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Bottom-up scenarios

Active Galactic Nuclei

Cluster of galaxies

’

. -‘ E

Wi Massive black hale
P& jets

New Magnetars

Strongest magnetic field

Strongest explosion
2013/4/25 H. Sagawa



Cosmic
String

UHECRs
(mainly gamma rays, neutrinos)

Top down scenario

-+ |
ere [CAN:V\N[CW |nteraction of an UHE neutrino

with a CMB neutrino

Z burst

Ultra-high energy
Cosmic neutrino

CMB
. Neutrino

“Z0,

e Super heavy particle

e GUT particle from COSMIC STRING de

cay

2013/4/25

p4 V4
P 'u ----- .
+ 3N + 28n7
...... *epasr®
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Detectors of highest energy cosmic rays

Arrival direction

Air shower

Composition
from shower max. depth
(p, Fe, nucleus, vy, v?)

Fluorescence , S
DEte ctor (rp) f’,.,f"‘l;'lun. iscel ':el }

i

Energy

LT 7 (7 (7 [ Surface
Detector (sp)
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Telescope Array site
Utah in USA

39.3°N, 112.9°W
Altitude ~1400 m

The largest cosmic ray (CR)
observatory
in northern hemisphere

2013/4/25

S0 ept of State Geogzraphen
U G el

£ 2009 GeoBasis—-DE/BKG

Data SIO, NOAA, U.S. Navy, NGA, GEBCO
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Fluorescence Detector stations

Field Of View Observation
3 -33%in zenith Moonless, clear night
NERERAR LT 108° in azimuth Duty cycle ~10%

=

i

i WS i

2013/4/25 All three stations: dbsg_g,,watioﬁ’sincé NOv.-, 2007 %



FD: Mirrors & cameras

camera ¢

&

Signal digitizer

=
g
=

3y BDA
~

v

4 gg;‘:‘: 14 bit, 100 ns resolution
S o Record length: 51.2us

Hexiagonal PMT
~1° FOV/PMT
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FD as an absorption calorimeter

2. Atmospheric correction
R.

Loss of photons

!

i-th PMT

Fluorescence yield [ph/MeV]

3. Telescope calibration
# of photons = ADC channels

g5
awfp et
-Ff: a5
Z a0 P Mirror
=;.
S ™ reflectance
a
a0 00 350 40D &0 50
Wavelength [nm)
2013/4/25

AE = # of photons

=

1. Fluorescence efficiency

o - N w
VI = 1 N Wwonm A unm

|

900 310 320 330 340 350 360 370 380 390 400 410 425

100
g 2n ' :
u
g &0
] » .
£ Filter
E = i
E - transmittance -
N O

E| 1 ——
250 w0 350 400 450 5040

Wavelength [nm|
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elevation angle [deq.]

Example

35 [ L] I L ] ) L] ] 1 I L] ] -
) 40|
30 — — N
N 351
o5|- - -
n 30
20f- - G 25
i o -
- "'E L
15} ., - = 20p
: 151
101 ‘e - -
[ 10 ++
5| - =
[ 1 I I 1 'l 1 | I 1 'l 1 | 1 1 'l 1 I 1 1 Il 1 |
5 70 75 80 85 g0 900 40

azimuthal angle clockwise from north [deg.]

[ E:3.2 x 10%%YV ]

Data

Fluorescence

+ Scattered
Cherenkov

0 500 600 700 800 900 1000 1100 1200
slant depth [g/fcm?]

(hybrid events)
Energy resolution: 7%
Angular resolution: 0.9°



Surface Detector

e 2 layers of

plastic scintillator

— 3 m? /layer

— 1.2 cm thick/layer
WLS fibers

—1mm¢g

— ~100 fibers/layer

1 PMT for 1 layer

— 1-inch ¢

50 MHz FADC readout

2013/4/25 H. Sagawa 16




Data communication
to a com. tower by

wireless LAN (2.4 GHz)

——————————— -

Power supply
for~5 W

by Solar system
~100% duty cycle

- More statistics than FD

The full array in operation
since March, 2008

Hybrid observation with FD
for ~5 years

Scintillator box






An example of an air shower observed
with surface detectors

Top view | Circle center:SD position

Circle size:
IV Larger signal for larger size

.T.
o 2] Lar
‘.l O o

Color:arrival time
green:early
red:late
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Side view

0g 1
L5 ’
|
,

' L X (West — East)s




An example of an air shower observed
with surface detectors

Top view | Circle center:SD position

Circle size:
IV Larger signal for larger size

@
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I i w [

b4 & I
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Color:arrival time
green:early
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SD Analysis:
Lateral Density Fit

e Fit with empirical LDF
e Charge density at 800 m (S800)

1
1

"E " . . . fr e . . I
=

E_ 10° 10°
Z

E 10° 10
: S800

- 10 10
S

1 1

_ln.-| i i n i i i i 1 i 1“‘
1

Distance from shower axis, [1200m]

r=800m
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First estimation of SD energy

Monte Carlo = Energy table
E’, = E’¢,(S800, 6)

T 1 ] T 1 1 1 'l 1 1T 7T I T 1 T T ] T T T 1 I

log,,(S800)

SD energy resolution
20% (E > 101° eV)

1.2 1!3 I 14 1.5
sec(6)

set;{B]
2013/4/25 H. Sagawa 23
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SD energy scale

e For hybrid events

— E'sp energy table from MC  Ero.

