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Telescope Array (TA)

* Telescope Array Collaboration was forged by
Members of HiRes and AGASA
— Study Ultra High Energy Cosmic Rays (spectrum,
composition, anisotropy, ...)

— Understand the differences between AGASA and
HiRes

— Study the galactic to extra-galactic transition:
measure cosmic rays over the second knee, ankle,
and GZK with one cross-calibrated detector

e Telescope Array now has members from the
US, Japan, Korea, Russia, and China
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Outline

Introduction

FD Middle Drum Spectral Analysis
SD Spectral Analysis

Hybrid Spectral Analysis

FD Stereo Composition Analysis

(See talk by G. Rubtsov for a search
for photon events)

Plans
Conclusions



588
La s X T T 7
+08
-
-
-
-

-8
-
soe
-

-

-

"{IHF."".E Ld 2 L d

e B BB DO
+t+:§++t+t
£ 3
2235
848

R
o
SEEOCE®

t
531

L3

saame
;%E

L ES OLOSBSHL 000D
94

|| andy

|Mariab

ol

S 4 Lt L
o et
s Sl

g -tq

: 4
SR (MR

Ld s
Tttt
o5 00004
'I"l'i"l"l'*'l':

*
L

o d
L i it bt d
POBBHOBG

[T TT

Telescope Array

Ibapah Paak
-

)
Gashute

eF’ar‘tonrn

THEMY U
13%° 0 5

J 10
10 15

Wenclover Alr
Force Range

TRENEIEN N F

Grartsville, .

Weei Jordan’ |

0
Tooele o *
o SALTLA
P American Fo
A

HiRes @ Dugway

way Froving Grounds®

‘Wernon
e,

L]
Elk Ridge

e
Wount Nabe
{1877 ft

il

C

ephi
: Levan Fourts
..||||“""""'lll--lllllllllllllllll.|.|.|||.|.|;|.-|...-||||.|L|,|ler1$ . 5 QM
o ort
g f e |:.:r ille Iu T A H Vle
= waseyl 3 0ak Y
JTeIascupa Detat A /o Qﬁ JEptw
AL - i SANPETE
BRI Dastd, d
! i ’Sterling_; Manti
% ~ Mayfield
. 4/ o
ol e
(50" Redmond- -
Flowell .( ilmore. = -
Tabemacie Hill . ~Alrora, p!
Weadow: urd
(3871 Kanosh : & 4

The High Energy component of Telescope Array — 38 fluorescence
telescopes (9728 PMTs) at 3 FD stations overlooking an array of 507
scintillator surface detectors (SD) - complete and operational as of ~1/2008.



TA Fluorescence Detectors

Refurbished Middle Drum [, telescopes@station
from HiRes-I 256 PMTs/camera
Observations
since ~10/2007

~30km New FDs
§ o151 12 telescopes/station
o i W iE S i | 256 PMTs/camera
gﬁi:rvatlong Y # 'if: - || Hamamatsu R9508
, | - | FOV~15x18de
~11/2007 & | ([P 5
' “1| :' i Observation
" I since ~6/2007
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Typical Fluorescence Event

40—
35 :— 10
= . Event|Display
= . Black Rock Mesa
20— Tx
15 f—
1uf—
S Rt L S s, R R
0 — | | i |
240 340 360
Azimuthal Angle (degrees)
%M;Fluorescence
ugzﬂ:_Dlrect (Cerenkov) . (1 ]” ll l
e [ Rayleigh scatt. ’ l T I
S200[- : it J
£ [ Aerosol scatt. | } T
§150L il - J
1Dﬂ;— l] |
50 I
5 &= & e —e——————— e
Angle in shower-detector plane (degrees) o = e it Slant?:llu:pth (g/em?)

Monocular timing fit Reconstructed Shower Profile



S_urce Detectors




Deployment (up to 50/day)
485 SDs: 10/2006 - 3/2007




Scintillator Detectors on
a 1.2 km square grid
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TA Scintillator Detectors

e Power:
Solar/battery

e Readout:
Radio

o Self-calibrated:
u background

e Operational:
3/2008




Typical Scintillator Detector Event

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

metry Fit (modified Linsley)
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CR Observation:

* Detector sKstems are independently
operated thus far, however

e Many events are observed by multiple
detector systems

— FD mono has ~5° resolution in y (angle within
shower detector plane).

— Adding SD information (hybrid reconstruction)
=> ~0.5° resolution.

