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TA detector

* Surface detector (SD)

transfer HiRes telescopes

Plastic scintillator (a la AGASA)
— 507 SDs
— 1.2km spacing, 680km?

* Fluorescence detector (FD)
b Ty ¢
— 3 stations(BR, LR, MD) 88883%: %1:3&?:::;
» 38 telescopes(12+12+14) I:iJi’::I”iﬁ:KT?:i {%'
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Nl 0000000000000008
* About 200km south to Salt Lake TR | e e &
City -y o

* 39.3°N, 112.9°W
e Altitude ~1400m

The largest detector in northern hemlsphere
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Rate of operation
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Observation Time [hr]

Observation Time [hr]

Fluorescence detector

* BR/LR site:new telescopes

+
+
+
<
+
+4 >
44
+
)
2
+

¥
et e e R
244444024t e
et ittt ed ey

FOV: 3-33%in elevation
108° in azimuth

54500

2011/04/11

3551.4 hrs
12.3% |

3076.7 hrs
10.7 %

16x16=256 PMTs
Hamamatsu R9508

55000 55500
MJD H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays 6



FD station at MD site
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One FD station in the north
3°-34° evelvation with 1° pixel
Transferred from HiRes
5.2m? mirror
S/H electronics
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Atmospheric monitor=calibration
(for fluorescence detectors)

» Central Laser Facility

— Observe sidescattering of
e laser from each FD station as
;:Liﬂ;:*:ﬂ.ﬁr % a standard candle
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* |R camera:cloud monitor

Electron Light Source (ELS)

— Absolute energy calibration
of fluorescence detectors

1 Messenger Astronomy of Cosmic Rays 8



ELS (Electron Light Source)
[compact electron linear accelerator]

T Specification
m . electron energy: 40 MeV (max)
......................... omlg e . current: 10° electrons/pulse
10km . pulse width: 1 psec

RF System _ _
Frequency=2856MHz 20kW Cooling Unit
Output Power~20MW 30°C,110L/min

‘En |_F B e |

40MeV e- !«Faraday Cup
Core Monitor

Electron Gun i (Current Transfer)
(100keV) l <«— Collimator
T (SLIT)
g4

90-deg
Bending Magnet

View from the roof of FD station

Accelerator Unit
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First light from ELS
_ FDObsevaion

Sep.3@.2010 Beam Shot into the Sky, and Observed by FD

0123 456 780 abcdeddl23 456785 abcdadllZ] 456785 abcde FA12343 8768 abcda 1123458780 abcdae 1132345878 0abcdadt

Sep.3d. 2010 22:00

Observed !

Geant4 Simulation of 40MeV electron beam
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Spectrum

* Hybrid spectrum
— BRM/LR FD (new telescopes) + SD

— HiRes refurbished telescope

— Direct comparison of energy scales and energy
spectra between HiRes and TA

* SD spectrum

— Plastic scintillator surface detectors (a la AGASA)

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays
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Hybrid Spectrum
e Hybrid analysis

— FD mono analysis + SD information—=>improve
reconstruction

— Aperture is flat for >10%eV by SD

The example of the Hybrid event
2008/12/30
& 35
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gix%x%)§>_<x-_x-
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azimuthal angle clockwise from north [deg.]
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Hybrid analysis: Data and MC

Geometry: Hybrid
*Energy: FD

Data:
«date: May/27/2008 —
Sep/28/2009 (~1.5years)

*BR + LR (new telescopes) with
SDs

*1978 events (FD-SD timing
coincidence <200us)

*Cut condition
*Xmax has to be observed.
*Zenith angle < 45degrees

MC:

*Air shower:
*COSMQS, proton, QGSJET-II
*Slope: -3.1
e|sotropic distribution
*Detector:
*All of calibration constant with
time dependence
*Simulate trigger, front-end
electronics, and DAQ,

*Aperture / Exposure

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays 13




Geometrical reconstruction

. . (" Mono reconstruction )
FD mono analysis + timing of one SD

|l siny —sing,
t=t, + ——
¢ sin(y +a,)

core

J

Fitting Results

psi = 1.513 = 0.001 [rad] ‘_V

35: rCore = 17.763 + 0.004 [km] 4 . )
- {Core =-16115.817+ 0.000 [ns] Hybr id reconstruction
3 | v2/ndf = 14.193 1 sin W — Sin a,
:: 3o ti - ZLcore . core
e | ) c sin(y +a,)
s | eometry Results
g ! el tcore = tSD +— (rcore _ rSD) COS W
= azi = 313.053 [deq] \ C j
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Shower profile reconstruction

4 )
*Xmax has to be observed

*Energy > 1018-65¢V

*Zenith angle < 45 degree
\§ J

g_z..eu:—
sz- Lngitudinal Results
energy = 8.088e+19 [eV]
xMax = 756.353 [g/cm’]
nMax = 5.489e+10

xInt = 0.000

%2 =3.710

xStart = 209.000 [g/cm’]
xEnd = 844.000 [g/cm?]

