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Figure 2: (a) The combined aperture of newly constructed FD stations evaluated by MC simulations for pro-
ton (red dotted line), iron (blue dashed line) and HiRes/MIA composition (black solid-line) in the monocular
analysis. (b) Obtained energy distribution analyzing data observed by the newly constructed FD stations
from January 2008 to December 2014.
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(b) Comparison with other results

Figure 3: (a) Energy spectrum observed by the newly constructed FD stations. (b) Energy spectrum com-
pared with results reported by HiRes [4] and Auger [14] and other analyses of TA [15, 16].

from a ratio between the number of reconstructed events with the quality cuts and the number of
thrown ones,A! (E) = A! genáNreco(E)/ Nthrown(E) whereE is the primary energy of cosmic ray,
A! gen is the thrown aperture region of MC simulation,Nreco is the number of reconstructed events
andNthrown is the number of thrown events.

Since TA was designed for stereoscopic observations of air showers above1019.0 eV, we deÞne
the combined aperture of the newly constructed FD stations in each monocular mode. When an
energetic shower is reconstructed by the both stations, we select one result with a large number of
photo-electrons to avoid the double counting of high energy showers. Using these reconstructed
events by both stations, we estimate the combined aperture of newly constructed FD stations with
proton, iron and HiRes/MIA reported composition [13] as shown in Fig.2(a). In the low energy
region, the aperture is dependent on the primary species. In contrast, in the high energy region, it
is independent of them.

Analyzing data collected from January 2008 to December 2014 using the monocular analy-
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Figure 4: The averageXmax of proton- and iron-induced (red and blue, respectively) showers generated by
CORSIKA before detector simulation using QGSJet01 (dotted line), QGSJetII-03 (solid line), QGSJetII-04
(dash-dotted line), Sibyll 2.1 (short dashed line) and Epos-LHC (long dashed line).

sis, 28869 shower candidates above 1017 eV are obtained as shown in Figure2(b). The energy
spectrum is evaluated by the aperture assuming the HiRes/MIA composition, the number of events
and the live time of FD. The obtained spectrum is shown with a single-broken power-law Þtting in
Figure3(a). There is an obvious broken energy atlog(Eankle) = 18.62± 0.04 corresponding to the
ankle structure. The total uncertainty on the energy scale is evaluated as 21% [17]. The obtained
spectrum is compared with the other results reported by HiRes [4], Auger [14] and other analyses
of TA [15, 16]. The obtained spectrum is in good agreement with the HiRes-II spectrum in a broad
energy region.

4. Mass Composition Measurement

For the mass composition measurement, we simulate shower developments of UHECRs using
proton and iron, each according to Þve types of hadronic interaction models: QGSJet01, QGSJetII-
03, QGSJetII-04, Sibyll 2.1 and Epos-LHC in the CORSIKA software. Figure4 shows the average
values of the generatedXmax as a function of the primary energy. As seen in Figure4, the average
Xmax difference between proton and iron is! 100 g/cm2, with the choice of interaction model
making at most difference of! 25 g/cm2 at 1017.5 eV and! 38 g/cm2 at 1019.5 eV for proton and
! 20 g/cm2 for iron in the same energy range.

Since the FD has a limited Þeld of view (FoV) and theXmaxmust be observed betweenXstartand
Xend, the observedXmax may be biased as a function ofXstartandXend. In order to reduce the bias on
Xmax, we deÞne the biasedXstart andXend regions using the observed data and the MC simulations.
We estimated that the Þducial FoV cuts onXstart andXend are parameterized asXstart(E) " 45.8#
log(E) $ 215.8, Xend(E) % 20.8# log(E) + 501.4 whereE (eV) is the reconstructed energy of
UHECRs.

