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One of the uncertainties in the interpretation of ultrahigh energy cosmic ray data comes from the
hadronic interaction models used for air shower Monte Carlo (MC) simulations. The number of muons
observed at the ground from ultrahigh energy cosmic ray–induced air showers is expected to depend upon
the hadronic interaction model. One may therefore test the hadronic interaction models by comparing the
measured number of muons with the MC prediction. In this paper, we present the results of studies of muon
densities in ultrahigh energy extensive air showers obtained by analyzing the signal of surface detector
stations which should have high muon purity. The muon purity of a station will depend on both the
inclination of the shower and the relative position of the station. In seven years’ data from the Telescope
Array experiment, we find that the number of particles observed for signals with an expected muon purity
of ∼65% at a lateral distance of 2000 m from the shower core is 1.72!0.10ðstatÞ !0.37ðsystÞ times larger
than the MC prediction value using the QGSJET II-03 model for proton-induced showers. A similar
effect is also seen in comparisons with other hadronic models such as QGSJET II-04, which shows a
1.67!0.10!0.36 excess. We also studied the dependence of these excesses on lateral distances and found
a slower decrease of the lateral distribution of muons in the data as compared to the MC, causing larger
discrepancy at larger lateral distances.

DOI: 10.1103/PhysRevD.98.022002

I. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs)
has been a long-standing mystery of astrophysics. The
Telescope Array (TA) experiment [1] in Utah, USA, is the
largest experiment in the northern hemisphere observing
UHECRs. It aims to reveal the origin of UHECRs by
studying the energy spectrum, mass composition and
anisotropy of cosmic rays. When a UHECR enters the
atmosphere, it interacts with atmospheric nuclei and gen-
erates the particle cascade, which is called an air shower.
The information of primary cosmic rays is estimated from
observed signals of air shower particles and the air shower
Monte Carlo (MC) simulation.
UHECR air showers are not fully understood. At

present, the maximum energy of hadronic interactions in
the target rest frame accessible at accelerators is 1017 eV
at the CERN LHC. The MC for cosmic rays in the energies
above 1018 eV uses the extrapolated values of the parameters

of hadronic interactions, such as the cross section and
multiplicity. The values of these parameters differ between
hadronic interaction models, due to the uncertainty of
modeling pion or kaon generation at the early age of the
air shower development. Thus, inferences of UHECR
composition from air shower measurements are model
dependent [2,3], which is important in understanding the
origin of UHECRs because cosmic rays are deflected in the
Galactic and extragalactic magnetic fields.
In addition to that, the HiRes/MIA experiment reported a

deficit in the number of muons from MC air showers
compared with experimental data for E≳ 1017 eV [4]. The
Yakutsk experiment also indicated lower simulated muon
densities than those observed for E≳ 1019 eV [5]. The
Pierre Auger Observatory, which is located in Mendoza,
Argentina, reported [6] a model-dependent deficit of muons
in simulations of 30%–80% relative to the data, 1019 eV.
The Pierre Auger Collaboration also reported that the
observed hadronic signal in UHECR air showers is 1.61!
0.21 ð1.33!0.16Þ times larger than the post-LHC MC
prediction values for QGSJET II-04 [7] (EPOS-LHC [8]),
including statistical and systematic errors [9]. For
E≲ 1017 eV, The KASCADE-Grande experiment [10]
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Pierre Auger Observatory 
Province Mendoza, Argentina  
1660 detector stations, 3000 km2 
27 fluorescence telescopes

Telescope Array (TA) 
Delta, UT, USA 
507 detector stations, 700 km2 
36 fluorescence telescopes 

Together full sky coverage: perfect for anisotropy studies

Auger 
35.3 S, 69.3 W  

Telescope Array 
39.3 N ,112.9 W 

Auger (ϑ: 0-80˚)+ TA (ϑ: 0-55˚) 
= 

FULL SKY COVERAGE

Directional exposure

Smart relative location too
UHECR Datasets
Pierre Auger Observatory  (updated)

- 324 events above 52 EeV recorded from 
01/01/2004 to 30/04/2017 with zenith < 80°

- +90 events with respect to ICRC 2017
- Angular resolution ~0.9°

Telescope Array  (updated)

- 143 events above 57 EeV recorded from 
11/05/2008 to 01/05/2017 with zenith < 55°

- +34 events with respect to ICRC 2017
- Angular resolution ~1.5°

5

467 events with full sky coverage

“common” sky:
-15˚ : +45˚
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Relative exposure of Auger and TA

Telescope Array = the largest cosmic ray observatory in the northern hemisphere

R. Engle, TA 10th anniversary symposium, 2018



Main goals of Telescope Array
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Energy Spectrum Chemical composition
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TALE Spectrum compared to some recent Measurements