180

Fluorescence

__Scattered Cherenkov

‘?ﬂﬂ 200 300 400 500 600 YOO 800 900 10001100 (Raylelgh)
slant depth [g/'cm®]
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Exposure
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The aperture is calculated from MC simulation.
Exposure: ~3*10°> m?srs (>~10%%eV)

(MC: Cosmos QGSIJET Il)
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entries

Data/MC comparison

*BR station
*Filled circles : data
*Histograms : MC

Energy
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Energy spectrum

Hybrid events at the BR and LR station for TA

Systematic errors

1.5 years

Systematic
- [-=- HiRes-1 —w— TA FD: Hybrid error
HiRes-2
105~ Fluorescence
. 12%
T [ yield
k7 -
Ng I — Detector 10%
— | ©
3, 0 8 oféla 5@ | b Atmosphere 11%
102 |- {' .
2 F 1! Primary o
» ] ) 5/6
W T particle mass
MC
i 3%
correction
I 1 1 1 1 1 1 1 II 1 1 1 | | II 1 1
1 01 8 1 019 1 020 TDtEI | 19%

Energy [eV]
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Middle Drum (MD) FD Analysis

* 14 refurbish HiRes-1 telescopes

e TAMD mono processing is identical to HiRes-1
monocular one.
— Same program set, event selection, cuts
— Using the same “average” atmospheric model

* The differences

— the telescope location and pointing directions
— Thresholds (~*20% lower than HiRes-1)

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays
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MD mono energy spectrum

e Data: 2007/Dec~2010/Sep
* MC: CORSIKA/QGSIJET events

Aperture Spectra
il 1 | T | T 1075
9.8_— ] B
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o g | 3 15s
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- w
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~1/4 the exposure of HiRes-1 ] . ] ]
in good agreement with HiRes
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SD spectrum

* SD reconstruction
— LDF, timing fit
* MC
— First energy estimation

* Data/MC comparisons
— SD energy vs. FD energy

* SD spectrum

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays
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Data set

 May/2008 — Feb/2010 (1.75 years)
* Exposure ~1500km? sryr (~AGASA 13 years)

* Cuts:
* LDFy?/ndf<4.0
 Border Cut > 1.2km
e Zenith Angle < 45 degrees
* Pointing direction uncertainty < 5 degrees
* Fractional S800 uncertainty < 0.25

- 6264 events



Charge Density, [VEM/m?)

2008/Jun/25 - 19:45:52.588670 UTC

SD event reconstruction

Time fit to determine geometry

( modified Linsley)

5 22+ I 1 1 | I I I 1 I 1 4! E
% 2 1% & Linsley Fit 5 ) P o ] )
E 20— o E E 1DE ................................
g s 3 g 9.5F-
B '8 1 5 T oF
- = —_ E _.E
16~ .% : 8 = 3,::_
T e |grs ° 756
14 e m =
13 :‘IT ?E_
6.5
20 0 =
1 2 3 4 65 6 7 8 9 10 1M 12 E:r;-a..l PR - o0 o o o 0 s s w o B 4 o 4 4 | s &
Distance East, [1200m] -4 -3 -2 1 0 1 2
Distance along shower axis, [1200m]
—t
ot o* = . = . .
' " Lateral Density Distribution Fit
10 $800 ' to determine S800 (charge density
- .. 800m from the shower axis)
Fit with AGASA LDF
10 10 ’ 2 ; — by 2706
1 ) & (E) (l ' F) {l ' (IIHJ[I) }
: ] I_H.‘.'.- E0.13) — (1.79 £ 0.62) (sec i — |'
107 = y i o
Distance from shower axis, [1200m] ° 8(800)9 Primary Energy
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SD Monte Carlo

* Simulate the data exactly as it exists.

— Start with previously measured spectrum and
composition.

— Use Corsika/QGSJet-ll air shower events.
— Throw with isotropic distribution.

— Simulate detector response (GEANT4), trigger,
front-end electronics, DAQ.

— Write out the MC events in same format as
data.

— Analyze the MC with the same programs used
for data.

* Test with data/MC comparison plots.

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays
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Time fit residual over sigma

Counter signal, [VEM/m?]