— Stereo FD resolution ~0.5°
* Need stereo or hybrid for composition

 Hybrid trigger (FD to SD) currently being
installed
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A Careful Analysis Method

e Simulate the data the same way it is observed.

Start with previously measured spectrum and composition
Select an air shower simulation program
(CORSIKA/QGS]JET-II/FLUKA)

Throw an isotropic distribution

Include atmospheric scattering

Simulate detector, front-end electronics, trigger, and DAQ
Write out the MC events in same format as data

Analyze the MC with the same programs used for data

o Test with data/MC comparison plots

o If they agree: “I understand my detector”
Otherwise: work harder



Middle Drum FD Analysis

e Initially use HiRes-I methods:

— Is HiRes spectrum reproduced? (Same
telescopes, just moved and reconfigured)

— Test effect of two rings: HiRes-I had one
ring of mirrors (3°-17°) and short tracks

— Middle Drum like HiRes-II, Black Rock,
Long Ridge, & PAO observes 3°-31° in
elevation



Data — Monte Carlo Comparison
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Data — Monte Carlo Comparison
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Data — Monte Carlo Comparison

* Photo-electrons per good tube (pepgt)

.. Data-black, MC-red - Data-black, MC-red
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Data — Monte Carlo Comparison
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Monocular Energ
Spectrum from Middle

Drum (MD) Detector

14 refurbished HiRes-I
telescopes

TAMD mono processing is
identical to HiRes-I monocular
data analysis

— Same program set, event
selection, cuts

— Using the same “average”
atmospheric model (aerosol
VAOD=0.04)

Differences

— telescope location and pointing
directions

— Thresholds ( ~20% lower than
HiRes-I — Delta is darker!)
Preliminary MD spectrum
in ﬁood agreement with
HiRes

Energy Spectra

aanfl [ ﬂv

10°

-+_ TA Middlo Drum Mono

— HiRes1 Mono

TS
Log..E (eV)



Black Rock, Long Ridge
FD Analysis

“': : J+ ..: - u:; ]

® C arrying Ollt the I::.g §J++‘
same type of
analysis for the il ——
Black Rock and l
Long Ridge FD’s.
* Analysis ongoing

o,

(no spectrum yet).




FD Conclusions

e Middle Drum spectrum:

— Used identical analysis programs to
HiRes-I

— The spectrum is identical to HiRes mono

e Black Rock and Long Ridge FD
analysis is proceeding well.



SD Analysis

* Rigid quality cut strategy

— Must calculate aperture by Monte Carlo
technique

* Consistency

— Use the same techniques for the SD as
we’ve used for FD analysis (HiRes & TA)



SD Monte Carlo

e Simulate the data in detail - just like for the
FDs

— Start with previously measured spectrum and
composition

— Use CORSIKA/QGSJET-II/FLUKA events

— Throw an isotropic distribution

— Simulate front-end electronics, trigger, DAQ

— Write out the MC events in same format as data

— Analyze the MC with the same routines used for
data

o Test with data/MC comparison plots



SD Analysis

e Basic TA SD event reconstruction is done in a model
independent way:

— Fitting functions of previous ground array experiments are used
as a starting point

— Reconstruction procedures and formulas are adjusted to fit TA
SD data by applying self-consistency tests to the results of fitting

— This is then used to reconstruct event geometry, as well as lateral
distribution profile

o A carefully tested MC set, which shares all the
characteristics of the real data, is then introduced to
estimate the event energy and calculate the aperture



SD Event Reconstruction

......................

T FiT 7 - Twofits

) 92: : — Time fit to determine event
i E geometry (modified Linsley
"o E function)
sE : — Lateral Distribution Fit (LDF)

T e udg howar st an the oo, 120 to determine signal size 800m

from the shower axis, S800

*.EE"F YE Eir | (AGASA fitting function)

: ., o Fitting procedure and

: formulas are adjusted using

5 only the data

1
Perpendicular dist;nce from shower axis, [1200m]



SD Monte-Carlo: Methodology

Simulate an event set which has as many of the
characteristics of the real data as possible:

— Energy distribution is continuous and follows previously
measured power laws:

PY E-3.25’ E < 1018.65 eV
PY E-2.81 , E >1018.65 eV

— Angular distribution is continuous and isotropic in the local sky.
— Use previously measured composition

— Use actual CORSIKA events
Record the MC in the same format as the data
Analyze the MC with the same routines as the data

Validate the SD MC by comparing the distributions of
its reconstructed variables with the real data.
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Data/MC: Geometry
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Data/MC: S800, Energy
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First Energy Estimation

