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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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TELESCOPE ARRAY

• Telescope Array (since 11/2007)
• Surface Detector Array

• 507 Scintillator Counters
• 1.2 km spacing
• 3 m2 area
• 700 km2

• Fluorescence Telescopes
• 3 sites
• 12–14 mirrors
• 3˚–31˚ elevation
• Cover SD
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TELESCOPE ARRAY

• TA Low Energy (TALE)
• Surface Detector infill array

• Since 03/2018
• 400 & 600-m spacing
• Same SD design as TA

• Fluorescence Telescopes
• Since 09/2013
• 10 mirrors (+ 14 from TA)
• 31˚–59˚ elevation
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TELESCOPE ARRAY

• TA x 4
• Expanded Surface Array

• 2.08-km spacing
• Similar SD design as TA
• 257 of planed 500 deployed 

(since 11/2019)
• Fluorescence Telescopes

• 4 mirrors in NE lobe       
(since 06/2019)

• 8 mirrors in SE lobe        
(since 08/2020)
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EVENT RECONSTRUCTION

• Use counter location and timing to 
locate shower core and direction

• Fit counter signal size to find 
lateral distribution

• Signal size at 800 m, S800, is the 
energy indicator

28 October 2021TeVPA 2021
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5.4 Lateral Distribution Fit

We use the same lateral distribution function (LDF) as the AGASA experi-

ment [16] to fit the event lateral profile on the ground:

⇢ = A
⇣ s

91.6m
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1 +

s

91.6m

⌘�(⌘(✓)�1.2) ⇣
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h s
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i2⌘�0.6

(5.10)

⌘(✓) = 3.97� 1.79 [sec(✓)� 1]

The uncertainties [99] on the pulse height density are adjusted to fit the TA SD

data:

�⇢ =
p

0.56 ⇢ + 6.3⇥ 10�3 ⇢2 (5.11)

We minimize the function of the form:

�2
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NX
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+
(R�RCOG)2
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(5.12)

The fit parameters are the core position R and the scaling factor A in front of the

(AGASA) LDF function. Figure 5.4b shows a typical TA SD lateral distribution

fit.

Counters closest to the shower core are removed from the lateral distribution

fits (but not from the geometry fits) due to the saturation of their photomultiplier

tubes, which occurs (in a typical counter) whenever the signal exceeds ⇠50 VEM

in a 20 nS time interval. Typically, one has 1 saturated counter per event.

5.5 First Energy Estimation

After successful geometry and LDF fits, we determine the signal size 800 me-

ters [101] from the shower axis S800 ⌘ ⇢(800m) using equation 5.10 and use it

along with the reconstructed sec(✓) to determine the event energy from a carefully

tested MC. To do this, we use a large statistics MC set to construct the energy

estimation table. Figure 5.5 shows the energy as a function of reconstructed S800

and sec(✓), where we plot the reconstructed values of S800 vs sec(✓) lines for

Geometry Fit (modified Linsley)

Lateral Density Distribution Fit

99

which we adjusted by an iterative process using the TA SD data. To get the final

values for the event geometry, we fit to a modified Linsley function in which the

curvature parameter a becomes a fit parameter and is also allowed to vary (the

�2 expression is the same as the Equation 5.5):

⌧ = a
⇣
1� l

12⇥ 103m
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s
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⇢�0.5 (5.9)
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The additional factor of (1� l
12⇥103m)1.05 describes an additional “curvature devel-

opment” e↵ect, which was derived from the data. Figure 5.4a shows an example

of the event time fit.
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(b)

Figure 5.4: Two fits for determining the SD event geometry and S800. (a): An
illustration of the SD time fit. Counter time is plotted versus distance along the
û-axis (points). Solid line represents the fit expectation time for counters that
would lie directly on the û-axis, dashed and dotted lines are the fit expectation
times for counters that are 1 km and 2 km o↵ the û-axis, respectively. (b): Lateral
distribution fit to the AGASA function. Counter pulse height is plotted versus
the perpendicular (lateral) distance from the shower axis. Solid line represents
the fit curve. Error bars with no points represent the silent counters (working
counters which did not register any signal).
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(AGASA) LDF function. Figure 5.4b shows a typical TA SD lateral distribution

fit.

Counters closest to the shower core are removed from the lateral distribution

fits (but not from the geometry fits) due to the saturation of their photomultiplier

tubes, which occurs (in a typical counter) whenever the signal exceeds ⇠50 VEM

in a 20 nS time interval. Typically, one has 1 saturated counter per event.

