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The Telescope Array detection methods
Primary energy estimation and cosmic-ray
spectrum

Primary composition: protons or heavy nuclei?
Arrival directions: search for anisotropies
Search for primary photons




Ultra-high-energy cosmic rays:
experiments
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Telescope Array Collaboration
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the Telescope Array
is not an array of telescopes...

transfer HiRes telescopes

* Surface detector (SD)
— Plastic scintillator (a la AGASA)
— 507 SDs S=3 m2
— 1.2km spacing, 680km?

* Fluorescence detector (FD) 588 ﬂ o
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* Location

— Utah, USA
* About 200km south to Salt Lake
City
* 39.3°N, 112.9°W i Y Ak
« Altitude ~1400m 1 O R S AR R .

The largest detector in northern hemisphere
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Surface detector

Scintillator
Detectors
onal.2 km
square grid

Power: Solar/Battery

Readout: Radio

Self-calibrated: muon background
Operational: 3/2008




A typical Surface-Detector event

2008/Jun/25 - 19:45:52.588670 UTC
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A typical Surface-Detector event
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TA fluorescent detector 1:

Middle Drum (refurbished HiRes I)
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TA fluorescent detectors 2 and 3:

Long Ridge and Black Rock Mesa [{s]g1gleNg=\W)




Altitude Angle (degrees >
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typical fluorescent-detector event
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TA fluorescence detectors working together

Refurbished

Middle Drum 14 telescopes@station
from HiRes-I 256 PMTs/camera
Observations
since ~10/2007

New FDs . = 12 telescopes/station
s |- | 256 PMTs/camera
Observation’ » | Hamamatsu R9508
. z -| FOV~15x18deg
since gl [ (%
111/2007 i L4 :

3 00 5. 205 2 R
with TOPOI® 02002 Naticaal Onogpapdac (www

- Observation
since ~6/2007




Example of a TRIPLE STEREO HYBRID event
2008-10-26 -----

51.43 73.76 7.83 -3.10

elevation angle (deg )
]

- mono

o BR 5150 7700 767 414

mono

Stereo

BR&LR 50.21  71.30 8.55 -4.88

| 2 o3
- - . . - .
azimiuthal angle counter-clockwise from cast (deg.) ¥
EYE3 20081006 200B-0CT-26 ; 05:51:50,163 703 000 SEEE 5
- 45 10 - -'s‘ ~ o - s' . 10 15

35 =
" . Y . ahi -
o LR e / ae o :
—"25} ;. - .’ ' .. s X o g e e 925'_
3 5 ] T 1 g B, E

[ o8 )
2 20| o - @ o =20}~
5 | - ¢ — 5 |
3 = o [ .
§1sk ~J o S 15|
- 2 &00 ‘6 [
g 2

2 [ o
S 10~ °, L & o © 10}
° 12000 ".“,..-t ~ !
< 14000 51

20 LATARTU AN ISTURT IS |07 M SR TR) KPLr e "m:_.l..-lja.l...r.'"“ | | - | EPEPRTY ATUTTeS DI TIRITUN R

, 5 80 100 120 30 260 260 300
p’ ) clockwise from north [deg.] m———— 100 ;tz::] azimuthal angle clockwise f AROJEC‘




energy estimation




Energy estimation:
SD and FD see different parts of the shower

core ~(50-100) m

FD: core,
electrons only

distance between stations ~(1000-1500) m

SD: periphery of the shower, sums up all particles




FD energy estimation

e distance to the shower
e gtmospheric transparency
e fluorescent yield

Shower model
e other particles
e contribution of outer regions

exposure:

shower+detector model
e effective area
e cuts

detection of
fluorescent photons

- {

energy of
core electrons

-

full energy

-

spectrum




SD energy estimation: traditional (“the CIC method”)

experiment | =—» signal at detector
as a function of zenith angle
for identical showers

4

effective signal
«if the shower
were vertical»

Monte-Carlo
depends of the shower model ﬂ,
and primary particle type

energy
OR \ corresponding to

calibration to this effective signal

a different method
(FD, air Cerenkov)
averaging,
systematics




SD energy estimation: TA

experiment | =—— signal at detector
\ as a function of zenith angle
for identical,showers

Monte-Car,
depends of the

averaging,
systematics




SD energy estimation: TA
FULL MONTE-CARLO! QGSJET Il PROTONS

log,  (S800)

* Energy table is
constructed from the
MC

* First estimation of the
event energy is done
by interpolating

e between S800 vs

sec(s) SEC(G) lines

24.6 33.6 39.7 44.4 48.2
O(deg)




SD energy estimation: why not CIC?

because of excellent data/MC agreement!