E=10%%eV

* Energy table is
constructed from
the MC

e First estimation of
the event energy is
done by
interpolating
between S800 vs
secO lines



TA SD Resolution
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— Analyzed in the same
way as the data,
including the quality cuts



Energy Scale

|_Energy Comparison_|
— 20.5-

* Energy scale is
determined more

; accurately by FD
N ' | than by CORSIKA
15 ®5 9 185 2I?0.910;E,;DI‘;\1;}-5 QGSJET'II
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e Set SD energy scale
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well reconstructed
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Energy Spectrum
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SD Conclusions

e Calculated SD energy spectrum :

* Geometry and LDF reconstruction are based
solely on characteristics of the data

e Generated MC set with all characteristics of
the real data

e Tested the accuracy of our MC by
comparing with the data

e Tied SD energy scale to FD

e TA SD and FD energy spectra are in
agreement



SD/FD Hybrid Results

e Combine SD with Black Rock and
Long Ridge FD observations

* Improved resolution over FD

o Efficiency at energy threshold can be
modeled more reliably than with SD
alone

* Analysis done as with SD and MD
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Resolution (Geometry)
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Xmax
Peak: -11g/cm?
Standard deviation: ~30g/cm?

Peak: -9%
Standard deviation : 8%

:

-

fod. N
B
5001
i —"ns 1 = Y BT

[T ] B ]
M., diffarence [rscon ! sim]

Resolution (Shower profile)

Energy (MC cnrre&tiﬂn}

energy raflo {recon | glm)

LI .

Peak: -6%
Erec/EMC Sigma: 8%
R TR R R R

anrgy ratio (recan fsimj




=l

£ J(E) [eViim?/s/str]

=

%

Energy spectrum

- l:\ :l I -\.--\.-l:llli

. AGASA

| Bea HiRes-1
| . Auger

B TA-Hybrid

: . S?ﬂamatlt i
I Error [15%]
: __'___________,,..

fﬂ¢¢¢g

.l
ri""’-:J,

[ e

:.HiFlils Sterao i_ ,

I,.Iu'lﬂ

10
Energy [eV]

Systematic errors

Systematic
error

Fluorescence
yield

Detector
Atmosphere

Primary
particle mass

MC
carrection

Total

12%

10%
11%

5%

3%

19%



FD Stereo: Composition

e Measure x,_. for Black Rock/Long
Ridge FD stereo events

e Apply strict quality cuts in order to
improve x_, . resolution

max

e Create simulated event set

* Apply exactly the same procedure as
with the data



Data/MC Comparisons
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Entry

Data
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e Data and MC show excellent agreement
geometric agreement

What about x,,,?
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X, ... VS. Energy

e Use MC treated identically to the data
to establish energy dependence
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Stereo Composition Conclusion

* Data consistent with continuing light
composition above 107 eV

* However...statistics are very limited at
this time

* (HiRes talk by ].Belz)
o Stay Tuned! — More to come...



Ongoing...



TA
Electron
Light
Source
@ BRM

TA
Electron Light Source

: Fence
(80,ft-x 120 ft)

100m from
FD building

Electron Light Source (40ft container)

1
=3 Control Room (20ft container)
3 water Cooling Unit (20ft container)
1

75kW Diesel Generator and Tank (8ft x 16ft)

TA Flyorescence
Telescope Building
@ BlackiRock'Mesa



. ELS Facility in Delta, UT 2/2010




- Beam Operation ‘08.Feb.22t" - Dec.10t ( 89day

s = 716hours)

.4 -1““ High Power Pulse Modulator

Beam Condition

- Repetition ~ 0.5Hz

- Energy ~ 40MeV

- Current
10~250pC/pulse

]

| HV station |
" for E-GUN

| Pulse Trans for
RF&E-GUN

Built in
Shield room

day Cup

Core Monitor

N7

is photo was tken in ‘08.Dec.24 after removal all Shields.
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Absolute Energy Calibration in
situ by 40 MeV electron beam
fired vertically into the sky

Automatically takes into
account fluorescence yield (1)
and detector inefficiencies

ELS Status

Background measurements
ongoing for a couple years

Suffered some minor damage in
transit to Utah — finishing repairs

Beginning to re-commission the
accelerator (testing the klystron,
electron gun, etc)

Hope to have first beam shots
soon! (end of the month??)