The Þducial FoV cuts and energy threshold are applied in the Monte Carlo detector simulation
to evaluate expected averageXmax and its distribution for proton or iron. Figure5 shows the distri-
bution of observedXmax and expected ones in several energy bins. The expected distributions for
three different mass compositions are shown for comparison: pure proton, pure iron, or an equal
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the Telescope Array experiment using the monocular analysis during the Þrst seven years. The obtained spectrum has an obvious broken structure at energy of log(Eankle) = 18.62 ± 0.04. 
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Figure 1: Resolutions ofRp, Psi, primary energy andXmax estimated by the reconstruction of artiÞcial data
using proton (red), and iron (blue dashed line) with the QGSJetII-03 interaction model in the monocular
analysis.

The geometries of too faint or too short showers are difÞcult to reconstruct accurately. Thus,
we apply quality cuts to select only well-reconstructed events in our analysis; the number of hit
PMTs is larger than 10, the track length is larger than 10! , the time extent is larger than 2µs, and
the depth of EAS maximum,Xmax, is within a Þeld of view of FD, falling between the Þrst and the
last depths (Xstart andXend, respectively). To avoid the Cherenkov light contamination, we require
the angle on the SDP is less than 120! and the minimum viewing angle is greater than 20! .

The performance of the monocular analysis is estimated by the Monte Carlo (MC) detector
simulation and reconstruction, comparing between the generated true parameters and reconstructed
ones. Figure1 shows the obtained resolution of the impact parameterRp, angle on SDP! , pri-
mary energy andXmax for proton and iron of the QGSJetII-03 interaction model in the CORSIKA
software [12]. As seen in Figure1, there is no large difference between proton and iron except for
the reconstructed energy because the invisible energy for FD is corrected assuming a proton frac-
tion reported by the HiRes/MIA experiment [13] with the QGSJetII-03 model. The reconstructed
energy of iron primary showers are underestimated about 6% because of the difference of the in-
visible energy. The resolutions of typical parameters in the monocular analysis are: 1.4 km onRp,
7.7 degree on! angle, 17% on energy and 72 g/cm2 onXmax.

3. Energy Spectrum Measurement

To evaluate the energy spectrum of UHECRs, it is essential to calculate an aperture and an
exposure of FD stations. The aperture cannot calculate a simple geometrical factor because it
depends on not only the energies, but also the performance of FD, atmospheric models, PMT
gains and primary shower species. Thus, we estimate the aperture of FD using MC simulations
including these dependences. For the energy spectrum measurement, we use the QGSJetII-03
model to evaluate the aperture of the monocular analysis. The aperture of FD,A" , is calculated
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Figure 2: (a) The combined aperture of newly constructed FD stations evaluated by MC simulations for pro-
ton (red dotted line), iron (blue dashed line) and HiRes/MIA composition (black solid-line) in the monocular
analysis. (b) Obtained energy distribution analyzing data observed by the newly constructed FD stations
from January 2008 to December 2014.
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(b) Comparison with other results

Figure 3: (a) Energy spectrum observed by the newly constructed FD stations. (b) Energy spectrum com-
pared with results reported by HiRes [4] and Auger [14] and other analyses of TA [15, 16].

from a ratio between the number of reconstructed events with the quality cuts and the number of
thrown ones,A! (E) = A! genáNreco(E)/ Nthrown(E) whereE is the primary energy of cosmic ray,
A! gen is the thrown aperture region of MC simulation,Nreco is the number of reconstructed events
andNthrown is the number of thrown events.

Since TA was designed for stereoscopic observations of air showers above1019.0 eV, we deÞne
the combined aperture of the newly constructed FD stations in each monocular mode. When an
energetic shower is reconstructed by the both stations, we select one result with a large number of
photo-electrons to avoid the double counting of high energy showers. Using these reconstructed
events by both stations, we estimate the combined aperture of newly constructed FD stations with
proton, iron and HiRes/MIA reported composition [13] as shown in Fig.2(a). In the low energy
region, the aperture is dependent on the primary species. In contrast, in the high energy region, it
is independent of them.