5.5 First Energy Estimation

After successful geometry and LDF fits, we determine the signal size 800 me-

ters [101] from the shower axis S800 ⌘ ⇢(800m) using equation 5.10 and use it

along with the reconstructed sec(✓) to determine the event energy from a carefully

tested MC. To do this, we use a large statistics MC set to construct the energy

estimation table. Figure 5.5 shows the energy as a function of reconstructed S800

and sec(✓), where we plot the reconstructed values of S800 vs sec(✓) lines for
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• Use counter location and timing to 
locate shower core and direction

• Fit counter signal size to find 
lateral distribution

• Signal size at 800 m, S800, is the 
energy indicator

• Use S800 and zenith angle to look 
up energy (from CORSIKA-
produced table)

• Hybrid fluorescence provides 
energy scale: Efinal = ETBL/1.27

ETBL = f(S800,secq)
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• In fluorescence we see the shower 
sweep across the mirror

• Reconstruct Shower-Detector 
Plane

• Fit time-vs-angle to get geometry 
(add in SD times for hybrid, giving 
much more lever arm for fit)

• Reconstruct size of shower vs 
depth

Mirror View

Time vs Angle Reconstructed Profile
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• Hybrid Analysis
• Surface detector event
• Fluorescence Telescope event
• Time-matched within 1 ms
• Very accurate event geometry

• SDP-ground intersection
• Time vs Angle fit with long 

lever arm
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• Observed: 27 May 2021
• Zenith angle: ~30˚
• S800: ~500



HIGHEST ENERGY EVENT SEEN IN A SURFACE DETECTOR

28 October 2021TeVPA 2021

• Observed: 27 May 2021
• Zenith angle: ~30˚
• S800: ~500
• Energy: 244 EeV (after 1/1.27 scaling)
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2. TA Surface Detector Energy Spectrum

2.1 SD Spectrum Calculated Using Standard TA Procedure

Figure 2 shows the TA surface detector spectrum, calculated using data collected over the
time period from 2008/05/11 to 2019/05/11. Superimposed as a solid line is a fit to a broken
power law function. We find the position of the ankle feature at EA = 1018.69±0.01 eV, with powers
before and after the ankle p1 = �3.28± 0.02 and p2 = �2.68± 0.02, respectively, the second
break point, also known as the GZK cutoff [4, 5], at E2 = 1019.81±0.03 eV, and the power after the
second break p3 =�4.84±0.5 We estimate the significance of the suppression to be 8.4 s and the
energy at which the measured integral flux becomes half of that in the absence of the cutoff [3] is
E1/2 = 1019.79±0.04 eV.

The analysis used for calculating the result in Figure 2, described in [2, 12], consists of a
time fit to determine the geometry of the cosmic ray shower, a lateral distribution fit to the AGASA
lateral distribution function [13] to find the shower signal size 800m from the shower axis (S800),
an initial energy estimate from a CORSIKA QGSJET II.3 [14, 15, 16] surface detector Monte
Carlo [17, 12], and calibration of the TA SD energy scale to the TA FD. Calibration of the SD
energy scale to the TA FD is done by using an energy-independent calibration factor of 1/1.27,
as described in [20]. Recently, in [20], it has been demonstrated that the TA SD reconstruction
approach yields a result that is within 3% of the result obtained by applying the Constant Intensity
Cut method [21] to the TA data at the highest energies.
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Figure 2: Telescope Array surface detector spectrum derived from 11 years of TA data, 2008/05/11-
2019/05/11, using reconstruction described in [2, 12]. Solid line is a fit to the broken power law, where
p1, p2 are the spectral indices before and after the ankle, respectively, EA is the energy of the ankle, E2 is
the energy of the cutoff (aka the second break point), and p3 is the spectral index after the cutoff. The sig-
nificance of the cutoff at 1019.81 eV has been estimated to be 8.4 s , and the energy at which the measured
integral flux is half of that expected in the absence of the suppression, is E1/2 = 1019.79±0.04 eV.