-0.5 asfEhi

Residualsfa. vs p

Fitting results
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20 Charge density, [VEMIm’]

Fitting procedures are
derived solely from the data

Same analysis is applied to

MC

Fit results are compared
between data and MC

MC fits the same way as the

data.

Consistency for both time
fits and LDF fits.

Corsi
data
distri

ka/QGSJet-Il and
nave same lateral

outions!
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log, , (S800)

First Estimate of Energy

T T3 e Energy table is
s | constructed from the
MC

* First estimation of the
event energy is done
by interpolating
between S800 vs

11 1.2 13 14 1.5

«n  sec(0) lines

24.6 33.6 39.7 44.4 48.2
O(deg)
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DATA/MC: S800, Energy

E]
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Comparison of Ey and E;
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Energy scale is determined
experimentally by FD
without referring to MC.

Set SD energy scale to FD
energy scale using well-
reconstructed events
detected by both detectors.

27% renormalization.
— Systematic error 19%

(from systematic error of
energy by hybrid analysis)
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TA SD Spectrum

TA SD energy is rescaled to FD energy.

I T T T T ] T T L] L] T T T T T T T T T T T

Prellmlnary, 7/20/2010

—%
=
T fllll]l’

-3.33 § /20

18.71

II'I'IIIII
IIIIIIII

T

J(E) x E¥10%* ( m?® x s x sr'x eV?)

1o I N S S U - WL A T Y L G WY DO AU T U ol T O N R S
18 18.5 19 19.5 20 20.5
log \ n[ EleV)

axh

<
=

T

]

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays 29


http://hrlx05.cosmic.utah.edu/june2010spec/009-182_tasd_plaw.gif�

Significance of the Suppression

EEYTa \ |\ I » Assume no GZK cutoff and
o extend the broken power law fit
'\ ' beyond the break
£ * Apply this extended flux formula
E to the actual TASD exposure,
W ; find the number of expected

events and compare 1t to the

number of events observed 1n
log, E bins after 101%%¥eV bin:
— Nexpeer = 184
3 - Nogserve =2
L ] J
|, ] PROB=Y Poisson(u=18.4:1) = 2.41 x 10™*
* e " 198 T oy ey, i=0 ( 3.5 U)
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TA SD, Middle Drum FD Monocular,
and TA Hybrid Spectra

|| —+— TA FD: Hybrid
1025 |/ ™ TAFD:MD
_ F|-sTas0D
® _
N“:‘E — i | +'—.||—'
£ . M ”L ik
o~ L o | [ ]
3 LY '}ﬁq' r -
102 |- I N
= l !
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10'® 10" 10%°

Energy [eV]
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JE) x EXM0** (m? x s x sr' x eV?)

TA SD and HiRes Spectra
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TA, AGASA, Auger, HiRes, AGASA spectra
TA SD energy is scaled to FD energy.

AGASA - TA FD: Hybrid
—B— HiRes-1 —— TA FD: MD
1025 -
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Energy [eV]
TA SD spectrum is consistent with TA MD mono and hybrid spectra,

and consistent with HiRes-lI and HiRes-Il spectra.
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Mass com
(Xmax tec

Shower longitudinal development strongly depends
on their primary particle type.

FD observes shower development directly.

Xmas is one of the efficient parameter for
determining primary particle type.

Shower longitudinal development
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FD stereo analysis

Cosmic Ray

Station | Station Il

Shower axis is determined better
by FD stereo reconstruction than
by FD mono reconstruction.
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X .. Data/MC comparison

Dataset: 2007/Nov ~ 2010/Sep (~3yrs)

Entry
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X .. Data/MC comparison

X,,o = reconstructed X, _,
= QGSJETO1

m
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<X, VS. Energy

X,o= reconstructed X_
Energy reconstructed energy
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Mass composition of TA data is cgnsis;c(egscmyc\ga’gsh proton prediction.
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Anisotropy

e LSS correlation
e AGN correlation

e autocorrelation

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays
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LSS correlation

2Mass Extended Source (XSCz)
— m<12.5
— 5Mpc<D<250Mpc

Injection spectrum index = -2.4, proton
Propagation (int. with CMB photon & D loss)

Smearing angle (free parameter)

— Galactic Magnetic Field (GMF) + extragalactic
magnetic field



Flux maps overlaid with data

Data set: SD events from 2008/May to 2010/Sep

Isotropic model LSS model (smearing angle = 6°)
b = 90°
E>40 EeV | : 35 events
E>57EeV _- 15 events
|=270° .

b =-90°

the galactic coordinates
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Result
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Correlation with AGN

16 | | | | I |

14 F
Data: 2008.05-2010.09
12 Zenith angle < 45deg

E>57 EeV: 15 SD events

10 | (E: scaled to FD energy) eXpeCtation
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Correlared: 6 events