o) 127
FD / hyb oF E
e Rescale SD energy : :
1 ' 1 ' >19.51 A" ]
Eyp = E 0o =——=E'sp m_‘g - =

FD
o
o

I
-4
l

<EED> 1.27
EFD hyb

_ Energy uncertainty 18- =

Calibration 10% 17.5F- -
Fluorescence yield 11% L T T T T T T Y S
Atmosphere 11% S0 fog,(EleV) Esp

reconstruction 10% (rescaled SD energy)

> Total 21% gawa 24
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Energy spectrum

—
o
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1
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Energy spectrum

19
5.4x10 eV Above 5.4x10%° eV

p— R I I I I
- 10k 21 events observed
- -
L 4.6x1018 eV °8.6 events
s l
o
E E:][:][:]E]D
o~ -0 Significance of
> .
@ AA Suppression
< 1 3 5.5 sigma
— o AGASA
ol A Auger A
g o HiRes-| A
Py o HiRes-ll T
w e TASD
ﬂ101 Pl PPl P T P P AN
17 175 18 185 19 195 20 205
Iogw(EleV)
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Energy spectrum

Above 5.4x10%° eV
21 events observed
5/§.6 events

—
o
LELILN | i

l
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»
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o

£ N
o~ Significance of
> .

@ Suppression
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Mass composition

Longitudinal shower profile

deep TA data: consistent with proton

8
oy
v 9““_"l|'ll'|ll'||l||1|-i|--|
3 850
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g3 £ 800 |-
g X -
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g g)DS 750 [~
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- Q oo
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& 8 8 8 8 g ° I e el NS NN i P §
§ 2 3 & & i 650 - :
sUoLve|9 10 Jequiny B --
60Q -
shallow
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Mass composition

Longitudinal shower profile

deep

guﬂ LI I LI B | '| L T 1 1 T 1 T i LI | I LI [ T 1 1 i LI ] I T

1200

1000

850 —

800
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600
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I 1

& [+2]
S 9
@O o
o« od
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log(EfeV)

shallow Atmosphere : superb calorimeter for

highest energy CRs!
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Correlations with AGNs

AGN () ;- . TAFOV
VCV catalog o SN
z<0.018 (75 Mpc) |- N .0 Galactic center
/360

TA SD 25 events (E > 5.7x10° eV) (e+0)

11 events within 3.1° (@)

Isotropy model expectation: 5.9 events
- Chance probability to observe 11 events: 2%

2013/4/25



Correlations with AGNs

AGN (-) ;- . TAFOV
VCV catalog N BN
z<0.018 (75 Mpc) |- WL .0 Galactic center
/360

TA SD 25 events (E > 5.7x10° eV) (e+0)

11 events within 3.1° (@)

Hint of anisotropy?

Isotropy model expectation: 5.9 events
- Chance probability to observe 11 events:

2013/4/25 H. Sagawa 31



Summary

* TA: the largest CR detector in the northern
hemisphere

e The SDs and FDs: operating stably for ~5 years

e Measured energy spectrum, Xmax and arrival
directions of UHECRs

— Consistent with proton model with GZK suppression

2013/4/25 H. Sagawa 32
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Electronics

m

WLAN Board (Bottom) | | charge Control Board

2013/4/25

e Main board

— FADC
e 20 MHz sampling
e 12 bit

e Charge controller
e WLAN modem

— Under main board

H. Sagawa
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Calibration

1 MIP
Y

PED

stelelelelle!
i P

o
e PR d«o«.ﬂi.un“w&o =
B =y
A SRR
S e .......’..0’.”‘.....’.....6"’...“...0..’.
e
i T AHAKHE NI

o PR
o

-

-]
-]

= 7 ol
] ] (-
— — —

Ul |/ sedius Lo daqudnp

(-
—

Y
4

(240nsec sum

{
Y

FADC count

e Background monitor

— Each distribution update per 10 min.

~ -0.8%/°C

— Temperature coefficient of gain
— Temperature meas. per 1 min.



Trigger rate

_evel-0 trigger (>0.3 MIPs): ~700 Hz
Level-1 trigger (>3 MIPs): ~20 Hz
L evel-2 trigger (shower trigger): ~600/day

— >3 MIPs
— neighboring 3 detectors
— <8 usec window



£ 6000

O oo

=
= 5000
4000

3000

F(x1+ x2)

2000

1000

0

Linearity measurement by LED

e 2 LEDs per layer

F{xl1 +x2) e
Linear response
L FADC count limit

— F(x,): only LED1 is ON

— F(x,): only LED2 is ON

= l — F(x,+X,): both LED1 and
S~ LED2 are ON
e This case

— We know F(x,) and F(x,)
are not saturated

o

y,

)
&

— But F(x,+x,) is saturated.

0 1000 2000 3000 4000 5000 6000

F(x1) + F(x2)

(FADC count)



non-linearity

Hz / FADC count

Linearity measurement by data

SD 0114 from 09

0.25
MIP upper - J
0.20 - LED upper

0.15 +
0.10 F | +
0.05 =
0.00 il il
-0.05

-0.10 -

MIP upper
average of good tubes

m-B' I [ A N I L1 T
200 500 1000 2000
FADC count




Arrival directions

Correlations with Large Scale structure (LSS)

E >5.7x101° eV
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Electron Light Source (ELS)

Source of electron beam = end-to—end energy calibration of FD

100m

20 kW cooling system

—— Control room

First light in
September, 2010
2013/01/16

Output power=40 MeV X 109e-/pulse Wnne 5 Hz pulse width: 1psec
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