2

TA SD 11 years data

Log (E (eV)) Ankle
= 18.69 ± 0.01

Log (E (eV)) E2

= 19.81 ±0.03

TAx4 SD 1 year data
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2. TA Surface Detector Energy Spectrum

2.1 SD Spectrum Calculated Using Standard TA Procedure

Figure 2 shows the TA surface detector spectrum, calculated using data collected over the
time period from 2008/05/11 to 2019/05/11. Superimposed as a solid line is a fit to a broken
power law function. We find the position of the ankle feature at EA = 1018.69±0.01 eV, with powers
before and after the ankle p1 = �3.28± 0.02 and p2 = �2.68± 0.02, respectively, the second
break point, also known as the GZK cutoff [4, 5], at E2 = 1019.81±0.03 eV, and the power after the
second break p3 =�4.84±0.5 We estimate the significance of the suppression to be 8.4 s and the
energy at which the measured integral flux becomes half of that in the absence of the cutoff [3] is
E1/2 = 1019.79±0.04 eV.

The analysis used for calculating the result in Figure 2, described in [2, 12], consists of a
time fit to determine the geometry of the cosmic ray shower, a lateral distribution fit to the AGASA
lateral distribution function [13] to find the shower signal size 800m from the shower axis (S800),
an initial energy estimate from a CORSIKA QGSJET II.3 [14, 15, 16] surface detector Monte
Carlo [17, 12], and calibration of the TA SD energy scale to the TA FD. Calibration of the SD
energy scale to the TA FD is done by using an energy-independent calibration factor of 1/1.27,
as described in [20]. Recently, in [20], it has been demonstrated that the TA SD reconstruction
approach yields a result that is within 3% of the result obtained by applying the Constant Intensity
Cut method [21] to the TA data at the highest energies.
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Figure 2: Telescope Array surface detector spectrum derived from 11 years of TA data, 2008/05/11-
2019/05/11, using reconstruction described in [2, 12]. Solid line is a fit to the broken power law, where
p1, p2 are the spectral indices before and after the ankle, respectively, EA is the energy of the ankle, E2 is
the energy of the cutoff (aka the second break point), and p3 is the spectral index after the cutoff. The sig-
nificance of the cutoff at 1019.81 eV has been estimated to be 8.4 s , and the energy at which the measured
integral flux is half of that expected in the absence of the suppression, is E1/2 = 1019.79±0.04 eV.

2

TA SD 11 years data

Log (E (eV)) Ankle
= 18.69 ± 0.01

Log (E (eV)) E2

= 19.81 ±0.03

• TA Energy Spectrum (from 2019)
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2. TA Surface Detector Energy Spectrum

2.1 SD Spectrum Calculated Using Standard TA Procedure

Figure 2 shows the TA surface detector spectrum, calculated using data collected over the
time period from 2008/05/11 to 2019/05/11. Superimposed as a solid line is a fit to a broken
power law function. We find the position of the ankle feature at EA = 1018.69±0.01 eV, with powers
before and after the ankle p1 = �3.28± 0.02 and p2 = �2.68± 0.02, respectively, the second
break point, also known as the GZK cutoff [4, 5], at E2 = 1019.81±0.03 eV, and the power after the
second break p3 =�4.84±0.5 We estimate the significance of the suppression to be 8.4 s and the
energy at which the measured integral flux becomes half of that in the absence of the cutoff [3] is
E1/2 = 1019.79±0.04 eV.

The analysis used for calculating the result in Figure 2, described in [2, 12], consists of a
time fit to determine the geometry of the cosmic ray shower, a lateral distribution fit to the AGASA
lateral distribution function [13] to find the shower signal size 800m from the shower axis (S800),
an initial energy estimate from a CORSIKA QGSJET II.3 [14, 15, 16] surface detector Monte
Carlo [17, 12], and calibration of the TA SD energy scale to the TA FD. Calibration of the SD
energy scale to the TA FD is done by using an energy-independent calibration factor of 1/1.27,
as described in [20]. Recently, in [20], it has been demonstrated that the TA SD reconstruction
approach yields a result that is within 3% of the result obtained by applying the Constant Intensity
Cut method [21] to the TA data at the highest energies.
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Figure 2: Telescope Array surface detector spectrum derived from 11 years of TA data, 2008/05/11-
2019/05/11, using reconstruction described in [2, 12]. Solid line is a fit to the broken power law, where
p1, p2 are the spectral indices before and after the ankle, respectively, EA is the energy of the ankle, E2 is
the energy of the cutoff (aka the second break point), and p3 is the spectral index after the cutoff. The sig-
nificance of the cutoff at 1019.81 eV has been estimated to be 8.4 s , and the energy at which the measured
integral flux is half of that expected in the absence of the suppression, is E1/2 = 1019.79±0.04 eV.