Analyzing data collected from January 2008 to December 2014 using the monocular analy-
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Figure 5: Xmax distributions in each energy range using the Þducial FoV cuts, compared with the expected
distributions estimated from MC simulations using QGSJetII-03 with three different compositions: pure
proton (red solid line), pure iron (blue dashed line), and a equal mixture of both (pink dash-dotted line).
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(a) Obtained <Xmax> compared with MC predictions
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(b) <Xmax> compared with other results

Figure 6: (a) Evolution of the averageXmax with energy from data (black points), plotted with the MC
simulation results (lines) for two particle species (proton, iron) and Þve hadronic interaction models. The
box region shows the systematic uncertainty onXmax, 19 g/cm2, for the monocular analysis. (b) Average
Xmax compared with results reported by HiRes [18] and Auger [19].

mixture of both using the best matched model of QGSJetII-03 model. Figure6(a) shows the com-
parison between observedXmax and expectedXmax estimated by the Monte Carlo simulations. The
systematic uncertainty on <Xmax> is 19g/cm2 for the monocular analysis indicating the box region
in this Þgure. The uncertainty includes the ßuorescence yield (5 g/cm2), the atmospheric condition
(12 g/cm2), the FD calibration (5 g/cm2), the FD geometry (9 g/cm2) and the shower reconstruction
(10 g/cm2). The obtained averageXmax and its distributions indicate proton-dominated composition
at this energy range which is consistent with results already reported by TA stereo or hybrid anal-
yses [20, 21]. The obtainedXmax is compared with results reported by HiRes [18] and Auger [19]
as shown in Figure6(b). Those results show in good agreement within the systematic uncertainty.
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Figure 5: Xmax distributions in each energy range using the Þducial FoV cuts, compared with the expected
distributions estimated from MC simulations using QGSJetII-03 with three different compositions: pure
proton (red solid line), pure iron (blue dashed line), and a equal mixture of both (pink dash-dotted line).
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(b) <Xmax> compared with other results

Figure 6: (a) Evolution of the averageXmax with energy from data (black points), plotted with the MC
simulation results (lines) for two particle species (proton, iron) and Þve hadronic interaction models. The
box region shows the systematic uncertainty onXmax, 19 g/cm2, for the monocular analysis. (b) Average
Xmax compared with results reported by HiRes [18] and Auger [19].

mixture of both using the best matched model of QGSJetII-03 model. Figure6(a) shows the com-
parison between observedXmax and expectedXmax estimated by the Monte Carlo simulations. The
systematic uncertainty on <Xmax> is 19g/cm2 for the monocular analysis indicating the box region
in this Þgure. The uncertainty includes the ßuorescence yield (5 g/cm2), the atmospheric condition
(12 g/cm2), the FD calibration (5 g/cm2), the FD geometry (9 g/cm2) and the shower reconstruction
(10 g/cm2). The obtained averageXmax and its distributions indicate proton-dominated composition
at this energy range which is consistent with results already reported by TA stereo or hybrid anal-
yses [20, 21]. The obtainedXmax is compared with results reported by HiRes [18] and Auger [19]
as shown in Figure6(b). Those results show in good agreement within the systematic uncertainty.
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Xmax Distribution in each energy bin (MC: QGSJetII-03)

Systematic uncertainty on Average Xmax is 19 g/cm2; ßuorescence (5 g/cm2), atmosphere 
(12 g/cm2), calibration (5 g/cm2), geometry (9 g/cm2), reconstruction (10 g/cm2).
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    where A! gen is the generated
    aperture region of MC simulation.
¥ The obtained aperture is Þtted by a 

broken exponential function.
¥ The aperture assuming proton 

fraction is calculated by, 

¥ R is relative difference of aperture 
between proton and iron,

reconstruction using the monocular analysis, compar-188

ing between the generated true parameters and recon-189

structed ones. Figure3 shows the estimated resolution190

of the impact parameterRp, angle on SDPΨ, primary191

energy andXmax for proton and iron primaries of the192

QGSJetII-03 interaction model.193

As seen in Figure3, there is no large difference194

between proton and iron primaries except for the re-195

constructed energy because the missing energy is cor-196

rected assuming the HiRes/MIA proton fraction with197

the QGSJetII-03 model. The reconstructed energy of198

iron primary showers are underestimated about 6% be-199

cause of the difference of the invisible energy.200
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Figure 3:Resolutions of the monocular analysis estimated by the re-
construction of artiÞcial data using proton (red), and iron (blue dashed
line) with the QGSJetII-03 model.