2000 ——! — —

TA Stage-1 =

* The energy region>10"eVis ¢
well-covered by the existing H
TA detectors A

0 EIlI:‘I = - | | | |
* Ground Array becomes full/ 0% e

efficient at ~5x1018 eV 2 o

a] TA ground Array (45 deg)

o0O0ooDoDoOoOoOoDoDOoOooOooOoon

e The three FD stations
— TA-FDO at Black Rock Mesa
— TA-FD1 at Long Ridge
— TA-FD2 at Middle Drum

provide ~100% coverage of the
ground array above 10¥ eV

2L~




ED 1 | | |
19 e TA-FD2
Below 107 eV Jp_Taso
10 - -
e However, Stage-1 of TA was 2l ~ CLF
not designed for physics f
below 10%° eV 10 l
TA-FDO
_ED =]
e There is no overlap at all in 71018 ov
the aperture of the three ﬁ 30 -0 06 1 20 (km)
fluorescence detectors at
1018 eV 2000 : ' .

e The ground array efficiency £
drops quickly in the 10'8-
10" eV decade

Apertyre
[,
o =
8 v 8
g —

Energy (eV)



Plan: TA Low Energy Extension
(TALE)

e 4th Fluorescence Station - 6 km separation
— 24 telescopes (3-31° elevation) — “ring 1 & 2”
— 15 large area Tower telescopes (31-73° elevation)

e Infill scintillator array 111 (3m?/ea) detectors
at 400 m spacing

 Graded muon array - 25 (12m?/ea) detectors,
buried 3 m



6 km Stereo and Tower

“Ta (b) N
a z5 2 e
-~ TA-EDE I T
TA-SD
07 JAtEFD i '
o4 W F " TALE-FD 1,
—107 1a-FDi i
TA-FDO
_20_ I
- 10'8 ev
— I T I I T at Lonqg Ridge
20 =10 0 10 20(km) e

24 low elevation (ring 1 & 2) telescopes; mirrors the same effective
area as HiRes and Auger

15 higher elevation (rings 3-5) telescopes; mirrors 3x larger area




Zero in on the Ankle

* The energy, angular, and Xmax resolutions
of the 6km stereo pair is expected to be
similar to that of the HiRes stereo pair,
except that the aperture is flattened in the
decade of energy containing the ankle.

e Will provide stereo composition
measurement down to ~1018 eV, where we
expect the elongation rate to begin to
change...overlapping with the “Tower”
hybrid detector.



e The increased mirror Improved SenSItIVIty

size will improve
substantially the
sensitivity of TALE in
the 10165-10'7> eV

energy decade
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TALE Tower Detector with
4.4 m diameter mirrors
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* Note the gain in
sensitivity comes from
the improvement in
signal.
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Tower with 2.5 m mirrors -

Number of Events over 6 months
|

 The HiRes trigger

SR S N

scheme is not S/N 00 - ]
limited, but limited : . —
imite , ut limite ith 2.5 m mirrors
by having enough Wi 1
signal to reconstruct a [ 4 _ , .
reliable shower %6s 17 175 A8 15 19 185 @ 305

profile.



Conclusions

The Telescope Array (TA) Experiment has picked up
where HiRes left off and is collecting UHE cosmic
ray data in the northern hemisphere

TA is a large experiment is attempting to carefully
control systematic uncertainties

Multiple analyses are all ongoing;:
— FD mono, Stereo, SD mono, hybrid, hybrid-stereo

More TA sFectrum, composition, and anisotropy
results will be presented in the coming year

TALE - the Low Ener% Extension to TA will soon be
extending the reach o %’A down to ~3x10%%eV to sort
out the measurements between galactic and extra-
galactic regions.
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VEM / Counter

VEM/Counter (2 Layer Average)

VEM/Counter (2 Layer Average)

103

N

10

10

-1
10 ¢

2
10 ¢

=
o

i
o
w

=
o
~

=
o

-1
10 ¢

10+

-3
10

Using CORSIKA Events

Parallel vs. Thinned: Proton, 10*° eV, 6=30°

10'6thinning

f Thinned
W,
/W\ Parallel

M \
W, |
NM ‘u\n
\/ )i I
\' W

Thinned
No thinning Mean

L
1.5 2 25 3 35 4 4 5 5
D stance from Core (km)
Parallel vs. Dethinned: Proton, 10*° eV, 9:30

De-thinned

Dethinned
Parallel

RMS

RMS

De-thinned
No thinning
Mean

I I I I I
1 15 2 25 3 3.5 4 4 5 5
Dis e from Core (km)
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Distance from Core, [km]

Use 10 — thinned CORSIKA
QGSJET-II proton showers
that are de-thinned in order to
restore information in the tail
of the shower.