2

TA SD 11 years data

Log (E (eV)) Ankle
= 18.69 ± 0.01

Log (E (eV)) E2

= 19.81 ±0.03

• TA Energy Spectrum (from 2019)

• TAx4 1-year spectrum 
superimposed
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2. TA Surface Detector Energy Spectrum

2.1 SD Spectrum Calculated Using Standard TA Procedure

Figure 2 shows the TA surface detector spectrum, calculated using data collected over the
time period from 2008/05/11 to 2019/05/11. Superimposed as a solid line is a fit to a broken
power law function. We find the position of the ankle feature at EA = 1018.69±0.01 eV, with powers
before and after the ankle p1 = �3.28± 0.02 and p2 = �2.68± 0.02, respectively, the second
break point, also known as the GZK cutoff [4, 5], at E2 = 1019.81±0.03 eV, and the power after the
second break p3 =�4.84±0.5 We estimate the significance of the suppression to be 8.4 s and the
energy at which the measured integral flux becomes half of that in the absence of the cutoff [3] is
E1/2 = 1019.79±0.04 eV.

The analysis used for calculating the result in Figure 2, described in [2, 12], consists of a
time fit to determine the geometry of the cosmic ray shower, a lateral distribution fit to the AGASA
lateral distribution function [13] to find the shower signal size 800m from the shower axis (S800),
an initial energy estimate from a CORSIKA QGSJET II.3 [14, 15, 16] surface detector Monte
Carlo [17, 12], and calibration of the TA SD energy scale to the TA FD. Calibration of the SD
energy scale to the TA FD is done by using an energy-independent calibration factor of 1/1.27,
as described in [20]. Recently, in [20], it has been demonstrated that the TA SD reconstruction
approach yields a result that is within 3% of the result obtained by applying the Constant Intensity
Cut method [21] to the TA data at the highest energies.
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Figure 2: Telescope Array surface detector spectrum derived from 11 years of TA data, 2008/05/11-
2019/05/11, using reconstruction described in [2, 12]. Solid line is a fit to the broken power law, where
p1, p2 are the spectral indices before and after the ankle, respectively, EA is the energy of the ankle, E2 is
the energy of the cutoff (aka the second break point), and p3 is the spectral index after the cutoff. The sig-
nificance of the cutoff at 1019.81 eV has been estimated to be 8.4 s , and the energy at which the measured
integral flux is half of that expected in the absence of the suppression, is E1/2 = 1019.79±0.04 eV.
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TA SD 11 years data

Log (E (eV)) Ankle
= 18.69 ± 0.01

Log (E (eV)) E2

= 19.81 ±0.03

• TA Energy Spectrum (from 2019)

• TAx4 1-year spectrum 
superimposed
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2. TA Surface Detector Energy Spectrum

2.1 SD Spectrum Calculated Using Standard TA Procedure

Figure 2 shows the TA surface detector spectrum, calculated using data collected over the
time period from 2008/05/11 to 2019/05/11. Superimposed as a solid line is a fit to a broken
power law function. We find the position of the ankle feature at EA = 1018.69±0.01 eV, with powers
before and after the ankle p1 = �3.28± 0.02 and p2 = �2.68± 0.02, respectively, the second
break point, also known as the GZK cutoff [4, 5], at E2 = 1019.81±0.03 eV, and the power after the
second break p3 =�4.84±0.5 We estimate the significance of the suppression to be 8.4 s and the
energy at which the measured integral flux becomes half of that in the absence of the cutoff [3] is
E1/2 = 1019.79±0.04 eV.

