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Abstract. The Telescope Array experiment is the largest GZK cutoff (Abbasi et al. 20083, and the Pierre Auger ex-
hybrid detector to observe ultra-high energy cosmic rays inperiment confirmed the flux suppressioibfaham et al.
the northern hemisphere. The observation started in Novem2008. The mass composition has been studied with the
ber 2007 for Fluorescence Detector (FD) and in March 2008maximum depth of the shower developmeitygy). The
for Surface Detectors (SD). Here we present the preliminaryX max measured by HiRes was in agreement with pure pro-
results of energy spectra measured by three different methton model Abbasi et al. 2010. However, the result of
ods, mass composition, photon search and AGN correlatiouger indicated the transition to heavy component above
search from the Telescope Array. The energy spectra meat0'824:0.05e\/ (Abraham et al.2010. Moreover, the corre-
sured by the Middle-Drum FD station, which is the refur- lation with AGN was reported by AugePierre Auger Col-
bished detector of the High Resolution Fly's Eye (HiRes) laboration 2007, but not confirmed in HiResAbbasi et al.
experiment, and hybrid technique with two new FDs and2008h).
SD were consistent with the result of HiRes. The system- The Telescope Array (TA) experiment is located in the
atic error of the energies in hybrid measurement is 19%west Utah deserfMatthews et al.2009. It is operated with
The SD spectrum showed the suppression abov&’2@V three stations of Fluorescence Detectors (FDs) and 507 Sur-
with 3.5 away from the continuous spectrum. The mea- face Detectors (SDs) as the largest hybrid detector in north-
sured mass composition with stereo technique of new FD%rn hemisphere to observe UHECRs. The SDs are deployed
was consistent with pure proton model betweetf$@V to on a grid of 1.2km spacing, and the whole array covers a
10*°3eV. Photon search resulted in an improved flux limit ground area of approximately 700 RmThe details of the
above 18°eV. The result of AGN correlation from TA was SD performance are described in the proceedhinaka et
consistent with background. al,, 2009 and of trigger system are also described in the pro-
ceeding Taketa et a].2009. Three FD stations are located
in Middle Drum (MD), Black Rock Mesa (BR), and Long
1 Introduction Ridge (LR) and surround the SD array. The MD station con-
sists of the 14 refurbished HiRes-I telescopes. The BR and
The origin of ultra-high energy cosmic rays (UHECRS) is LR stations are constructed newly for the TA experiment.
one of the most interesting questions in particle astrophysicsThe details of the FD performance are described in the pro-
The important issues for understanding the origin of UHE- ceeding Tokuno et al.2009 and of trigger system are also
CRs are to measure the energy spectrum, mass compositigfescribed Tameda et 8] 2009.
and arrival direction. The observation started in November 2007 for FD and in
Up to now, several experiments have observed and preMarch 2008 for SD. Here, the preliminary results of the en-
sented the following important results. The AGASA ex- €rgy spectra using three different methods, mass composition
periment Takeda et a).1999 published the energy spec- study, photon search and AGN correlation from TA 1.5-year
trum without predicted flux suppression called GZK cutoff observation are discussed.
(Greisen, 1966(Zatsepin and Kuzminl966. On the other
hand, the High Resolution Fly’'s Eye (HiRes) observed the
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image on the camera since an air shower event is seen as a
track. The normal unit vector = (ny,ny,n;) of SDP could
be found by solving -k’ =0, wherek' is the direction vector
of thei-th PMT.

Secondly the shower axis on the SDP is determined by
timing and direction of the FD PMTs which detect the signals
and a SD near SDP:

(SDP)
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Fig. 1. Shower detector plane and the time fit. Tsp = Tsp — c { ("SD _rSD) ) S}v @)
wheret; andw; are the expected timing and the elevation an-
with new FDs and SD. gle on the SDP for thé-th PMT, * is the time when the air
shower reaches the groundjs the distance of the shower
2.1 FD monocular spectrum on MD station core on the ground from the FD statiof, is the elevation

