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Following the evidence for a hotspot in the arrival directions of the highest energy cosmic rays, the
Telescope Array (TA) Experiment undertook the TAx4 upgrade to expand the area of our Surface
Detectors (SD) by a factor of 4 and have added new Fluorescence Detector (FD) stations to view
over the new SD arrays. Currently, TAx4 consists of 12 FDs and 257 SDs, of a planned 500,
at a spacing of 2.08 km spread over two sites. TAx4 North (4 FDs), completed in 2018, views
over the northern wing of the new SD, and TAx4 South (8 FDs), completed in 2019, views over
the southern wing. Both FD sites are in routine observation, with data being taken remotely at
the TAx4 South site. In this work, we will report on the performance of the TAx4 FD, showing
data/MC comparisons. We will present a preliminary monocular energy spectrum for the TAx4
fluorescence detector and the progress of the hybrid analysis.
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1. Introduction

The Telescope Array (TA) experiment, located in Millard County, UT, USA (Figure 1), is
the largest cosmic ray detector in the Northern hemisphere designed to observe ultra-high energy
cosmic rays (UHECRs). The experiment consist of 867 surface detectors (SDs) and 56 fluorescence
detector (FD) telescopes. All SDs used in the experiment are composed of 2 layers of 3 m? x 1.2 cm
plastic scintillator [3]; however, the SD spacing and electronics varies depending on the array the
SD is part of. The FDs, with 256 photo-multiplier tubes (PMTs) each, are spread across 3 arrays:
the main TA array, TA Low Energy extension (TALE) array, and the recently added TA times four
(TAx4) array following evidence of a hotspot in the arrival directions of UHECRs [1, 2].

The TAx4 array contains 12 FDs and 257 SDs, of a planned 500, at a spacing of 2.08 km
spread over two sites. The spacing of the SDs was chosen to optimize our detection of events at
the highest energy range, £ > 20 EeV. There are 4 FDs looking over the northern group of SDs,
called TAx4 North. These FDs view a range of 4°-17° in elevation and 12°-76° in azimuth (North
of East). TAx4 North was completed in early-2018 and has been taking data regularly since June,
2018. TAx4 South views over the southern group of SDs. TAx4 South views the same elevation
range as TAx4 North and covers a range of 238°-350° in azimuth (North of East). Construction on
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Figure 1: Map of the entire TA experiment. The magenta triangles are locations of communication towers
and the magenta squares are FD sites. The 257 deployed TAx4 SDs are shown as red circle to the northeast
and southeast. While the purple circles are planned location of the remaining 243 TAx4 SDs to be deployed.
The 2 fan shapes drawn with black lines show the field of view of TAx4 FDs.
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this site was competed in mid-2019 and has been taking regular data since October, 2019.

Since the completion of TAx4 there has been two upgrades to the FDs, a vertical shower trigger
enhancement in April, 2019 and inter-mirror trigger in June, 2019. This work uses data after both
upgrades were completed. We will report on the performance of the TAx4 FDs, showing resolutions
and data-MC comparisons and present a preliminary monocular energy spectrum using the TAx4
FDs. We will also discuss the progress towards a hybrid energy spectrum.

2. Monocular Reconstruction and Quality Cuts

The data set used in this work is from both TAx4 sites from June 26, 2019 to April 19, 2021,
approximately 2 years of data. TAx4 North has a total detector on-time is 1184.1 hours, with 696.9
hours of it being good weather on-time. Where good weather on-time is defined by no clouds being
overhead and no horizon clouds in the field of view of each site. TAx4 South has a total detector
on-time of 613.6 hours, with 354.9 hours being good weather on-time.

The events that are reconstructed in monocular mode have their geometry determined by the
equation,

ey

R Ty - xi
Cc

2
where ¢; and y; are the trigger time and pointing direction of tube i, respectively; ¢ is the in-plane
angle; R, is the impact parameter of the shower; c is the speed of light; and 7, is the time when the
shower is calculated to be at R ,.

The profile of the extensive air shower is fitted using the Gaisser-Hillas parameterization

formula [4],

Xmax—XO

x — Xo B Xmax=x
N(x) = Nmax (Xmax =X, e 4 )
where N (x) is the number of charged particles at a given slant depth, x, in g/cm?; Xpay is the slant
depth where the number of the secondary particles reaches the maximum; Np,x is the maximum
number of particles at Xyax; Xo is a fit parameter associated with the depth of the first interaction;
and A is 70 g/cm®. Events with lower energies may have too short of track lengths in order to carry
out geometry reconstruction alone. For these cases, a profile-constrained geometrical fit is applied

to the reconstructed events.