Haverah Park, AGASA, Yakutsk, Pierre Auger: CIC method
Their motivation: MC does not describe well the shower development

WHY WORKS in TA [at least for (0-45) degree zenith angles]?

yet to be understood...

« abit of luck (relatively high altitude + plastic scintillators)??
Haverah Park: water tanks low altitude
Yakutsk, AGASA: plastic scintillators low altitude
Pierre Auger: water tanks high altitude

« sophisticated MC (shower+detector, dethinning etc.)?




SD simulations: summary

e CORSIKA 6.960
QGSJET-II/FLUKA

e Parallelization
e Dethinning

e GEANT4
e Superb detall

e Very computationally
iIntensive




SD simulations: dethinning

e Dethinning

e Change each
CORSIKA output

particle of weight w to T

w particles with similar T caumateavenes

characteristics to the ay, o

original particle .
e Adjust dethinning "f""“’““’

parameters to agree  guowercore 7N weitted ertcte swarm

with full CORSIKA A

generated via
parallelization




SD simulations: no-thinning

e Parallelization

e Wrapper scripts
and binaries

e CORSIKA itself
left untouched

e 100+ showers
o 10183 t0 10195 eV
e 0°to 60° zenith
o p, Fe




SD simulations: no-thinning

Livni - the public database of artificial extensive
air showers generated without thinning

= The library currently contains 90 showers, with primary

energies 1017—10'% eV, different zenith angles and
interaction models.

= QGSJET, QGSJET II, EPOS, GHEISHA and EGS4
models are used for simulation of library showers

= Shower library is available at
http://livni.inr.ac.ru/ you may register to use

¢




SD simulations: dethinning
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SD simulations summary

e CORSIKA shower library:
e 33,000 dethinned showers
e 10"1t0 10205 eV
e |[sotropic distribution

e Calculate energy deposition
for entire shower

e GEANT4

e Simulate SD electronics
repeatedly for each library
element

e Select events for data set
with respect to previously
measured energy spectrum




SD energy estimation: TA

p — 2
ZZ — nSZDS (tl _T(') _]]:leane _TD)2 + (R_RCOG)
S

- (180m)’
r = Event Direction I, Time of the core hitting ground
Shoﬁ",i’,e" Front T pane Time of the shower front plane
' 5 T 1, Time delay (Modified Linsley)

T, Fluctuation of time delay
(Modified Linsley)

R (Fitted) core position

= Core position found from the
€OG  center of gravity of charge




SD energy estimation

* Fit with AGASA LDF

() (o) e )

7= (3.97 £ 0.13) — (1.79 + 0.62) (sec8 — 1)

Charge Density, [VEM/m?]




SD data/MC comparison

Residuals/o, vs p
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|dentical analysis routines
are applied to data and
Monte Carlo

Fit results are compared
between real and
simulated events

Monte Carlo fits the exact
same way as the real
data.

Consistent for both
geometric and lateral
density fits.




SD quality cuts

» Good data fits:

d x4/d.o.f. > 4.0

1 Pointing direction resolution <5°

4 Fractional S(800) uncertainty <25%
« Good shower geometry:

 Border cut >1200 m

d Zenith angle cut <45°

« 1.75 years, 6264 events




SD data/MC comparison
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SD data/MC com

parison

- a,
8, 4og<4, baist>1200m, ngsd>=5, 0<45", pderr<s’, z59%<0.25, log, (&1>18.0 . o
= "7 RS 9.729
=i Underflow 0
= Overflow 0
- L P | a il .:
50 80 70 80 20
Zenith Angle, [Degree]
DATA/MC Ratio
B
S SR T SO S MR SRR T 5.867 /7
§ e E : : i : const 1.052 + 0.052
S E : slope  -0.001706 + 0.001569
Q16— - e
14 -
12F =
= . i =
e i k-
1 :—T -—T—— 1 —_— e -
0.8 — 1 i _::l
0.6 :_ SN _:
04— 3
02— -
0 - L 1 aeig 1 L 1 1 L =
0 10 20 30 40 50 80 20

