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Telescope Array (TA) is the largest ultra-high-energy cosmic-ray (UHECR) observatory in the
Northern Hemisphere. It is dedicated to detect extensive air showers (EAS) in hybrid mode, both
by measuring the shower’s longitudinal profile with fluorescence telescopes and their particle
footprint on the ground from the surface detector (SD) array. While fluorescence telescopes can
measure the most composition-sensitive characteristic of EAS, the depth of the shower maximum
(Xmax), they also have the drawback of small duty cycle. This work aims to study the UHECR
composition based solely on the surface detector data. For this task, a set of composition-sensitive
observables obtained from the SD data is used in a machine-learning method — the Boosted
Decision Trees. We will present the results of the UHECR mass composition based on the 12-year
data from the TA SD using this technique, and we will discuss of the possible systematics imposed
by the hadronic interaction models.
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1. Introduction

Telescope Array is the largest ultra-high-energy cosmic-ray experiment in the Northern hemi-
sphere, operating since 2008 and located in Utah, USA. It observes the cosmic rays in the hybrid
mode, which means that extensive air showers are registered both by a grid of surface detectors on
the ground level and fluorescence telescopes, which overlook the sky above the array and asses the
longitudinal development of an EAS.

The surface detector array [1] is a square grid of scintillator detectors arranged to have a
separation of 1.2 km between nearest-neighbors. Each detector is composed of two layers of 1.2 cm
thick extruded scintillator each with 3 m? effective area. Altogether the TA SD array is comprised
of 507 detectors covering an area of approximately 700 km?.

Mass composition is one of the characteristics of cosmic rays related to the cosmic-ray acceler-
ation mechanisms in the source and source population as well as to the propagation of the UHECR.
It is directly measurable from the extensive air showers observed at the Earth. The most widely used
technique employs the fluorescence observations to derive the depth of the shower maximum, Xmax
as a composition-sensitive observable. Xmax-based results were previously derived by HiRes [2],
Pierre Auger Observatory [3] and Telescope Array [4]. HiRes and TA results are compatible with

0!8 eV, while the Auger results shows an

light primary scenario resembling mostly protons up to 1
indication towards heavier composition for energies higher then 10'8-3 V.

The current study is an update of the previous results complemented with three more years of
data from the Telescope Array surface detector. Besides augmented data set, the analysis is also
performed with another hadronic interaction model, QGSJET II-04 and compared with the results

from QGSJET II-03.

2. Dataset and Monte-Carlo simulations

2.1 Data events

We employ the 12-year data set from the TA surface detector, covering from 11th May 2008
up to 10th May 2020. After applying the quality cuts, the final dataset used for the analysis consists
of 23 159 events in the energy range from 10'® eV to 10%° eV.

2.2 Monte-Carlo simulations

For the Monte-Carlo simulations, the CORSIKA package [5] is used along with the QGSJET II-
03 and QGSJET II-04 models for high-energy hadronic interactions [6, 7], FLUKA [8, 9] for
low-energy hadronic interaction and EGS4 [10] for electromagnetic processes.

To reduce the computational cost, we implement a thinning procedure [11] during the EAS
modelling. With thinning, all particles with energies greater than a certain fraction of the primary
energy €, are followed in detail, but below the threshold only one particle out of the secondaries
produced in a certain interaction is randomly selected. This effective particle is assigned a weight
to ensure energy conservation.

To restore the shower properties, we implement a consequent dethinning procedure [12]. The
detector response is simulated by the GEANT4 package [13]. Real-time array status and detector
calibration information for 12 years of observations are used for each simulated event [14]. For
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both QGSJET 1I-03 and QGSJET I1-04, four Monte-Carlo sets are created: initiated by primary
protons, helium, nitrogen and iron nuclei, and stored in the same data format as the TA SD data.

3. Method

3.1 Boosted Decision Trees

To discriminate between primaries, we implement the Boosted Decision Trees (BDT) [15, 16]
technique. This is a method usually used in tasks where one wants to discriminate between signal
and background events in a multivariate data set.

BDTs are trained using a set of composition-sensitive observables which we derive for Monte-
Carlo sets: “signal”, in our case a set of events initiated by iron nuclei, and “background” one,
corresponding to a proton MC set. The result of the BDT classifier is a single value ¢ for each data
and Monte-Carlo event. The value of ¢ resides in the range & € [—1; 1], where ¢ = 1 for a pure
signal event and & = —1 — for a pure background event. The variable ¢ is used in the following
one-dimensional analysis.

