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TA :  SD / FD   hybrid experiment

SD
Surface Detector

FD
Fluorescence Detector

SD and FD of TA are independent.
Each by itself is a complete detector.



~3
0 

km 507 SDs cover 680 km2 

3 FD stations

Utah, USA
39.3 0 N
112.9 0 W
Alt. 1400 m

- Central Laser 
- Lidar, IR camera 

- Electron Light Source 

Calibration Facilities



Two FD stations in the south
9.4 m2 mirror 
30-340 elevation
with 10 pixel
Wave form sampling



5.2 m2 mirror 
30-340 elevation
with 10 pixel
S/H electronics

One FD station in the north 
transferred from HiRes-1



40 MeV electron
109 ppp
1 μs duration
@ 0.5Hz

= 6.4 x 1016 eV shower
100m from FD

Calibration by Electron Beam 



Plastic Scintillator
3 m2, 12 mm t

WLSF readout, 2 layers overlaid

50MHz, 12bit waveform rec.

1.2km grid



090122-225422
TH~380

Event “Side” View

Zenith ~ arcsine (ΔT / ΔX)

ΔX

ΔT

Event Top View
X,Y = counter #
number = MeV energy deposit (av U+D)

~ 2.5 MeV for vertical mu  



DAQ @ 3 sub-arrays
+ boarder crossing trig.
No deadtime (pipelined)

~99% of SDs functional
~5% down time
~16 k hours of run

since Mar. 2008



since Nov. 2007

~6% dead time 
@ 2Hz trig

Remote op. 
since May. 2009

Hybrid trig.
planned in 2010



(1) FD Stereo Analysis for Xmax

• Xmax
 

within FoV

• Zenith Angle < 56o

• Shower Core in R=9.6km circle

• E > 1018.6eV

• good χ2

• Xmax
 

within FoV

• Zenith Angle < 56o

• Shower Core in R=9.6km circle

• E > 1018.6eV

• good χ2

Nov. 2007 – Oct. 2009

BRM‐LR  Stereo Event 

Nov. 2007 – Oct. 2009

BRM‐LR  Stereo Event 

LR
BRM

Event Selection
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Example of Stereo Event

Azimuthal angle (degrees)
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zenith azimuth core [km] energy Xmax
3.23° 145.9° 0.09, -6.10 7.94 x 1019eV 757.0 g/cm2



1) Core and Direction by Stereo Geometry

2)  E and Xmax by Inverse MC

Event Reconstruction

Direction :           < 1.6 deg
core location ： ± 180 m
Energy ：

 
‐5.4 ± 5.8 %

Xmax

 
：

 
‐9.7 ± 16 g/cm2

Direction :           < 1.6 deg
core location ： ± 180 m
Energy ：

 
‐5.4 ± 5.8 %

Xmax

 
：

 
‐9.7 ± 16 g/cm2

GH-shower

Accuracy @ 1019 eV



Making MC spectral set

• Fluorescence yield
- FLASH spectrum
- Kakimoto et al. normalization

• Atmosphere by nearby Radio Sonde
• Typical measured Mie att. By lidar

- h=1.0km, λ= 29km @355nm

• Fluorescence yield
- FLASH spectrum
- Kakimoto et al. normalization

• Atmosphere by nearby Radio Sonde
• Typical measured Mie att. By lidar

- h=1.0km, λ= 29km @355nm

• CORSIKA v6.9
• Hadronic Int. Model

– QGSjet-II, QGSjet-01, SIBYLL
• Proton or Fe Nuclei
• Energy: 

– logE = 18.5-19, 19-19.5, 19.5-20
– Power index : - 3.1

• Zenith Angle : 0 – 60 deg
• thinning factor : 10-4

• Ecut: EM:100keV, hadron:100MeV
• Core:  r < 10 km 
• Each 500 events

• CORSIKA v6.9
• Hadronic Int. Model

– QGSjet-II, QGSjet-01, SIBYLL
• Proton or Fe Nuclei
• Energy: 

– logE = 18.5-19, 19-19.5, 19.5-20
– Power index : - 3.1

• Zenith Angle : 0 – 60 deg
• thinning factor : 10-4

• Ecut: EM:100keV, hadron:100MeV
• Core:  r < 10 km 
• Each 500 events

Shower simulation
Fluorescence & Atten.

also used by inv-MC reconst.