70 80
Zenith Angle, [Degree;

=

2
¥ - - Tsa00 E Entries 6264
¢,357<4, bdist>1200m, ngsd>=5, 4<45", pderr<s’, z252<0.25, log, (:%)>18.0 e Moan 182.7
400 b— ; ‘| RMS 104
= 0
350 B~ 9
250 =
200 =
T o Y. |1 UGS I OUCRS, - SO - GO -_:‘
100 —
50 —
° 1 iy 1 R il 1 1 =
0 50 100 150 200 250 300 350
Azimuth Angle, [Degree]
i
g ApT—rr T - r — « {ndf 19.24/16
i H const 0.9594 + 0.0297

%

Q48

§ 14
12

Illllllllll'lllllll

slope  0.000193 + 0.000144

1‘%_— A — —4—-—4—_‘}_=4- 4 e n
| = 4~
08 » : .
0.4
% s:) — u:o : '1;0‘ .zt:o‘ 2sln. * m;o * jsln

Azimuth Angle, [Degree]

Azimuthal angle




SD data/MC comparison
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SD energy resolution
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SDvs. FD
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SD vs. FD energies:
approaches to the contradiction

correct method=FD
use FD normalization for SD events

study hybrids (work in progress)
calibrate FD to electron beam from an accelerator (work in progress)
currently use FD normalization for SD events...

new models of hadronic interactions?
new models of electromagnetic cascades???
details of systematics of the FD method




Telescope Array: FD calibration

< Atmospheric Monitor (LIDAR, CLF) & LINAC >

—’-—--—-__
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Telescope Array: FD calibration
ELS (electron light source = LINAC)

DL (100ke\/)

View from the roof of FD station

Electron Gun

COSMIC RAY . ;. .
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............... ectron beam &
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10km | . pulse width: 1 usec 0.5Hz
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(Current Transfer’
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Telescope Array: FD calibration
ELS works!

FD Observation

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

Sep.3d. 2010 22:00

Observed !l

Geant4 Simulation of 40MeV electron beam




RESULTS: COSMIC-RAY ENERGY SPECTRUM




TA SD spectrum
SD energy recaled to FD energy
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TA sees the GZK-like suppression

SUN - @ | L NS « Assume no GZK cutoff and
extend the broken power law fit
beyond the break

eV

-
T

» Apply this extended flux formula
to the actual TASD exposure,

DT = find the number of expected

events and compare it to the

number of events observed in

log,,E bins after 10*®eV bin:

— Nexpper = 18.4
=5

JE}x EM0™* (m? s mf- x
T T

B NOB SERVE

: 1:'?;‘;5 { PROB=) Poisson(u =18.4:i) =241 x 10~*

18 s 9 s 26 70
tog, cIqE?-'uﬂ i=0




TA sees the GZK-like suppression

a cutoff or a step? not enough statistics

" Preliminary, 7/20/2010
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Other experiments see the GZK-like suppression

spectrum continuation excluded at
60 (HiRes), 10o (Pierre Auger), 3.50 (TA)

HiRes Auger
2
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*
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Spectra measured in various experiments
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TA spectra (different techniques)

|| —+— TA FD: Hybrid
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TA spectrum agrees with HiRes

@ TASD
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RESULTS: PRIMARY COMPOSITION




Primary composition: protons or heavy nuclei?

pﬂlg()l‘ Phys.Rev.Lett.104.091101
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Yakutsk (muons):
0.29 < epe < 0.68 (95%CL), E > 10" eV




Primary composition: protons or heavy nuclei?

HiRes:
Northern hemisphere, protons

Auger:
Southern hemisphere, mix

Yakutsk:
Northern hemisphere, mix




TA composition results:
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Primary composition: protons or heavy nuclei?