Figure 23: TALE cosmic rays energy spectrum plotted along with measurements by Yakutsk [50], TUNKA [51, 52], Kaskade-
Grande [53], and IceTop [54]
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Figure 24: TALE cosmic rays energy spectrum plotted along with measurements by TA using the FD’s at Black Rock and Long
Ridge sites [55], and by the TA surface detector [56], also shown is the Auger spectrum [57] with a 10% energy scaling applied
to make it agree with the TA SD flux.
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data
QGSJet II-04 proton
QGSJet II-04 helium
QGSJet II-04 nitrogen
QGSJet II-04 iron

Figure 14. Mean Xmax as a function of energy as observed by Telescope Array in BR/LR hybrid mode over
8.5 years of data collection. The numbers above the data points indicate the number of events observed.
The gray band is the systematic uncertainty of this analysis. Reconstructed Monte Carlo of four di↵erent
primary species generated using the QGSJet II-04 hadronic model are shown for comparison.

nitrogen, but statistics in the data there are very poor. Care must be taken in interpreting Figure 14,
since hXmaxi by itself is not a robust enough measure to fully draw conclusions about UHECR
composition. When comparing hXmaxi of data to Monte Carlo, in addition to detector resolution and
systematic uncertainties in the data which may hinder resolving the between di↵erent elements with
relatively similar masses, the issue of systematic uncertainties in the hadronic model used to generate
the Monte Carlo must also be recognized. This will be discussed in Section 5. Referring back to
Figures 12 and 13, we can see that though the hXmaxi of the data in Figure 14, lies close to QGSJet II-
04 helium, the �(Xmax) of the data is larger than the helium model allows for energy bins with good
data statistics. For this reason, we will test the agreement of data and Monte Carlo by comparing
not just hXmaxi and �(Xmax), but by using the entire distributions. The elongation rate of the data
shown in Figure 14 found by performing a �2 fit to the data is found to be 56.8± 5.3 g/cm2/decade.
The �2/DOF of this fit is 10.67/9. Table 4 summarizes the observed first and second moments of
TA’s observed Xmax for all energy bins.

5. STATISTICAL HYPOTHESIS TESTS

5.1. Method

Results: photon flux limits

diffuse flux

point source flux

M.Kuznetsov, Quarks’2018

Anisotropy

Main goals are the energy spectrum, the composition, anisotropies of UHECRs.  
Our main target is UHE charged particles. Even so, our experiment can contribute 
to the multimessenger astronomy.  

Neutral particles



Telescope Array: hybrid detector covering 700km2

E2.5 J(E)

Target energy range 
observed at the TA site 

by TA + TALE
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Map of the TA site
Fluorescence Detectors(FDs) 
Middle Drum(MD) station = 
14 FDs  
+ TA Low energy Extension (TALE) 10 FDs

Surface detectors(SDs) 
• 507 scintillation detectors 
• 3m2 
• 1.2km spacing 
• total coverage ~700km2

FDs 
Long Ridge(LR) station 
12 FDs

3 communication towers 
For the SD array

Central Laser Facility

FDs 
Black Rock Mesa(BRM) station 
12 FDs

20km

Border of FD station FOV
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Key feature: Stereo-Hybrid 

Surface detectorsFluorescence Detector Fluorescence Detector

Stereoscopic measurement with multiple FD stations  
or the hybrid measurement with a FD stations and more 
than one SD improve the determination accuracy of the 
shower geometry.

The determination accuracy on the primary energy and the depth of 
maximum shower development are also improved.  8



Surface Detector Array
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Surface Detector

wireless LAN 
2.4GHz Solar panel 

120W

Scintillation detector

GPS

• 2 layer of plastic scinti., 3m2 x 1.2cm each 
• WLSF : φ1mm 2cm spacing 
• PMT for each layer

• 12bit 50MHz FADC x 2 layers 
• CPU : Renesas SH4(25MHz) 
• GPS, WLAN-modem 
• Charge controller  10



Fluorescence Detectors
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Fluorescence Detectors

Long Ridge (LR) Black Rock Mesa (BRM)

Middle Drum (MD)

12 telescopes/station 
256 PMTs/telescope

14 telescopes 
256 PMTs/telescope

~1m2
6.8m2

5.2m2 ~1m2

~30km

newly designed for TA

refurbished HiRes-I

TALE-FD

10 telescopes 
for higher elevation angles 
(=lower energies than TA)

refurbished HiRes-II
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Test scene

The photogram taking by digital camera.

Left : the flight that aim the PMT in center of Cam.
Right : the flight that pass through 4 Cams. 