Event Reconstruction Cuts

Rayleigh Filter Piog,, = 2
Brightness Cut 2N, [ Nngtube = 200
Track length >7.9°
Track width RMS Orms < 1°
Profile Fit x?/ndf < 14

Angular Speed Cut <5.73 us/ deg
First Interaction Xo < 1200 g/cm?

Table 1: TAx4 monocular event reconstruction quality cuts.
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In order to obtain good resolutions and data-Monte Carlo comparisons, quality cuts are applied
to the fully reconstructed data set. The quality cuts used in this work can be seen on Table 1.

3. Monte Carlo Simulations

A CORSIKA (COsmic Ray SImulations for KAscade) shower library with QGSJetII-03 protons
is used to produce the Monte Carlo (MC) set. The shower energies are thrown between 10'7-102!eV
with a spectral index of 2. The lower spectral index was chosen to increase the MC statistics at
the highest energies. Events were generated uniformly in a 50 km circle around each detector site
down to a zenith angle of 70°. For each data part, 5 X 10* MC events were thrown; however,
the exact number thrown for a given data part was adjusted based on the on-time of the data part
being simulated. The MC used atmospheric profiles implemented from the GDAS database which
provides a value of the atmospheric vertical aerosol optical depth in 3 hour increments.

The resolutions for both TAx4 sites were found to be similar, so this work will only show TAx4
North’s resolutions. Figure 2, shows TAx4 North’s resolution histograms for energy, zenith angle,

018.5

psi, and impact parameter. For events with energy greater than 1 eV, we obtain resolutions of

~20% in energy, ~3° in zenith angle, ~7° in  angle, and ~11% in the impact parameter.
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Figure 2: Resolutions Histograms for TAx4 North. Top Left: Energy resolution. Top Right: Zenith Angle,
6, resolution plot. Bottom Left: In-plane Angle, , resolution. Bottom Right: Impact parameter, R,
resolution.



Monocular Energy Spectrum using the TAx4 FD Mathew Potts
185 <log, (E/eV) 185 < log, (EfeV)
z O e hpsimcComb | hpsidataComb | z 25 o hphidataComb hphimcComb
E 18 Entries 255782 | Entries 263 ‘E [ owe Entries 263 || Entries 255782
£ ..F Mean 99.03 || Mean 8905 2 Mean 161.9 (| Mean 175.1
R SdDev 2812 [StdDev 2861 & 20+ ™ StdDev 1042 ||StdDev 1121
2 14__ & I
12_— 151 T
101 [
;, H ‘~> L 3 <‘> 10 “»h et ‘~>i M $
il + % f | i ’ 1 ﬂ

¥ I ndf 429/28
122120143
-0.001113 £ 0.0006881

0
¥ Tndl 5631/ 35 g 3
po 2312 +0.2074 £ 2sp
pl -0.01250 + 0.002059 g 2 'l'
I 5

gk 5
o t2 S
s T N i S e ve P ¢ AR £
60 0 120 1 d“ﬂ 0 50 100 150 200 250 300 350
v (degrees) 0 (degrees)
18.5< Iogm(EIeV) 18.5< Iogm(EJ’eV]
hthetamcComb [ hthetadataComb | 2 25 oo hrpmcComb || hrpdataComb
Entries 255782 || Entries 263 ‘E [ owe Enties 255782 || Entries 263
Mean 41.74 || Mean 42.13 g - Mean 13.94 || Mean 13.37
Sid Dev 15.05 || Std Dev 14.29 u 20+ o= Std Dev 6.242 |[ Std Dev 6.752
z T Ay {
15| 15F .
[ | | [ i
[ =0T 1T 3
10 | 4 L|“|_ 10+ WHL
o |
, | i !
H t |
55 %% 1 Sj ﬁ } ﬁj 1 H
_ % F \—H+ :I“ ‘
ol m.‘. “H\H‘.\“‘.l...‘l. L olacls ..‘.‘..\..‘.H.Hm. o DT T
c 3 27 6.201/36 g 3 = x? / ndf 15.21/32
g 2sf 00036401455 | § 25 T 1 po 1.077 £ 0.2577
§2E 0.001273 £ 0.003508 g 2 Lok 0.
£ isE £ 15 JF l“
3 E WO U N B e B ne g {'.{. e
R 0 I T . , N (i L T T
0 10 20 30 40 50 60 7 c 25 30 35 40 45 50
6 (degrees) Rp (km)

Figure 3: TAx4 Data-MC comparisons. Top Left: in-plane angle, . Top Right: the azimuthal angle, ¢.
Bottom Left: the zenith angle, 6. Bottom Right: the impact parameter, R,. The blue points with error bars
show the data, while the MC is shown by the red histogram. The Monte Carlo has been normalized to the
same number of events as the data. Below each histogram are ratio plots of the data divided by the MC fitted
with a line to determine agreement.

