rays

J

L

Aiming cosmic ray study for 101> - 10°1 eV!

2015/06/16 Photon 2015
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An example of hybrid observation
5h51m50sUTC, Oct.26, 2008

Observation by FD Observation by SD

sky north late
35_|| T T T T | T T T T | T T T T ‘ T T T T II_ 10
: | o e
303_ Larger circle: larger signal E ::g 17 6 m \\ 95
i o ] g e, ;
o osf > 1 < . an i\ |7
o [ f 1 56 . . \
| ) ] 3 14 R R: =18.5
c — pr—p—
o of 1 % L
S | | 2F s
'E 15~ o g 12
- - C —
=2 T 1 s 11[ 75
10_— — o
- 1 ol 1
- 1 5 L
5i ]
B ® ] - : : : : : : : : : : 6.5
B i 8 ; : ; i ; i i ; ; i
AT AT T A N N N N AT Y N S A NN AN N RN I I I I | I | I I I
ground 310 320 330 340 350 southis 14 15 16 17 18 19 20 21 22 23 24 early

azimuthal angle clockwise from north [deg.]
west Detector number (east-west) east

An air shower of a cosmic-ray with 2x10%° eV 31



Constellation map:
http://sky-map.org




Correlation of cosmic rays above 57 EeV
with Actlve Galactlc Nucle| (AGN)

AGN (z < 0.018)

e No. of TA events correlated with AGNs within 3.1 deg. (21) 40%
Background (isotropy) (12.5) 24%

P-value 0.7% (2.70)
O TA events without correlation (32)

2015/06/16 Photon 2015 33



Efficiency for additional TA X 4 SD array

Differential for energies

Reconstruction efficiency

2015/06/16

0.9
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TN igHrecon T
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logo( Energyyc/1.27 (EeV))

Photon 2015

2.5

Trigger condition

. 3 MIPS

. 3-fold SDs

. < 8x2.08/1.2usec

Reconstruction
.NSD= 4

TA SD reconstruction
efficiency =100% for
E > 10%%V
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Pierre Auger Observatory in Argentina
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Nearby Prominent AGNs

Ursa Major
Cluster (20Mpc)

Perseus-Pisces
Upercluster (70Mpc)
E = 57 EeV

R

_______________

..-"v‘irgo Cluste ; e B oy
{ (20Mpc) - \ RGB <J>U 521017

_+__

_______

TA : 2008 May — 2014 May (6.0 years) 87 events
Auger : 2004 May — 2009 Nov (5.5 years) 62 events

TA hotspot: 19° off from SGP. No obvious source candidate.
Auger warm-spot: Cen A as a source candidate.
Other enhancements may show up with more exposure.

K.Kawata; {GRR/semipar, 2014/08/27 Photon 2015
C.D. Dermer et al., arXiv:0811.1160v3



TA and Auger energy spectrum

\ .

guide for eyes

8 R R R R R SR S e e

| —=— Auger combined

pa—— Auger combined (x1.1)
—=— TA-SD |
v a1 4 s s o ¥ ¢ 9 9 4 1 7 ¢ 93 3 J_ L4 1 1
17.5 18 18.5 19 185
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T.Okuda

An example of TA reconstructed-cosm:
events with lightning
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