N corr
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The result is consistent with isotropy modeN ot

and expectation from Auger AGN correlation.
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Autocorrelation

Separation Angle Distribution (normalized by solid angle)

c
E Separation Angle Distribution 830Event
s
L 70 T T T T e 10K et —= ]
[ A o _ Dbata =
Y S . S 0
3 Uz b o -
o Separation Angle DE
£ S — 2 ) NS SO
£ A = - T T
z ' Dataeay - RN R
8 L ¢ B 30 [---deoeeedeecien e AETES SILUEL Sty CEUTEY SRR S e
T N I - Bk & E>10 EeV
g 1.8 H-deees IS s — O N = : : : : ; ) ) . ) .
. 0 : : : : i =+ Il o E T RO FEPEEEI CEPPEE e S L SRREEEt CEPTEEEEREEE FEPEES EREEEE SREPEES freeasdeaas —
- : : : : : i @ : : : : ' :
g L g A (\a(\l
£ - g A" s \\ Ol
2 o 5 10 —\\ ------- R e A .
R N B A IR S A Ke e
o T || - I N NN NN (NN NN SN NN SR N H S B
: |1 E>40EeV ¢ 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
9 S R S ~ Separation Angle [deg]
% ous Wbt
g | S ﬂ I Consistent with isotropic model
] g 4 3 . £ H . : i ; H . . H
0 i : : : : ! : : ] : i : ] :
g : . . Il |I 1 II P T T fe 32 For 40 EeV, 1 pair was observed
0 & . .
g © 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 | 0.8 pairs expected from isotropy
2 Separation Angle [degl

for separation angle of 2.5°.

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of CosmIc Rays

vy




Prospects

e TALE (TA Low-energy Extension)
 R&D @ TA site by ELS / UHE cosmic rays

— Radio detection towards larger ground array

e Detection by bistatic radar

— Other possible ideas

e Detection of microwave bremsstrahlung from UHECRs
e Test for JEM-EUSO prototype

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays
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TALE (TA Low-energy Extension)

TALE:
High elevation FD +
Infill array
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Aim of TALE

 TA+TALE covers ~10' to ~10%0 eV.
— ~10YeV: 2nd knee

* Transition of Galactic CRs to extragalactic CRs?

— ~1018> eV: ankle
* Transition of Galactic CRs to extragalactic CRs?

e e*e  pair creation?
— ~101%8 eV
e Cutoff or heavy primary CRs?

* Cross-calibration by different types of detector
— SDvs. FD
— Stereo FD, hybrid
— Energy calibration with ELS (Electron Light Source)

2011/04/11 H. Sagawa @ Multi-Messenger Astronomy of Cosmic Rays
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Layout of TALE

Extend FD field of view @MD : r\hiddle brum, i:D stat:ion

Add 11 telescopes to MD E 5 E i

—>Cover 3° - 59° in elevation
90° in azimuth

HiRes-2 mirrors, : : : C K

Reconditioned HiRes-2 electronics

113 new SD counters:
45 at 400m spacing, r<3km
31 at 600m spacing, r>3km

37 to build up from main SD
array, at 1200m spacing

:
.
.
.
!
.
.

TASDarray

35 Z00' S S B -
sk

2.5 km
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Detection of UHECRSs by bistatic
radar



bistatic radar

r\JJ iHAl
2| Recelver

Transmitter
(commercial TV)
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bistatic radar

UHECR

Scattering by electrons in

ionized column caused by EAS
-

\ uLl Receiver
’1%
d M d

Transmitter

(commercial TV) Application of
detection of meteor echo
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icdle Drumi

Receiver side
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Other possible ideas



Detection of microwave
bremsstrahlung from UHECRSs

gMiddle Drum FD

100 m
Parabolic
antenna 2m
Beam
\L} ?jg:f' copper shield
) 100 m g ELS\L
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Test of JEM-EUSO prototype
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Summary

Spectrum (hybrid, SD, MD FD mono):

— Consistent with each other and HiRes-1,2

— Evidence for suppression (from SD) [3.50]

Mass composition by Xmax analysis: FD stereo
— consistent with proton prediction

Anisotropy:
— LSS: consistent with both LSS and isotropy (E>40EeV)

consistent with LSS and incompatible with isotropy
at 95% CL (E>57 EeV)

— AGN: consistent to isotropy for E>57 EeV

— Small scale cluster: consistent with isotropy both for
E>10 EeV and E>40 EeV

Prospect

— TALE, and R&D or tests for future large-scale UHECR
detection is being prepared.
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