We separate proton and iron MC sets into three parts with equal statistics: the first one to build
and train the classifier, the second to estimate the (In A) and the third to perform a bias correction.
A separate classifier is constructed for each energy bin with the width of 0.2 decade. The classifier
is applied to the data set as well as to the remaining proton and iron Monte-Carlo sets and to the
helium and nitrogen MC sets.

3.2 Composition-sensitive observables

For each event from data and Monte-Carlo sets, we reconstruct a set of 16 composition-sensitive
observables:

[am—

. Linsley shower front curvature parameter.
2. Area-over-peak (AoP) of the signal at 1200 m and AoP slope parameter [17].
3. Number of detectors hit.

4. Number of detectors excluded from the fit of the shower front by the reconstruction proce-
dure [18].

5. x*/d.o.f. of the joint geometry and LDF fit.

6. Sp parameter for b =3 and b = 4.5 [19].

7. The sum of the signals of all the detectors of the event.

8. Asymmetry of the signal at the upper and lower layers of detectors.

9. Total number of peaks within all FADC (flash analog-to-digital converter) traces.
10. Number of peaks for the detector with the largest signal.

11. Number of peaks present in the upper layer and not in the lower.
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12. Number of peaks present in the lower layer and not in the upper.
13. Zenith angle of an event.

14. Energy of an event.

3.3 (InA) estimation

After compiling the & distributions for data and MC sets, we can directly transform them to
the average logarithm of atomic mass, (In A", Following the two-component approximation, the
distribution of ¢ in the data is compared to different mixtures of the p and Fe Monte-Carlo events
with the Kolmogorov-Smirnov test. The second part of the Monte-Carlo is used in this step and the
mixtures are made with the proton fraction €, step of 2.5%. The first estimate of an average atomic
mass is then given by the following equation:

(InAYD =€, xIn(M,) + (1 -€,) xIn(Mp,) , (1)

where €, is the fraction of protons in the mixture with the smallest KS-distance. The same procedure
is applied to the remaining proton and iron MC sets and to the helium and nitrogen sets.

The third part Monte-Carlo sets are used to correct possible bias of the estimator given by the
Eq. 1. We estimate (In A) for this remaining MC set and linearly approximate the result for proton
and iron sets with y,, (x) and yr. (x), where x = In E. These lines slightly differ from the constants
InA =In(Mp) and In A = In(MF.) due to limited statistics.

The result is then corrected with the following linear function:

(InA)V —y, (x)
YFe (X) = yp (%)

where y, (x) and yr, (x) are linear approximations for the MC (In A) distributions.

(InA)y =1In (M) + X (In(Mp,) —1In(M,)) , )

3.4 Systematic uncertainties
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Figure 1: (In A) values for proton (red), helium (green), nitrogen (purple) and iron (blue) MC sets.
QGSIJET 1I-03 (left, solid line) and QGSJET II-04 (right, dashed line) hadronic interaction models.
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To validate the method based on the two-component mixture hypothesis, we employ the helium
and nitrogen Monte-Carlo sets and perform the whole (In A) analysis procedure with them, with
the results shown in Figure 1. He and N Monte-Carlo sets don’t perfectly fit the straight lines
InA = 1.38 and InA = 2.63 correspondingly, due to simplified two-component description of
(In A). The “shift” between He and N MCs and In A = 1.38 and In A = 2.63 is an estimate of the
method’s systematic errors.

4. Results

The average atomic mass of primary particles in the 12 year TA data shows no significant
energy dependence and yields (In A) = 1.50 + 0.08(stat.) + 0.50(syst.) using QGSJET II-03 and
(InA) =0.90 £ 0.05(stat.) £ 0.30(syst.) using QGSJET 1I-04.

Comparison with the results of other experiments for QGSJET II-03 is shown in Figure 2.
We compare our results with the TA MD hybrid composition results [20], with the Pierre Auger
Observatory X ;\’/[ AX and risetime asymmetry results [21], with the HiRes stereo [2] results and with
the Yakutsk p,, results [22] based on the QGSJET II-03 model.

Comparison with the results of other experiments for QGSJET II-04 is shown in Figure 3. We
compare our results with the TA MD hybrid results [4] results and with the Pierre Auger Observatory
SD delta results [23], all derived with QGSJET II-04 hadronic interaction model.
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Figure 2: (InA) values for 12-year dataset derived with QGSJET II-03 (black crosses) compared with
TA MD (upper left, green circles) [20] and TA SD 9 year results (red circles) [24], with the Pierre Auger

Observatory X 1’\14 Ax and risetime asymmetry results (upper right, blue squares and red triangles) [21], with

the HiRes stereo results (lower left, orange triangles) [2] and with the Yakutsk p,, results (lower right, green
squares) [22].
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