angle of the shower axis on the SDR), is the position vec-

The FD monocular measurement from the MD station is im-tor of the SD from the FD statiom;’, is the SD position
portant because it enables a direct comparison between th¢rojected onto the SDP arfiis the direction vector of the
FD energy scales and spectra between TA and HiRes. Thehower axis from the shower core. Using the hybrid method,
preliminary spectrum by this technique was presented fowe improve FD monocular reconstruction by adding SD tim-
the data set from December 2007 to December 2008 in 31dfg information. The angular resolution is 1.1
ICRC (Jui et al, 2009. The result is shown in Figd.and5. After the reconstruction of shower axis, the shower devel-
This spectrum is in good agreement with the result of HiRes.opment is determined. The basic idea of the energy mea-
surement by the FD is that the number of the emitted fluo-
2.2 Hybrid spectrum rescence photons along the shower axis is proportional to the
energy deposit. The sum of the energy deposit in the atmo-
The hybrid events which are detected both by FD and SDsphere is not equal to the energy of the primary cosmic ray
are useful to compare the reconstructed result from FD andbecause there are two types of missing energy: the energy
that from SD. In addition, hybrid events are reconstructeddeposit under the ground and the energy of neutral particles
more precisely using information both of FD and SD than which do not emit fluorescence light. To estimate the for-
FD monocular analysis alone. mer, the observed longitudinal development is extrapolated
The hybrid event candidates were searched for by the conunderground by the fit using the Gaisser-Hillas (GH) func-
dition that the trigger time difference between FD and SD istion. The latter is estimated by air shower Monte Carlo (MC)
less than 20@s in the good weather days from May 2008 to simulation, COSMOSKasahara et 812007 and CORSIKA
September 2009. We found 1978 events: 967 hybrid eventgHeck et al, 1998. The difference between primary energy
measured by BR FD and 831 hybrid events measured by LRand energy measured by the integration of fitted GH function
FD, and 180 stereo hybrid events measured by BR FD, LRs about 8%. We define it as a missing energy. The differ-
FD, and SD. ence in GH energy over primary energy between COSMOS
In this section, we discuss the energy spectrum and sysand CORSIKA is less than 1%.
tematic uncertainty measured by using the hybrid events. The difficult points for the FD reconstruction are the con-
The details of the hybrid analysis are described in the thedribution of the Cherenkov light and non-uniformity of the

sis (keda 2010. detector response. The FD observes not only fluorescence
photons but also Cherenkov photons. Additionally, the de-
2.2.1 Analysis method tector response has the non-uniformity caused by the seg-

ment mirror, gaps between PMTs in camera and efficiency
In this analysis, the geometry of the air shower is determinecbn the PMT surface. Therefore, we use the Inverse Monte
by the information of the FD and SD timing, and the longi- Carlo (IMC) technique for the reconstruction of the longi-
tudinal development is determined by FD. tudinal development. It determines the longitudinal devel-
In the hybrid reconstruction, there are two steps to de-opment along the shower axis by the comparison of the ob-
termine the shower geometry (Fit). Firstly, the Shower-  served charge of each PMT between data and MC generated
Detector Plane (SDP), which is the plane that includes bothby using GH function. The contribution from Cherenkov and
of shower axis and FD station, is determined by the showemnon-uniformity of detector response is considered by apply-
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ing these effgcts to MC simulation. The callibration fgctor§ Table 1. The systematic uncertainties of the energy measurement
are also applied to MC. The fluorescence yield used in this,, rp.

analysis is differential spectrum from FLASH modAabpasi
et al, 20089 normalized to the total yield from Kakimoto

) . i Item Error  Contributions
model Kakimoto et al, 1996. The primary energy is mea- — .
sured by the integration of the fitted GH function with the Detector sensitivity 10%  PMT(8%), mirror(5%),
correction of missing energy. After the reconstruction, two _ _ . f"ter_(l%)vo aging(3%) .
main quality cuts are applied{max inside the field of view ﬁ‘ltmOSphe”C att_elnd“a“on 11210//" M|ed(1|01/8)0,/Re;ylelg§(5 /;(),/
and zenith angle less than%4By this technique, the energy uorescence yie ° atmgssh(ere(%)%)uml ity(5%)

e
resolution is 8%. Primary particle mass 5%  Proton and Iron(5%)
. MC correction 3%
2.2.2  Energy spectrum from Hybrid events °
Quadratic sum 19%

The effective aperture with quality cuts are obtained from
the MC simulation code COSMOS with QGSJET-II model

for pure proton including calibration factors for all the peri- Geant4 Agostinelli et al, 2003. The generated MC data

ods. The exposure of the hybrid analysisié x 10*°m?srs  yere analyzed by the same procedure used for the data.

above 16%V. There are two types of fits in SD event reconstruction: the
After the reconstruction procedure, 124 events remainit to determine the geometry and the fit for lateral density

above 168%eV. This sample consists of 87 events which distribution. First a fit for the geometry of the shower is

are reconstructed by BR, 79 events by LR, and 42 eventgerformed using the “modified Linsley” formuld.igsley,

by both of them. The obtained preliminary energy spectrumjggg;

from hybrid analysis is shown in Figd.and5. The system- nsh ) )

atic uncertainty of energy determination is 19% as described 2 _ - (t; — To— Tpiane— Tp) N (R — Rcog) @

in Sect.2.2.3 The systematic uncertainty is obtained to be pt T2 (18om)%2

12% in flux from cloud monitoring. Figurd shows that the ] ) . ) i

spectrum by hybrid analysis from the TA is consistent with Wherez is the leading edge time @fth SD, 7o is the time