New items for monitoring and calibrations

 13

flying “Opt-copter” in operation



New items for calibrations and monitoring (1)
CCD cloud monitoring system

Housing�

CCD	camera	(VIS)	
WAT120N+�

Fish	eye	lens	
FE185C057HA-1�

Image	server	
mmEye-S�•  3	sets	in	TA	site	

•  every		1	min.	

•  8	sec	exposure	
•  	size:	720	×	480	pixels	(346KB	/	1	photo)	
•  FOV:	����	°	×	�����°


CLF�

LR� BRM�
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Cloud monitoring: scoring
Searching the listed stars at SAO star catalog (> 3.5 mag.)  in each picture 
→ Score = number of matched stars / total expected # of stars in FOV

not seen, expected position
matched star

Listed star (3.5 mag.) at the SAO catalog

Dividing the sky into 9 regions  
(by zenith and azimuth)   
 →  Scoring for each region

Image with CCD

Matching

Nov. 20, 2014, 1:40 - 12:00 UTC
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New items for calibrations and monitoring (2)
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“Opt-copter” (drone + light source + hi-res GPS)

GPS	fixed	station	
on	the	ground�

position	
info.�

Opt-copter�

UV	light�

FD�

conceptual image 

battery GPS antennas

Antenna for the GPS fixed station 
(position resolution: 
±0.25m H, ±0.75m V)

UV LED source 
w the integrating sphere

LED driver

10PPS pulser 
        (±0.4us)

protective circuit  
for battery



Opt-copter in operation
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Opt-copter

300m
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GPS
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Main target of the calibration with “Opt-copter”:  
Precise measurement of FD optics and geometry

Location by GPS is matched very well with the image center, 
however … 



Extensions of TA experiment

 18

1.TA Low energy Extension: TALE 
2.Expansion of effective area: TAx4



TALE

TALE SDs prepared for deployment

TALE FD stationMiddle Drum station

TALE FDs  19



TALE hybrid

TA SD array

TALE SD array

Low energy extension of TA sensitivity 
down to 1016eV, with 
FDs observing higher elevation 
Densely-arrayed SDs 
Precise measurement of the composition : 
FD + SD hybrid measurement

TALE-FD : 10 telescopes ( Sep. 2013 ~ ) 
elevation : 30°~57°, azimuthal : 114° 
TALE-SD array : 80 SDs ( Feb. 2018 ~ ) 
TALE-hybrid started  running from Sep. 2018

Expected specifications of TALE hybrid  
Threshold energy E : logE=16.0 
Event rate : ~5,000 events/year 
Δθ = 1.0°  ( FD mono : 5.3°) 
ΔXmax = 20 g/cm2 (FD mono : 60g/cm2)

TALE-FD 400m spacing 40 
SDs

600m spacing 40 
SDs

 20



TALE FD

TA SD array

TALE FD

 21

TA FD (MD)

30o-57o

3o-31o

114o

TALE FD

TALE FD
TA FD (MD)

Middle Drum stationTALE FD station and TA MD are very close 
together  
10 FDs in the TALE station 
Elevation: 30o-57o (higher elevation than MD) 
Azimuthal: 114o 

Refurbished HiRes FDs 
Mirror: same as TA FD (MD) 
Elec.: 10 MHz 8bit FADC

Installed in Nov. 2012 
Operation from Sep. 2013 
Hybrid trigger out Sep. 2018



TALE-FD mono spectrum(2yrs) 
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 / ndf = 31.6 / 392χfit 

Figure 20: TALE cosmic rays energy spectrum measured with 22 months of data. A mixed primary composition given by the
TXF is assumed. The gray band indicates the size of the systematic uncertainties.

show in figure 22 a comparison of the spectrum obtained with di↵erent compositions. With respect to the
energy spectrum for the case of pure iron composition assumption, note that composition measurements by
other experiments, e.g. [48, 49] exclude the possibility of iron dominated flux at energies below 1016 eV. The
spectrum is included in the plot simply to demonstrate the extreme case of all heavy primaries.

Figure 23 compares the current result with some recent results from other experiments. We note that
qualitatively the spectra are in agreement. The di↵erence in normalization is within the systematics of the
energy scales of the di↵erent experiments. In particular, we note that a 6.5% downward shift in the IceTop
energy scale, results in a spectrum that lies on top of the TALE spectrum for energies below 1017 eV.

Figure 24 compares the current result with some recent results from TA Fluorescence [55] and surface
detector [56] measurements. We note that above 1017 eV there is excellent agreement between the di↵erent
results, demonstrating that the TALE spectrum can be seen as an extension of the measurements in the
ultra-high energy regime down to lower energies.