The analysis used for calculating the result in Figure 2, described in [2, 12], consists of a
time fit to determine the geometry of the cosmic ray shower, a lateral distribution fit to the AGASA
lateral distribution function [13] to find the shower signal size 800m from the shower axis (S800),
an initial energy estimate from a CORSIKA QGSJET II.3 [14, 15, 16] surface detector Monte
Carlo [17, 12], and calibration of the TA SD energy scale to the TA FD. Calibration of the SD
energy scale to the TA FD is done by using an energy-independent calibration factor of 1/1.27,
as described in [20]. Recently, in [20], it has been demonstrated that the TA SD reconstruction
approach yields a result that is within 3% of the result obtained by applying the Constant Intensity
Cut method [21] to the TA data at the highest energies.
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Figure 2: Telescope Array surface detector spectrum derived from 11 years of TA data, 2008/05/11-
2019/05/11, using reconstruction described in [2, 12]. Solid line is a fit to the broken power law, where
p1, p2 are the spectral indices before and after the ankle, respectively, EA is the energy of the ankle, E2 is
the energy of the cutoff (aka the second break point), and p3 is the spectral index after the cutoff. The sig-
nificance of the cutoff at 1019.81 eV has been estimated to be 8.4 s , and the energy at which the measured
integral flux is half of that expected in the absence of the suppression, is E1/2 = 1019.79±0.04 eV.
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• TA Energy Spectrum (from 2019)

• TAx4 1-year spectrum 
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2. TA Surface Detector Energy Spectrum

2.1 SD Spectrum Calculated Using Standard TA Procedure

Figure 2 shows the TA surface detector spectrum, calculated using data collected over the
time period from 2008/05/11 to 2019/05/11. Superimposed as a solid line is a fit to a broken
power law function. We find the position of the ankle feature at EA = 1018.69±0.01 eV, with powers
before and after the ankle p1 = �3.28± 0.02 and p2 = �2.68± 0.02, respectively, the second
break point, also known as the GZK cutoff [4, 5], at E2 = 1019.81±0.03 eV, and the power after the
second break p3 =�4.84±0.5 We estimate the significance of the suppression to be 8.4 s and the
energy at which the measured integral flux becomes half of that in the absence of the cutoff [3] is
E1/2 = 1019.79±0.04 eV.

The analysis used for calculating the result in Figure 2, described in [2, 12], consists of a
time fit to determine the geometry of the cosmic ray shower, a lateral distribution fit to the AGASA
lateral distribution function [13] to find the shower signal size 800m from the shower axis (S800),
an initial energy estimate from a CORSIKA QGSJET II.3 [14, 15, 16] surface detector Monte
Carlo [17, 12], and calibration of the TA SD energy scale to the TA FD. Calibration of the SD
energy scale to the TA FD is done by using an energy-independent calibration factor of 1/1.27,
as described in [20]. Recently, in [20], it has been demonstrated that the TA SD reconstruction
approach yields a result that is within 3% of the result obtained by applying the Constant Intensity
Cut method [21] to the TA data at the highest energies.
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Figure 2: Telescope Array surface detector spectrum derived from 11 years of TA data, 2008/05/11-
2019/05/11, using reconstruction described in [2, 12]. Solid line is a fit to the broken power law, where
p1, p2 are the spectral indices before and after the ankle, respectively, EA is the energy of the ankle, E2 is
the energy of the cutoff (aka the second break point), and p3 is the spectral index after the cutoff. The sig-
nificance of the cutoff at 1019.81 eV has been estimated to be 8.4 s , and the energy at which the measured
integral flux is half of that expected in the absence of the suppression, is E1/2 = 1019.79±0.04 eV.

2

TA SD 11 years data

Log (E (eV)) Ankle
= 18.69 ± 0.01

Log (E (eV)) E2

= 19.81 ±0.03

• TA Energy Spectrum (from 2019)

• TAx4 1-year spectrum 
superimposed

• With 1-year of (half of) the TAx4 
expansion, can already corroborate 
higher GZK threshold



ENERGY SPECTRUM

• There is a declination dependence 
in the TA SD spectrum

• Difference of the cutoff energies 
of energy spectra

• log(E/eV) = 19.64 ± 0.04 for 
lower dec. band (-16˚–24.8 )̊

• log(E/eV) = 19.84 ± 0.02 for 
higher dec. band (24.8˚–90 )̊

• The global significance of the 
difference is estimated to be 4.3s

28 October 2021TeVPA 2021



ENERGY SPECTRUM

• Combine TA SD spectrum (11 years) 
with TALE FD monocular (22 months) 
to get CR spectrum covering 5 orders-
of-magnitude

• Knee: log10(E/eV) ~ 15.5

• LE ankle: log10(E/eV) = 16.22(2)

• 2nd Knee: log10(E/eV) = 17.04(4)

• Ankle: log10(E/eV) = 18.69(1)

• Cutoff: log10(E/eV) = 19.81(3)

28 October 2021TeVPA 2021
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Figure 5: Combined TA Spectrum. Blue point show the part covered by the TA SD, using 11 year data, and
red points show the part measured by the TALE fluorescence detector.