4. Aperture Evaluation201

To evaluate the energy spectrum of UHECRs, it is es-202

sential to calculate an aperture and an exposure of FD203

stations. The aperture can not calculate a simple geo-204

metrical factor because it depends on not only the ener-205

gies, but also the performance of FD, atmospheric mod-206

els, PMT gains and primary shower species. Thus, we207

estimate the aperture of FD using MC simulations in-208

cluding these dependences. The aperture of FD,AΩ, is209

Parameter Proton Iron
p1 3.55± 0.06 3.49± 0.15
p2 17.12± 0.01 17.22± 0.01
p3 0.68± 0.03 0.63± 0.05
p4 17.56± 0.07 17.40± 0.13
p5 0.29± 0.03 0.40± 0.01
log Eb 18.27± 0.09 17.87± 0.03

Table 2: The Þt parameters for aperture assuming proton and iron
primaries.

calculated from a ratio between the number of recon-210

structed events with the quality cuts and the number of211

thrown ones,AΩ(E) = AΩG áNreco(E)/Nthrown(E) where212

AΩG is the thrown aperture region of MC simulation,213

Nreco is the number of reconstructed events andNthrown214

is the number of thrown events.215

Since TA was designed for stereoscopic observations216

of air showers above 1019.0 eV, we deÞne the combined217

aperture of the BRM and the LR stations in each monoc-218

ular mode. When a energetic shower is reconstructed219

by the both stations, we select one result with a larger220

number of photo-electrons than another station to avoid221

the double counting of high energy showers. Using222

these reconstructed events by both the BRM and the223

LR combined mode, we estimate the combined aperture224

of BRM and LR stations with primary protons, irons225

and HiRes/MIA reported composition [25] as shown in226

Fig. 4. The obtained aperture in each energy bin is Þt to227

the broken exponential function,228
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andEb is the broken energy. The best Þtted values are231

described in Table2.232

The aperture assuming proton fraction reported by233

HiRes/MIA experiment,AΩ f , was estimated by the fol-234

lowing formula,235

AΩ f = AΩP (R + f á(1− R)) (6)236

where f is the proton fraction,R is a relative difference237

of the aperture assuming proton or iron primaries,R =238

AΩFe/AΩP. In the low energy region, the aperture is239

dependent on the primary species. In contrast, in the240

high energy region, it is independent of them.241
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reconstruction using the monocular analysis, compar-188

ing between the generated true parameters and recon-189

structed ones. Figure 3 shows the estimated resolution190

of the impact parameter Rp, angle on SDP ! , primary191

energy and Xmax for proton and iron primaries of the192

QGSJetII-03 interaction model.193

As seen in Figure 3, there is no large di" erence194

between proton and iron primaries except for the re-195

constructed energy because the missing energy is cor-196

rected assuming the HiRes/MIA proton fraction with197

the QGSJetII-03 model. The reconstructed energy of198

iron primary showers are underestimated about 6% be-199

cause of the di" erence of the invisible energy.200
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Figure 3: Resolutions of the monocular analysis estimated by the re-
construction of artificial data using proton (red), and iron (blue dashed
line) with the QGSJetII-03 model.

