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1. Introduction

The Telescope Array (TA) is designed to explore the origin of ultra-high energy cosmic rays
(UHECRs) and the mechanisms of production, acceleration at the sources, and propagation in
the inter-galactic space. The experiment operates as a “hybrid” observation with the fluorescence
detector (FD) and surface detector (SD). The SD consists of two layers of 3m2 plastic scintillators
to detect the secondly particles on the ground induced by the UHECR air showers. The 507 SDs
were deployed on a square grid with 1.2 km spacing, covering an area of ∼760 km2. The three
FDs are located around the SDs. The FD measures longitudinal development and primary energies
of air showers by using the fluorescence photons emitted by atmospheric molecules excited by the
secondly particles in the showers. The Black Rock Mesa (BRM) and Long Ridge (LR) stations are
located to the southeast and southwest of the TA SD array, respectively.

The energy spectrum and mass composition are important keys to understanding the origin of
the UHECR. Using the technique to observe fluorescence photons, we measured the longitudinal
development of the air shower directly. In particular, the depth at the maximum shower develop-
ment, Xmax, is known as a sensitive parameter for the mass composition of the UHECR. The energy
of the UHECR can be measured as a calorimetric way which is less dependence on the high energy
interaction model. Therefore, the FD has rolls to determine the energy scale and measure the mass
composition in the TA.

In addition, information of the SDs is useful to improve the reconstruction for the FD events.
By our Monte-Carlo (MC) study, this hybrid reconstruction significantly improves the accuracy of
the energy and Xmax from the FD monocular reconstruction.

In this paper, we present the performance of the developed hybrid reconstruction. The mea-
sured energy spectrum and mass composition by using the hybrid events of two FDs (BRM and
LR) and the SD array in six years of TA operation are also presented.

2. Hybrid analysis

We analyse the hybrid data collected at BRM, LR and SD. At first the shower geometry,
direction and arrival position on the ground are reconstructed by using pointing direction and arrival
timing at the PMTs:

Texp,i = Tcore +
sinψ − sinαi

csin(ψ +αi)
Rcore, (2.1)

where Texp,i and αi are the expected timing and elevation angle in the SDP for the i-th PMT, respec-
tively, Tcore is the time when the air shower reached the ground, Rcore is the distance from the FD
station to the core, and ψ is the elevation angle of the air shower in the SDP (Figure 1). The timing
information of the SD near the core is also added to this function.

Second the longitudinal development of the air shower is reconstructed via an inverse Monte-
Carlo (IMC) technique, which is the comparison of the observed signal in each pixel between data
and MC generated by the Gaisser-Hillas function:

N(X ;Xmax,X0,Λ) = Nmax

(
X −X0

Xmax −X0

)(Xmax−X0)/Λ

e(Xmax−X)/Λ, (2.2)
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Figure 1: Diagram indicating the Shower Detector Plane (SDP) used in the time fit.

where X is the atmospheric depth, Xmax is the depth at the shower maximum, Λ is the interaction
length of the shower particles, and X0 is the offset of X . After determination of the Xmax by above
processes, the energy of the UHECR is obtained by the integration of the Gaisser-Hillas function
with the “missing” energy correction which corresponds to the invisible energy deposit mainly
coming from the neutrinos. The details of the analysis procedure are described in [1].

To ensure reconstruction quality, we only accept events that satisfy the criteria. For the spec-
trum analysis, the criteria is follow;(1) the number of PMTs used in the reconstruction is greater
than 20, (2) the zenith angle of the reconstructed shower axis is less than 55 degrees, (3) the shower
core is inside the edges of the SD array, (4) the angle between the reconstructed shower axis and
the telescope is greater than 20 degrees, (5) Xmax is observed in the field of view of the telescopes.
For the mass composition analysis, we applied additional criteria;(6) the χ2 for the geometry fit is
less than 10, (7) the χ2 for the longitudinal profile fit is less than 5, (8) the track length is greater
than 10 degrees, (9) the ψ is less than 130 degrees, (10) the time extend of the track is more than 7
µs.

In this analysis, we use the fluorescence yield model reported by Kakimoto et al. [2] with the
spectrum measured by the FLASH experiment [3]. The atmospheric transparency is measured by
the LIDAR system in the TA site [4]. Other applied calibration factors are described in [5]. The
systematic error of the energy determination is evaluated to be 21% [1].

The performance of the reconstruction, the aperture for the energy spectrum and expected
Xmax profile are evaluated by using CORSIKA-based air shower simulator [6] with the detector
simulation both for SD and FD. Here we used proton and iron primary particles with QGSJET-II-
03 hadronic interaction model. We checked the quality of the generated MC events by comparing
important parameters between data and MC as shown in (Figure 2). By using this MC set, we
obtained the resolutions as 0.9 degrees for the arrival direction, 7% for the energy and 20 g/cm2 for
the Xmax.

3. Energy spectrum

The use the data set collected for a period of six years from May 11 2008 to May 11 2014.
The total exposure time with the clear night is about 3400 hours. By the analysis procedure de-
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Figure 2: The comparison of the obtained parameters, Rp, ψ , core positions along X (west to east) and Y
(south to north) between data and MC events above 1018.2eV.

scribed above, 2375 events remained above 1018.2eV. The exposure obtained from MC events is ∼
1.1×1016 m2 sr s at 1019eV. The obtained energy spectrum is shown in Figure 3. The TA hybrid
spectrum are in agreement with the HiRes results.

4. Mass Composition

The expected mean Xmax is obtained from the MC events which is analyzed just same proce-
dure as the observed data. The comparison of the observed mean Xmax above 1018.2eV between
data and MC is shown in Figure 4.

5. Summary

The energy spectrum and Xmax of UHECR above 1018.2eV obtained from six years of TA
hybrid data are presented. The obtained energy spectrum is in agreement with the HiRes results
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Figure 3: The energy spectra multiplied by E3.
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Figure 4: The mean Xxmax with the primary energy. The black points are TA hybrid 6 years hybrid data. The
dotted lines show original mean Xxmax obtained from the Corsika output. The opened circles are predicttions
obtained by the reconstructed MC data. The red and blue colors show QGSJET-II-03 proton and iron,
respectively.
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within 21% energy scale uncertainty. The mass composition measurement performed by observing
the depth of shower maximum (Xmax) is consistent with a light primary model.
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