the HiRes result. It indicates that the energy scale of TA isWhen the shower core hits the grounf@aneis the time of

consistent with that of HiRes. the shower front pland, andTs are the time delay and its
position, R is the core position anRcog is the core position
2.2.3 Systematic uncertainty obtained from the center of gravity of observed charge. The

lateral density distribution is obtained by the fit of Lateral
The systematic uncertainties in energy determination areDistribution Function (LDF) used by AGASAYpshida et
summarized in Tablel. Systematic uncertainties are dom- al., 1993;
inated by the uncertainties in the fluorescence yield (12%), 12 —(-12)
atmosphere attenuation (11%fp(mida et al. 2009 and the () <L) (,.,. L)
absolute detector calibration (10%@pkuno, et al.2009. Ru Rum

+ \2]-06
1ooo>} - O

The energy spectrum is measured by using the SD data 7 = 3-97—1.79x (sect —1), (6)

from May 2008 to Februgry 2010. The exposure IS wherer is the distance from the shower core(r) is the
~1500 kn? sryr which is equivalent to AGASA observation. charge density at (VEM/m2), Ry is the Moliere length,

In this section, the analysis method, energy scale and measnqg s zenith angle. These fitting procedures and formulas

2.3 SD spectrum X {1+ (

sured energy spectrum are discussed. are tuned with the residuals of the fit to the data. The fit
231 Analvsi hod result of the MC data is also good in the same way as the
= nalysis metho data. It means that CORSIKA MC simulation with QGSJET-

Il model and the data have the same lateral distribution. The

The basic idea of the energy reconstruction is to use thefollowing quality cuts are applied:

charge density at a distance of 800 m from shower cgy&)
as an energy estimator. From the table&gfo and zenith an- — Reducedy? of geometry fit< 4.0
gle with primary energy using MC simulation, the energies
of the observed cosmic rays are estimated.

Air shower MC simulation events were generated by
CORSIKA with QGSJET-Il model. The detector simulation
with front-end electronics and trigger were constructed with

Reducedy? of LDF fit < 4.0

— Distance of the core from the array edgd.2 km

Zenith angle< 45°
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Fig. 2. The zenith angle andggg for each energy obtained from | L L

MC. The horizontal axis is zenith angle, the vertical axis isS§®. 10" 10" 102
Different colors represent different primary energies. Energy [eV]
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Fig. 3. The comparison of the energies between FD and SD. The L P4
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Energy [eV]
— Pointing direction uncertainty: 5° Fig. 5. The preliminary spectra from TA together with other exper-
iments.

— FractionalSggg error < 0.25

F;gmu;er Zesnheciws t?ﬁecﬁrrrteft'tqr:gg%%?(tjhzeeggzrangle dv(\)lgz b systematic error of the obtained energy scale is 19% from the
primary gy. rstestimatl gy1s yuncertainty in hybrid reconstruction.

interpolating betweefiggp and sed) line.
The geometrical resolutions of this analysis obtained from
MC study are 1.1as zenith angle and T&s azimuthal angle  2-3-3 Energy spectrum from SD events
above 1828 eV. The energy resolutions are also obtained to
be about 35% (18°eV < E < 10'85eV), 30% (1685ev  After the reconstruction procedure, 6264 events remain. The

< E <10%%eV), and 20% £ > 10190 eV). energy spectrum is obtained from the number of events in
each energy bin with the effective aperture obtained from MC
2.3.2 Energy scale data. The preliminary energy spectrum is shown in FHgs.

andb. ltis clear that there is the suppression. The break point
We compare the energy scales of FD and SD using hybricbbtained by power-raw fit with three regions is'1° eV. We
events. The scatter plot of the energies of well-reconstructedbserved 5 events above break point while the expected num-
331 events is shown in Fi@. This result shows that the en- ber of events along the continuously spectrum is 18.4. This
ergy of SD is 27% larger than that of FD. We choose the en+esult shows evidence for flux suppression with the signifi-
ergy scale of FD, and the SD energy is rescaled by 27%. Theance of 3.6.
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Fig. 7. The preliminary result of the comparison of the average re-
constructed{max for each energy between data and MC. The black
points are data. The lines are the predictions of the pure proton and
Fig. 6. The comparison of the reconstruct&hax between data  pure iron compositions with the interaction models of QGSJET-II,
and MC with QGSJET-Il model. The black points are data, the redQGSJET-01 and SIBYLL.

histogram is the MC data with pure proton and the blue histogram

is the MC data with pure iron.

Xmax [9/cm?]

