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Identification of primary cosmic rays on an event-by-event basis is a much-desired capability of
cosmic-ray observatories. Several cosmic-ray air-shower experiments use so-called photon tags
for gamma/hadron primary particle discrimination. These photon tag variables are derived from
the total signals measured by an array of detectors and are correlated with the total number of
muons in the air shower. In this work, variables based on time distribution of signals in detectors
(trace-based discriminant variables) are studied and compared to total-signal-based variables.
This study relies on simulated high-energy cosmic-ray air showers with energies around 10'7eV.
Since the variables discussed are derived from total signals and their time traces, which can
be directly measured in real data, they are suitable for use as discriminant variables in the real

ground-based cosmic ray experiments.
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1. Introduction

Event-by-event identification of primary cosmic-ray particles represents a fundamental chal-
lenge in modern astroparticle physics. One aspect of this challenge lies in distinguishing electro-
magnetic showers initiated by gamma rays from hadronic cascades produced by charged cosmic-ray
nuclei, which differ in their atmospheric development and detector response. The ability to make
this distinction is essential for extracting gamma-ray signals from the overwhelming hadronic
background in ground-based observatories.

For TeV to PeV energies, gamma-hadron discriminants were commonly developed in ground-
based experiments such as Tibet ASy, LHAASO, and HAWC observatories using techniques like
muon content analysis and azimuthal non-uniformity methods. The Cherenkov Telescope Array
Observatory (CTAO) employs imaging atmospheric Cherenkov telescopes with gamma-hadron
separation cuts and advanced discrimination methods analyzing shower signal footprint patterns,
while IceCube’s IceTop exploits the correlation between surface shower energy and deep ice muon
deposits for cosmic ray composition analysis. It is also important to develop gamma/hadron dis-
criminants for higher energies (above 10!7 eV). The transition from PeV to EeV energies represents
the ultimate frontier where cosmic rays carry energies seven orders of magnitude beyond the LHC,
creating air showers of unprecedented complexity that probe the fundamental limits of particle
acceleration, with discrimination becoming connected with cosmological processes like the GZK
cutoff that fundamentally limits ultra-high-energy photon propagation from distant sources.

Traditional gamma/hadron discrimination relies on established variables exploiting physical
differences between shower types. The atmospheric depth of shower maximum (X,,4x) serves as
a primary photon tag discriminant [1], with electromagnetic cascades reaching predictable depths
while hadronic showers exhibit deeper, more variable profiles. Another photon tag variable derived
from integrated signal responses (total-signal-based variable) is the shower width parameter (S3),
which quantifies lateral distribution width [2], as electromagnetic showers display compact lateral
profiles compared to broader hadronic distributions. Additionally, the tail probability P,,;; can
be classified as a total-signal-based discriminant variable, which measures the fraction of signal
contained in the outer regions of the lateral distribution [3]. These photon tag variables (S, and
P;4i1), derived from total signal measurements across detector arrays, correlate with the muon
content of air showers. Since electromagnetic showers produce minimal muonic components while
hadronic interactions generate substantial muon quantities, these total-signal-based discriminants
provide robust separation capabilities.

However, the photon tag discriminants discussed above are primarily based on geometric
and integral shower properties that may not fully exploit the temporal information available in
modern detector systems. So, the trace-based discriminant variable, derived from the detailed time
distribution of detector signals (signal traces), is explored to offer new opportunities to enhance
discrimination performance beyond conventional approaches. This analysis focuses on a detailed
study of the trace-based discriminant variable, and its comparison to conventional photon tag
variables. A trace-based discriminant variable was studied first in [4]. The analysis, presented in
this paper, is different, but also based on a study of the P;,;; discriminant.
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2. Detector and Dataset

The development of improved discriminant variables requires careful validation through Monte
Carlo simulations [5]. This work involves simulations of extensive air showers at high energies,
and their reconstruction on a ground-based detector array to evaluate the performance of both
conventional and trace-based discriminant variables under realistic experimental conditions.

The detector array used in this study (Auger Infill array [6]) consists of water Cherenkov
detector (WCD) stations (Figure 1) arranged in a regular grid with 750 m spacing between the
surface detectors. This configuration of the detector array enables accurate reconstruction of
extensive air shower parameters and provides the necessary sensitivity for discriminant variable

analysis at high energies.
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Figure 1: An exemplary array for this analysis. station number.

The air shower simulations were performed using CORSIKA version 7.8010 (COsmic Ray
SImulations for KAscade) Monte Carlo package [5] to create a robust dataset for gamma/hadron
discrimination studies. The hadronic interaction modeling employed EPOS-LHC-R [7] for mod-
eling high-energy hadronic interactions and URQMD 1.3cr [8] for low-energy nuclear processes,
covering the complete range of nuclear physics mechanisms for atmospheric shower development.