De-thinning procedure is
validated by comparing
results with non-thinned
CORSIKA showers, obtained
by running CORSIKA in

parallel

We fully simulate the SD
response, including actual
FADC traces



Dethinning Technique
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SD Time Fit

e Event direction is found by minimizing;:

-~ - 2
nSDs t -T, TPIane ~T, )2 (R_Rcoc;)
4 Z ' (180m)’

TO Time of the core hitting ground

Tplane Time of the shower front plane

T, Time delay (Modified Linsley)

T. Fluctuation of time delay
(Modified Linsley)

R (Fitted) core position

R Core position found from the
COG  center of gravity of charge



Fitting results
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Charge density, [VEMIm’]

Counter signal, [VEM/m?]

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.
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Introduction:
The Telescope Array

TA is in Millard County,
Utah, ~200 km southwest
of Salt Lake City

SD: 507 scintillation
counters, 1.2 km spacing,
scintillator area= 3 sq. m.,
two layers.

FD: 3 sites, each covers
120° az., 3°-31° elev.

2.5 yr (FD) and 2 yr (SD) of
data have been collected.
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Aperture (km?Sr)

Tale Aperture

10 . L | | | | I
1 (@)
m HiRes Stereo
2 e TALE D=6 km
10 - =
102— =
B+
18.0 18.2 18.4 18.6 18.8 19.0

Log E(eV)

The 6 km stereo provides

e a much flatter stereo
aperture than HiRes

* a 10x increase in
aperture at 1018 eV



e Will place 111 additional
surface array counters
overlapping with main
ground array: 4km x 4km

* 16 of the counters in the
main ground array will
form part of the infill

o Potentially re-use the
AGASA scintillators and
PMTs for the infill array

Infill Array

TALE Infill Array
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HiRes Stereo

HiRes Stereo aperture
falls too rapidly through
the ankle region to extend
flux measurements much

JE

b@lOW ~3X10186V. all cuts
There are two primary )
reasons fOl‘ thiS: 5 Dm_l::u 185 19.0 195 200 205 210

log{EleV)

1. The 12.6 km separation of
the two stations is too
large: the overlap
between the two shrinks
very quickly below
3x1018eV

2. HiRes-1 only covers
elevation angles up to
17°, which further limits
the aperture near and
below the ankle itself




The tower can operate in
monocular mode, but
limited to Xmax resolution
of ~50 g/cm?.

Stereo overlap with Long
Ridge FD site is too small to
have large enough stereo
aperture (but enough for
direct MC validation of
resolutions

Need infill array for hybrid
operation

Simulations show 400 m
spacing and ~4km x 4km
array to be the optimal
solution for hybrid
operation the 1015-10Y eV
energy range

Hybrid Operation

30
- TA-FD2
Wy _TASD
07 JaLE |
CLF
04 @
_‘IO—.
TA-FDT |
TA-FDO
_20_
“ 10'8 ev
= | | | | |
20 —10' 0 10 20 km

Part of the main ground array northeast of
TALE-FD site is suitable for infill AND muon
array



Telescope Array - HE

30 40
TA-FD2
@ a0 2l TASD [ 30
2T ace-ro Treald

- 20
10 TALE-FD L @
0- - 0
| - —10
TA-FD1 —TA-FDO | TA-FD1 TA-EDO [ —20
—~20- " CLF |-

109ev ~ CIF 1090 ev
~30 +—1—1— T 40

J T T 1 T 1
-20 =10 0 10 20 (km) =30-20-10 0 10 20 30 (km)

Complete FD Coverage of the scintillator array at 10%° eV and complete
stereo hybrid coverage at 10%° eV
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Counter Trigger

0. Wave form recording

>1/3 mip signal
(160ns)

740 counts/sec

1. List of large signal
>3mip signal (2560 ns)
~20 counts/sec

1]

TA Surface Array

Smelter
Knolls §
&

-------
---------

£ Black Rock

Trigger efficiency (0 - 45deg) |

Array Trigger:

>3 mip & 3 adjacent detectors 10/2006 - 3/2007
(within 8 i sec)

(+cross boundary trigger)
Save wave forms >0.3mip

Event Rate: ~20 trig/hr

+32 U sec

4

log,(E)#18.7 ~100%

Milestones
485 counters

el o oy
19 195 20
log10{E[eV])

deployed

e Test with 3 small

arrays: 6/2007

e Observations with 507
counters divided into 3
sub-arrays: 3/2008

e Observations with full

array trigger:

11/2008