Table 2. The reduced<2 obtained by the comparison of th&nax

. distribution between data and MC.
3 Composition

L . . . GSJET-II GSJET-01 SIBYLL
The basic idea to determine the composition of UHECR is to Q Q

use the dependence of the depth of shower maximum on the P 1.44 1.05 1.63
primary energy and mass composition. In order to determine Fe 55.54 56.67 85.71
the mass composition, we measured the atmospheric depth
of shower maximumXmax) by FD stereo technique. On the
other hand, since Fhe air showers induced by photon WOUIqhe field of view, zenith angle less than°5@&nd shower core
penefrate deeper into the atmosphere than those by protg osition within 9.6 km from the middle point of two FD sta-
clearly, and shower fronts of deeper showers curve more, w ions. The resolution of energy is 6% and thatXfay is
search for UHE photons by analyzing the shower front curqg g/;:rr? After the reconstruction procedure, 54 evaénts re-
vature of events observed by SD. Here, the results of photo ’ '

» . hain above 186 ev.
search and mass composition measurement are discussed. o ]
The reconstructed max distribution was compared with

3.1 Mass composition by FD stereo technique the predictions of three interaction models. TKigax de-
pends not only on the composition but also on the interaction
The mass composition is measured by using the events obgnodel. For the comparison, the MC data are generated by the
served simultaneously with two new FDs analyzed by stered>ORSIKA with the particle types of proton and iron, and the
technique. As discussed in Se2t2.1 SDP can be deter- interaction models of QGSJET-01, QGSJET-Il and SIBYLL.
mined precisely since an air shower event is seen as a trackhne MC data are analyzed in the same way as the data. We
on the camera. However, the reconstruction ofthangle ~ notice that the measureXimax has a bias from the limit of
mentioned in Figl is difficult, and the measurelimay de- the field of view. Since this bias also depends on the model,
pends ony angle strongly. For the stereo events, the showerithe reconstructed’max from data and MC should be com-
geometry is determined without the biasyofangle because Pared by applying the same analysis procedure. The result of
we use an intersection of two SDPs. Therefore, as the firsthe comparison with QGSJET-II is shown in Fjand the
step, theXmax Was measured by stereo technique. The de-Obtained reduceg ? for each model is in Table2. The dis-
tails of the mass composition study are described in the thesi#fibution of Xmax of observed data is in good agreement with
(Tameda2010. that of MC data generated by pure proton.

The data set from November 2007 to October 2009 is used There is a possibility that the composition is changed
in this analysis with two new FDs. The events observed si-along the energy. The transition of the averaggax was
multaneously with two FDs are analyzed for the shower ge-measured and compared with the MC data as shown iryFig.
ometry by stereo technique which was mentioned above anth the energy range from 8% eV to 133 eV, the observed
for the longitudinal development by the same way of hybrid data are in agreement with the prediction of the pure proton
events. The main quality cuts are the reconstruéigdy in model.
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Fig. 9. The preliminary result of the correlation with AGN. The hor-
18 18.5 19 19.5 20 izontal axis is the number of observed events and the vertical axis is
Log Emin/eV the number of correlated events with AGN. The red points are data,

the light blue area showssIregion, the green area shows 2gion,
Fig. 8. The preliminary result of the photon flux limit. The lines are the black dotted line is the prediction from random distribution and
the results of photon search. The red line is the result of this analthe blue dotted line is the prediction from the result of Auger.
ysis, the gray line is the previous result from TA shown in the 31st
ICRC. Other abbreviations mean as follows: A:AGASZh{nozaki
et al, 2009, PA:Auger-SDAbraham et al. 2009, Y:Yakutsuku 5 Conclusions
(Glushkov et al.2010.
Here, we presented the preliminary results from the Tele-
scope Array: energy spectra measured by three different
3.2 Photon search methods , mass composition study wkhax, photon search
and the study of AGN correlations. The spectra measured by

To search for UHE photons, we use the modified event.the MD station as the HiRes refurbished detector and new

by-event method proposed earlig@drbunov et al. 2007 two FDs and SD with hybrid technique were consistent with

with Linsley curvature parameter. The details of the anal—the result of HiRes. As an important result, the SD spec-

ysis method and previous result were presented for the datfum showed evidence for the suppression abové v

set with zenith angle below 4om May 2008 to Novem- with 3.50 away from the continued spectrum. The system-
ber 2008 in the 31st ICRCRubtsov et al.2009. Now the atic error of the energy determination was estimated as 19%.
upper limit is improved to 2 x 10-2 km*zl srly.rfl above The mass composition measured by the FD stereo observa-
1019V with a confidence level of 95% by increasing the tion was consistent with pure proton model for energies from

86 93 i ;
data set from May 2008 to October 2009 and by using Iargell'}l01 i e¥ tg 10 15’3/' \Ithort]on SeaIEChf r:é?\:ted n Iartl_lmgroved
zenith angle between 45 and°8thich are more sensitive to ux fimit above ev. Theresulto correlation from

UHE photon search (Fig). TA is consistent with background.
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