18

Ap. J., 865, 74(2018) 
arXiv: 1803.01288Data: Jun. 2014 - Mar. 2016
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Compared to recent measurements
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TALE Spectrum compared to some recent Measurements

Figure 23: TALE cosmic rays energy spectrum plotted along with measurements by Yakutsk [50], TUNKA [51, 52], Kaskade-
Grande [53], and IceTop [54]
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Figure 24: TALE cosmic rays energy spectrum plotted along with measurements by TA using the FD’s at Black Rock and Long
Ridge sites [55], and by the TA surface detector [56], also shown is the Auger spectrum [57] with a 10% energy scaling applied
to make it agree with the TA SD flux.
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Ap. J., 865, 74(2018) 
arXiv: 1803.01288
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Figure 21: TALE cosmic rays energy spectrum measured with 22 months of data. Contributions from Cherenkov, mixed, and
fluorescence events shown separately. Note that only the Cherenkov subsets contributes to the spectrum below 1016.7 eV.
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Figure 22: TALE cosmic rays energy spectrum composition dependence. A comparison of the spectrum calculation if we assume
that cosmic rays are pure protons (red), pure iron (blue), follow the H4a composition (green), or the TXF result (black). The
pure iron case is shown for reference only, at low energies it is excluded by previous measurements: e.g. [48, 49]
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Exposure depends on composition 

(a mixed model which reproduces TALE-FD Xmax, used for previous page)
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Ap. J., 865, 74(2018) 
arXiv: 1803.01288

Precise measurements on composition 
→ Hybrid detections with the SD array



TALE SD array

TA SD array

TALE SD array
TALE-FD 400m spacing 40 

SDs

600m spacing 40 
SDs

 25

Running time/10min

# of living SDs

Event trigger/10min

Averaged hit rate/SD 

# of time out error/10min

80 SDs covering 30km2 
Running from Feb. 2018 
# of living SD ~ 80 
DAQ bug fixed at Apr. 2018 

Triggering conditions: 
Storing waveform in SD: > 0.3 MIP (750Hz/SD)  
Hit: > 3 MIPs (20Hz/SD) 
Air shower event: 5 hit SDs in 8us window  
                                                (3/10min)

Status plot (Jan. 2018 -)

Jan.  
2018
Jan.  
2018

Jan.  
2019



TALE Hybrid

TA SD array

TALE SD array
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�FD event trigger

TALE:Á��5Ľ�����

TALEŌƀō�Û�> 
Ƈ2012Y10yKdƈ�

Middle DrumśšƆřżƃ�

TALE FDśšƆřżƃ�

2013Y 4yt� 
35/ĝÌ¹ 

Ì¹��@Middle DrumƇ2013Y3yƈ�

ăĀ�Central DAQ
Host PC

�
Request SDs 

to record waveform
with FD event time info.

� request

� send
waveform > 0.3 MIP

SD
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Hybrid DAQ installed Sep. 2018 

# of hit PMT > 5 &  
Event duration > 500ns  
                    → Hybrid trigger 
Hybrid triggering rate ~ 0.05Hz

Real hybrid event samples in Nov. 7, 2018



TALE future plan: lower energy

TA SD array

TALE SD array

TALE-FD 400m spacing 40 
SDs

600m spacing 40 
SDs
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TALE FD

TA SD

Additionally install 57 SDs with 200m spacing  
near the TALE FD station (< 2km),   
to archive lower the threshold energy: 
for SD, Emode = 1015.5 eV 
for FD-SD hybrid, Emode =1016.3 eV



TA×4

SD array ~3000 km2 
500 scintillator SDs 
2.08 km spacing 

2 FD stations (12 HiRes-II telescopes)   
4 FDs at the northern station 
8 FDs at the southern station 

TA SD array

TALE SD array

TA×4 FD FOV

TA×4 FD FOV
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TA×4 array

TA×4 array



TA×4

TA SD array

TALE SD array

TA×4 FD FOV

TA×4 FD FOV
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TA×4 array

TA×4 array
Feb. 19 - Mar. 12, 2019 

257 SDs 
6 communication towers 

were installed in the site



log10	(Ereco	/	Esim)�

57	EeV�

TA×4@Apr. 2019
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TA×4 north 
130 SDs

TA×4 south 
127 SDs

TA  
507 SDs

TALE  
80 SDs

trigger efficiency 
> 95%@57EeV

energy resolution: 
25% 
angular resolution: 
2.2o



TA×4

TA SD array

TALE SD array

TA×4 FD FOV

TA×4 FD FOV
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TA×4 array

TA×4 array

TA×4 northern FD station

TA×4 southern FD station

First light @ Feb. 16, 2018

under construction



Summary
Telescope Array is UHECR observatory in the northern hemisphere. 
TA is stably running more than 10 years. 
Full TALE SD is now on-line! 
Hybrid measurement has extended the energy reach below ~1016 eV  

TAx4 starts running. 
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