4. Data-MC Comparisons

To check if the MC reasonably represents the data, measurable parameters’ are plotted and
compared. The impact parameter and zenith angle parameters are particularly important to deter-
mining the detector’s aperture. Figure 3 data-mc comparisons for the in-plane angle (i), impact
parameter (R),), azimuthal angle (¢), and zenith angle (6). Below each histogram are ratio plots
of the data divided by the MC, with a fitted line to determine agreement. All the geometrical
parameters appear to be in reasonable agreement with the MC.

5. TAx4 Monocular Spectrum

Calculating the TAx4 monocular energy spectrum is straight forward, due to there being no
overlap of the field of views of each site. The total number of events in each energy bin is given by,

Ntaxa (Ei) = Ny (E;) + Ns (E;), 3)
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Figure 4: TAx4 Monocular Spectrum. The top figures show the ICRC2019 TA combined spectrum, the red
points, being compared to TAx4 monocular spectrum, the black points. Above each TAx4 data point the
number of cosmic ray events in that energy bin is printed. Top Left: Cosmic ray flux, J(E). Top Right: Flux
multiplied by E3 to bring out spectral features. Bottom: Ratio of the TAx4 and ICRC2019 TA combined
spectra.

where Ny (E;) and Ng(E;) are the number of events for TAx4 North and TAx4 South respectively.
The total exposure of the TAx4 detector, eTax4, also simplifies to a summation of each sites
exposure,

etaxs = AQNTN + AQgTs, 4)

where AQy and AQg are the apertures for TAx4 North and TAx4 South respectively; Ty and Ts
are the good weather on-time for TAx4 North and TAx4 South repectively.

The TAx4 cosmic ray flux, Jraxa(E;), is given by,

Ntaxa (Ep)

Jrasa (Ej) = ——1axa (20
Taxt (E1) AE; - etaxa (Ep)

)
where AE; is the width of the energy bin. The flux of cosmic rays follows a power law distribution
with a spectral index of ~3; therefore, the spectral features of the energy spectrum can be brought out
by multiplying Jraxs by E>. Figure 4 shows this works monocular energy spectrum compared with
the ICRC2019 TA combined spectrum. The bottom plot in Figure 4 is a ratio of both spectra that
shows agreement with this work’s monocular spectrum and the ICRC2019 TA combined spectrum
at and above 10863 eV,
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6. Summary and Plans

The TAx4 North and TAx4 South sites were completed in 2018 and 2019, respectively. Both
sites are now taking data continuously on clear moonless nights. For this work, we used approx-
imately 2 years of data from June, 2019 to April, 2021 to generate a monocular energy spectrum
using the TAx4 detector. The cosmic ray energy spectrum measured by TAx4 is in agreement
with the ICRC2019 TA combined spectrum. The data-MC comparisons for energy and geometrical
variables are in reasonable agreement.

A monocular energy spectrum is the first step towards my goal of generating a hybrid energy
spectrum using the TAx4 detector. Hybrid reconstruction takes into account the SD timing in-
formation as well tube timing and uses it to constrain an event’s geometry. We have used hybrid
reconstruction on the data (Figure 5), but we are still waiting for full hybrid Monte Carlo before
proceeding with a hybrid analysis. Currently, we are using a parametric hybrid MC program to
estimate the detector’s hybrid aperture and resolutions, while implementation of a full hybrid MC
is in progress.

Shower Profile
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Figure 5: The same TAx4 South event reconstructed using monocular (top row) and hybrid reconstruction
(bottom row). Top Left: FD display of the event. The size of the colored circles corresponds to the size of
the signal, and color represents tube triggering time. Top Middle: Time verse angle plot using monocular
reconstruction. Top Right: Shower profile using monocular reconstruction. Bottom Left: SD display of
event. Bottom Middle: Time verse angle plot using hybrid reconstruction. The red data point is taken from
the timing of the closest SD to the shower core. Bottom Right: Shower profile using hybrid reconstruction.
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