4. Aperture Evaluation201

To evaluate the energy spectrum of UHECRs, it is es-202

sential to calculate an aperture and an exposure of FD203

stations. The aperture can not calculate a simple geo-204

metrical factor because it depends on not only the ener-205

gies, but also the performance of FD, atmospheric mod-206

els, PMT gains and primary shower species. Thus, we207

estimate the aperture of FD using MC simulations in-208

cluding these dependences. The aperture of FD, A# , is209

Parameter Proton Iron
p1 3.55 ± 0.06 3.49 ± 0.15
p2 17.12 ± 0.01 17.22 ± 0.01
p3 0.68 ± 0.03 0.63 ± 0.05
p4 17.56 ± 0.07 17.40 ± 0.13
p5 0.29 ± 0.03 0.40 ± 0.01
log Eb 18.27 ± 0.09 17.87 ± 0.03

Table 2: The fit parameters for aperture assuming proton and iron
primaries.

calculated from a ratio between the number of recon-210

structed events with the quality cuts and the number of211

thrown ones, A# (E) = A# G áNreco(E)/Nthrown(E) where212

A# G is the thrown aperture region of MC simulation,213

Nreco is the number of reconstructed events and Nthrown214

is the number of thrown events.215

Since TA was designed for stereoscopic observations216

of air showers above 1019.0 eV, we define the combined217

aperture of the BRM and the LR stations in each monoc-218

ular mode. When a energetic shower is reconstructed219

by the both stations, we select one result with a larger220

number of photo-electrons than another station to avoid221

the double counting of high energy showers. Using222

these reconstructed events by both the BRM and the223

LR combined mode, we estimate the combined aperture224

of BRM and LR stations with primary protons, irons225

and HiRes/MIA reported composition [25] as shown in226

Fig. 4. The obtained aperture in each energy bin is fit to227

the broken exponential function,228
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and Eb is the broken energy. The best fitted values are231

described in Table 2.232

The aperture assuming proton fraction reported by233

HiRes/MIA experiment, A# f , was estimated by the fol-234

lowing formula,235

A# f = A# P (R+ f á(1 ! R)) (6)236

where f is the proton fraction, R is a relative di" erence237

of the aperture assuming proton or iron primaries, R =238

A# Fe/A# P. In the low energy region, the aperture is239

dependent on the primary species. In contrast, in the240

high energy region, it is independent of them.241

4

The broken exponential function

P
oS

(IC
R

C
2015)320

Energy Spectrum and Mass Composition Measured with TA FD Monocular Analysis Toshihiro Fujii

(E (eV))
10

log
17 17.5 18 18.5 19 19.5 20 20.5

 s
r]

2
A

pe
rt

ur
e 

[k
m

-110

1

10

210

310

Proton

Iron

HiRes/MIA

(a) Aperture of FD stations

log (E (eV))
17 17.5 18 18.5 19 19.5 20 20.5

N
um

be
r 

of
 E

ve
nt

s

1

10

210

310
Data (Jan/2008-Dec/2014)

(b) Energy distribution of data

Figure 2: (a) The combined aperture of newly constructed FD stations evaluated by MC simulations for pro-
ton (red dotted line), iron (blue dashed line) and HiRes/MIA composition (black solid-line) in the monocular
analysis. (b) Obtained energy distribution analyzing data observed by the newly constructed FD stations
from January 2008 to December 2014.
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Figure 3: (a) Energy spectrum observed by the newly constructed FD stations. (b) Energy spectrum com-
pared with results reported by HiRes [4] and Auger [14] and other analyses of TA [15, 16].

from a ratio between the number of reconstructed events with the quality cuts and the number of
thrown ones,AΩ(E) = AΩgenáNreco(E)/ Nthrown(E) whereE is the primary energy of cosmic ray,
AΩgen is the thrown aperture region of MC simulation,Nreco is the number of reconstructed events
andNthrown is the number of thrown events.