Psi angle (deg)

PsiPsi

BRMBRM

LRLR

Preliminary

Preliminary 



Rp (km)

RpRp

BRMBRM

LRLR

Preliminary 

Preliminary 



Zenith angle (deg)

Preliminary 



Comparison of reconstructed Xmax 
(data and MC)

QGSJET-II QGSJET-01 SIBYLL
P 1.4 1.0 1.6
Fe 55 57 86

Chi2
 

/ dofChi2
 

/ dof

●：proton
●：Fe

E>1018.6
 

eV

Preliminary 

Preliminary 

Preliminary 
QGSJET-II QGSJET-01

SIBYLL



<Reconstructed Xmax> vs. E

Preliminary 

32 11 18



(2) Hybrid Analysis for Spectrum

•
 

Triggered by SD and FD  (indep.)

•
 

FD geometry with SD timing

•
 

Energy determined by FD

•
 

Acceptance determined by “SD”

Example of hybrid event

• Xmax
 

in FoV
• Zenith  < 450

• one SD (timing fit)

Event Selection



Hybrid Geometry Reconst.
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Shower profile & Energy determination

FluorescenceFluorescence

Scattered CherenkovScattered Cherenkov
(Rayleigh)(Rayleigh)



Items Values

Primary energy 1018eV ~ 1020.5eV

Zenith angle cosθ=0.65 (≒50degree) ~ 1

Primary particle Proton

Thinning ratio 10-4

 

(≤1020eV), 10-5

 

(>1020eV)

Interaction model QGSJET II 

Cut threshold 100keV

Air shower simulation: COSMOS

SD
•Time dep. Calib.
•Same as SD analysis

FD
•Time dep. Calib.
•BG by real data.
•Geom. corrected by star.
•Measured atmosphere

Hybrid MC data: 
•Date: Random in FD observation period
•Core: 25km radius from CLF
•Slope data: ~2.5M events with E‐3.1

•Flat data: ~20k events for each energy

1%

~8%

Missing Energy = GH_Edep /  E0

Making MC spectral set

Preliminary



Accuracy of Reconstruction (MC study)

Arrival direction
Res(68%):  1.10

Core position
Resolution(68%): ~200m

SDP 
Res(68%): ~0.40

Rp
Resolution
(68%): ~1%

Psi
RMS: 1.40

Preliminary 

Preliminary 



Exposure

The aperture is calculated by MC.
Exposure:   ~3*1015

 
m2

 
sr

 
s  (>~1019eV)

Preliminary



Data vs MC (spectral set) comparison

• E > 1019.65
 

eV
• Zenith < 450
• E‐3.1

 
spectrum
@ BR station

# of SDs # of selected FD 

 PMTs
# of p.e. / 

 track length

Ψ angle Distance from core

Preliminary

Preliminary

Preliminary Preliminary

Preliminary



Xmax
Energy

Data vs MC

Preliminary Preliminary



Energy spectrum

Item Systematic
error

Fluorescence
yield 12%

Detector 10%
Atmosphere 11%

Primary 
particle mass 5%

MC 
correction 3%

Total 19%

Systematic errors

Prel
imin

ary

Prel
imin

ary



Summary

TA operation: >16k hours (SD),  > 2k hours (FD) since 2007
Detectors and DAQ in good condition.
Calibration and performance being understood. 

Preliminary results
FD stereo analysis: Primary composition is consistent with proton
for 1018.6 - 1019.3 eV
Hybrid analysis: Spectrum for 1018.7 ~ 1019.5 eV is obtained.
Flux is consistent with HiRes.

New FD calibration by electron beam is soon to come.
Other analyses are on-going. 



Reserved



FADC
Track Trig.

HV PS

1 camera

-HV (DC coupled)

Anti-aliasing filter
40MHz 12bit FADC
Trig. by 5-PMT cluster



090122-225422
TH~380

signature of
Delayed neutron 

Peripheral muon hits



HiRes: stereo FD Auger: FD/SD hybrid

Phys. Rev. Lett., 2010, 104, 091101

Existing Xmax data



Xmax “bias” by 
recons. + selection



Xmax “bias” by 
recons. + selection
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