HiRes:
Northern hemisphere, protons

Auger:
Southern hemisphere, mix

Yakutsk:
Northern hemisphere, mix

TA:
Northern hemisphere, protons




RESULTS: ARRIVAL DIRECTIONS




Anisotropy: data

detector

635
35
15

surface




Auger: AGN correlations

November 9, 2007

“Correlation of the Anisotropy of the
Highest-Energy Cosmic

Rays with Nearby UHECR Sky

Extragalactic Objects”

AGN <71 Mpc
(VC catalogue)

Shading level:
exposure

~.>‘:‘..--~ - A l V ‘;:’ ?.."’:.'
"\.\ g ".' x™
Super Galactic Plane

Prob. chance correlation =21% at UHECR arrival direction
27 events E> 5.7-10"° eV Angular resolution < 1°




Auger: AGN correlations weakened

— date of Auger publication in Science

\ 4

=®-Data
B 68% cL
[ os% cL

0.7 []99.7% cL

02 “-.---III;;S:);IE)I'QII -------------------------------------------------------------

PR TR NN VT SR WY SR NN TR SN T WA NN SR N S S SN WA U S S S
10 20 30 40 50
Total number of events (excluding exploratory scan)

Pierre Auger collaboration, Astropart. Phys. 34 (2010)
Before publication date: 9/13 correlate. Background: 2.7 £ 1.6
After publication date: 12/42 correlate. Background: 8.9 + 3.0




TA AGN correlations

16 T T T T T T T

TA preliminary

N_corr

correlate: 6 of 15, bg: 3.6




TA autocorrelation
E > 10 EeV
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TA correlations with the large-scale structure

matter in the Universe distributed anisotropically
at the scales of UHECR propagation

astrophysical sources should follow the matter distribution
e arrival directions follow the matter distribution?

» trace the distribution of galaxies (2ZMASS XSCz)
» assume injection spectrum

» account for propagation

» get expected skymap

» compare with data

« first observed in 1990s in Yakutsk data
« may explain Auger AGN correlations without AGNs




TA correlations with the large-scale structure
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>57 EeV 15 events

[=270°

¢

the galactic coordinates




TA correlations with the large-scale structure

1 | T T T T 3
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Data with E > 40 EeV is compatible with
LSS and isotropy models.

Data with E > 57 EeV is compatible with
LSS model, and is not compatible with
isotropic model at 95% CL.




RESULTS: SEARCH for PHOTONS




TA photon search

Photon-sensitive parameter:

AGASA, Yakutsk

muon density (strongest discrimination)

Pierre Auger SD

shower front curvature and thinkness

Pierre Auger hybrid

XMAX

Telescope Array SD

shower front curvature




TA photon search

deep shower maximum — curved front




TA photon search
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TA future plans...

1. Low Energy Extension = “TALE”
® Large elevation angle FD + SD array = Hybrid
® Energy range extend down to 107 eV

2. Extension of area = “Next TA” (tentative name)
® (Phase1TA)X5 SD array = 3,400 km?
® Concentrate to anisotropy/point source study

3. Further extension
® Hybrid or Stereo FD array

And new detection methods (Bistatic Radar, ....)




CONCLUSIONS




CONCLUSIONS

« PRIMARY ENERGIES:
» FD/SD disagreement (TA: 27%), origin to be studied
» TAuses a new SD energy method (MC, not CIC)
« SPECTRUM:
» TA=HiRes
» Auger vs. TAvs. Yakutsk disagree in normalization
» HiRes, Auger, TA agree on the GZK-like suppression
> insufficient statistics to study the shape at E>102° eV
« COMPOSITION: contradictory results
» TA, HiRes : protons
» Auger, Yakutsk : mix
 ANISOTROPY:
» Auger AGN correlations weak, TA AGN: consistent with isotropy
» Autocorrelations: consistent with isotropy
» Large-scale structure: weak evidence at E>57 EeV
« NO PHOTONS FOUND

¢



stereo: protons or nuclei?
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stereo: protons or nuclei?
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Photons?
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