Since TA was designed for stereoscopic observations of air showers above1019.0 eV, we deÞne
the combined aperture of the newly constructed FD stations in each monocular mode. When an
energetic shower is reconstructed by the both stations, we select one result with a large number of
photo-electrons to avoid the double counting of high energy showers. Using these reconstructed
events by both stations, we estimate the combined aperture of newly constructed FD stations with
proton, iron and HiRes/MIA reported composition [13] as shown in Fig.2(a). In the low energy
region, the aperture is dependent on the primary species. In contrast, in the high energy region, it
is independent of them.

Analyzing data collected from January 2008 to December 2014 using the monocular analy-

4

�y Eb is the energy of the break and 

¥ Largest cosmic ray detector in the northern hemisphere. 507 surface detectors 
covering an effective area of about 700 km2, overlooked by 38 ßuorescence detectors 
(FDs) [Telescope Array Collaboration, Nucl.Instrum.Meth. A689 (2012) 87].

¥ The FDs observe atmospheric ßuorescence photons emitted by molecules excited by 
an ultra-high energy cosmic rays (UHECRs), providing a determination of the 
primary energy and the longitudinal development including Xmax.

¥ Xmax is a slant depth at which the longitudinal development of cosmic ray reaches its 
maximum and it depends on the mass composition of UHECRs.

¥ The newly designed and constructed FDs start a stable observation  from 2008 [H. 

Tokuno et al., Nucl.Instrum.Meth. A601 (2009) 364] 

¥ Reconstruct UHECRs using the measured data by one FD station. 
¥ An arrival timing of the signal in each photomultiplier tube is Þtted to reconstruct the 

geometry. The longitudinal development is calculated by the inverse Monte Carlo 
method [T. Fujii et al., AIP Conf.Proc. 1367 (2011) 149]

¥ The performance of the monocular analysis is estimated by the Monte Carlo (MC) 
simulation and reconstruction.

New ßuorescence 
detector in the 
Telescope Array 
Experiment

Resolution of monocular analysis: 1.4 km on impact parameter (Rp), 
7.7 degree on angle on SDP (! ), 17% on Energy,  72 g/cm2 on Xmax
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Parameter Proton Iron

p1 3.55 ± 0.06 3.49± 0.15

p2 17.12± 0.01 17.22± 0.01

p3 0.68 ± 0.03 0.63± 0.05

p4 17.56± 0.07 17.40± 0.13

p5 0.29 ± 0.03 0.40± 0.01

logEb 18.27± 0.09 17.87± 0.03

Table 2: The Þt parameters for aperture assuming proton and iron primaries.

and Eb is the broken energy. The best Þtted values are described in Table2.165

The aperture assuming proton fraction reported by HiRes/MIA experiment,166

A! f , was estimated by the following formula,167

A! f = A! P (R + f á(1 ! R)) (6)

wheref is the proton fraction, R is a relative di" erence of the aperture assuming168

proton or iron primaries, R = A! Fe/A ! P . In the low energy region, the aperture169

is dependent on the primary species. In contrast, in the high energy region, it170

is independent of them.171

5. Data Analysis172

We analyze data collected by the BRM and LR stations from January 1st173

2008 to December 1st 2014, correnponding to seven years. The total live time174

subtracting the dead time for data taking is 6960 hours at BRM station and175

5850 at LR station. The cloud cut are applied by the visually recorded code176

at MD station because it is the most coverage in this period and we conÞrmed177

a consisntecy with the other method as described in Sec.2. After the cloud178

cut, the live time is 4100 hours at BRM station, 3470 hours at LR station so179

that 41% of data-period was excluded by the cloud cut. The live time of both180

the BRM and LR stations is 2870 hours. Analyzing data using the monocular181

analysis under the same quality cuts, 26290 shower candidates above 1017.0 eV182

8

Energy spectrum in the Þrst seven years Comparison with other results

XmaxP  > XmaxFe

¥ The Þducial FoV cuts are deÞned to reduce detection bias on Xmax.
¥ The identical cuts are applied in analysis of both observed data and MC simulation.
�y   Xstart(E) !  45.8 " log(E)-215.8, Xend "  20.8 " log(E) + 501.4
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