3. Combined TA Spectrum

Figure 5 shows the combined TA spectrum using black filled circles.

4. Summary
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THE INSTEP FEATURE
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Combined fit of TASD, TA  Monocular and HiRes
Finds the instep feature (first seen by Auger)
with 5.3s significance Auger spectrum



COMPOSITION

• Detailed measurement of 
composition from 2 PeV to 2 EeV
• Using TALE with Cherenkov-light 

dominated events
• ApJ 909 (2021)178

• Fit to four species
• Reduction in protons above the 

Knee
• Getting heavier

• Elongation rate fit
• Break at 160 PeV, 2nd Knee
• Getting lighter above that

28 October 2021TeVPA 2021
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• TA SD composition: BDT analysis using 16 composition sensitive signals (12 years: 2008–2020)
• Find light, unchanging composition above 1 EeV, with two different high-energy interaction models



ANISOTROPY

• The TA hot-spot with 12 years of 
data
• 179 events with E > 57 EeV
• 40 events in hot-spot, 25˚ top-hat, 

local 4.5s significance, 3.2s local
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ANISOTROPY

• The TA hot-spot with 12 years of 
data
• 179 events with E > 57 EeV
• 40 events in hot-spot, 25˚ top-hat, 

local 4.5s significance, 3.2s local
• The original brightness (ApJ 790 

(2014) L21) seems to not be 
sustained
• But still significantly higher than 

background
• Growth rate consistent with linear

28 October 2021TeVPA 2021

First five years: 5s Last seven years: 2.3s



ANISOTROPY

• At lower energies (above 40 EeV) 
see a new excess
• In the direction of the Perseus-

Pisces Supercluster

28 October 2021TeVPA 2021



ANISOTROPY

• At lower energies (above 40 EeV) 
see a new excess
• In the direction of the Perseus-

Pisces Supercluster
• Significant excess at energies 

log10 E/eV > 19.4, 19.5, and 19.6
• 4.4s, 4.2s, and 4.0s, resp.

• Chance that excess within 9˚ of
supercluster center is about 3.5s

28 October 2021TeVPA 2021



ANISOTROPY

• At energies above 8.8 EeV
• Look for dipole (a la Auger)
• TA 12-yr result :  

𝑟! ≃ 3.1%;𝜙! ≃ 134∘
• Auger 2017 result :  

𝑟! ≃ 4.7%;𝜙! ≃ 100∘

28 October 2021TeVPA 2021



SUMMARY

• Results from TA, the largest cosmic-ray observatory in the Northern Hemisphere, including TALE and TAx4
• Spectrum

• TAx4 SD has begun to measure, and has enough events to make a meaningful contribution to the TA spectrum above 10 EeV
• TA finds a significant difference in its own spectra above and below 25˚ declination (agrees with Auger in overlapping region)
• Spectrum measurements over 5.5 orders-of-magnitude in energy
• Observation of the “instep” feature

• Composition
• Light-heavy-light pattern in PeV energy range using TALE-Cherenkov
• Light and steady in EeV using TA SD with machine-learning BDT analysis

• Anisotropy
• Hotspot persists, but significance not increasing very quickly 
• New significant excess at slightly lower energy in conjunction with the Perseus-Pisces Supercluster

• Found while looking for difference in TA and Auger energy spectra
• See a similar dipole to the Auger published result

• There’s the NICHE array to talk about too, but no time…
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NICHE ARRAY
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• NICHE works with TALE as a non-imaging and imaging 
Cherenkov hybrid detector



NICHE ARRAY

• Can show that the time width of NICHE signal at a 
given distance from the shower core depends on how 
far it is to the shower maximum

• Shower core position from TALE reconstruction is 
uncertain at the 100-m level (smears left-right)

• Xmax , Dmax comes from TALE reconstruction and 
geometry

• Take average over 100-m bins, require 40 events 
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NICHE ARRAY

• Can show that the time width of NICHE signal at a 
given distance from the shower core depends on how 
far it is to the shower maximum

• Shower core position from TALE reconstruction is 
uncertain at the 100-m level (smears left-right)

• Xmax , Dmax comes from TALE reconstruction and 
geometry

• Take average over 100-m bins, require 40 events 

• Can now use width in NICHE as a composition measure
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