Over 14,000 simulations of extensive air showers were produced, with equal contributions from
gamma-ray and proton primaries to ensure unbiased discriminant performance assessment. The
primary cosmic-ray particles were simulated with a fixed energy of Egp, = 10'7 eV across zenith
angles ranging from 0° to 60°, matching the angular coverage of the standard reconstruction mode
of conventional ground-based detectors and enabling detailed analysis of discriminant performance
across the full range of shower arrival directions.

The simulated air showers were reconstructed using the 750 m spacing detector array geometry,
employing standard extensive air shower analysis algorithms for core position determination, arrival
direction reconstruction, and energy estimation, using the Offline Software [9], developed by the
Pierre Auger Collaboration. Following reconstruction, approximately 12,000 events were selected
based on energy criteria, This selection process focused on events with reconstructed energies
within the range E. = [10'7? eV, 10!78 eV], centered around the target simulation energy.
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3. Methodology Description

The methodology used in this study introduces C;,;; - a novel cumulative tail analysis method
for gamma/hadron discrimination in extensive air showers. While conceptually related to the P;4;
method studied in [3] and [4], C;4;; represents a different approach that focuses on cumulative
signal distributions rather than probability-based analysis. The C;,;; method is related to the
existing P;4;; method, but works differently. P,,;; looks at individual detector stations to see if they
receive unusually strong signals. C,,;; instead looks at the entire shower pattern to see if the whole
tail region shows unusual behavior. Both methods work because gamma rays and protons create
different types of particle showers - gamma showers are more uniform and predictable, while proton
showers are more irregular and variable. The C;,;; method encompasses the following steps: spatial
distribution study, trace-based (i.e. time distribution) cumulative analysis for reconstructed events,
optimization, and comparison to conventional variables. Cy,;; uses multi-level cumulative analysis
to characterize the temporal evolution of signal traces at individual stations before aggregating them
into event-level discriminants.

Spatial distribution study. For analysis of spatial distribution of detector responses, the
detector array surface is divided into concentric rings of equal width 100 m, centered around the
reconstructed shower core position (Figure 1). The shower core of an extensive air shower recorded
by this array is located within the array and is indicated by a red cross. The ring structure begins
at a minimum distance of 200 m from the shower core to avoid potential saturation effects in the
detector responses. Shower cores from all events are superimposed to collect stations at equivalent
distances from the shower axis. The distance between the detector and the shower axis is calculated
separately for each event, taking into account its zenith angle.

Trace-based cumulative analysis for reconstructed events. A trace S;(k) represents the
signal time distribution plotted for discrete time bins (Figure 2), where S;(k) is the trace signal at
time k for station i. The temporal analysis begins at the arrival time determined from the shower
core reconstruction. For each detector station, traces are extracted, and the cumulative distribution
of signal is calculated for each trace. The normalized cumulative signal at station i up to time bin
k is defined as:

k
Ci(k) = = i), (1)
=1

total
Si

where Sﬁ."‘al = Zj.vz 1 Si(j) is the total integrated signal at station i over all N time bins. This nor-
malization ensures that the cumulative distribution is independent of the absolute signal amplitude,
focusing purely on the temporal structure of the shower development.

In the next step the station-level discriminator is computed by summing all normalized cu-
mulative values across time bins in each trace. This formula can be simplified to its most elegant
form:

N 1 N
c,-=;c,-<k): ZI<N—1+1)Si<j). )
- P

total
Si

The weighting function w; = N — j + 1 creates a temporal emphasis where earlier bins
receive higher individual weights, but the cumulative nature ensures that extended temporal profiles
(characteristic of hadronic showers) produce larger discriminator values.
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The final event-level discriminator (Figure 3) is obtained by summing cumulative traces over
all active stations in the tail region:

M
Chail = Z Ci, (3)
=1

where for each reconstructed event M is the number of detector stations that recorded signals
above the detection threshold. The key innovation of the C;,;; method is the detailed analysis of
time-resolved cumulative traces at the individual station level before aggregation. This temporal
cumulative analysis captures the time-dependent characteristics of particle shower development in
the tail region.
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Figure 3: (a) Histogram of Cy,; distribution calculated for events with zenith angles 0-20 [deg], (b) final
Ctail cumulative distribution.

Optimization studies. In the next part, the influence of the selected ranges of time bins, rings,
and zenith angles on the Cy,;; discriminant is studied. The discrimination ability of cumulative signal
distributions is compared for different time bins within the same ring by analyzing the temporal
evolution of cumulative histograms. This temporal cumulative analysis capability represents one
of the key advantages of the C;,;; method. In Figure 4, cumulative distributions are shown for the
same ring 3, but for different time bins and zenith angles. For vertical showers (zenith angle 0°), the
discrimination capability extends up to time bin 11, while at zenith angle 60°, essential differences
between gamma and proton distributions are observed only for the first time bins. As shown in
these plots, the difference between the proton and gamma curves decreases as both the zenith angle
and time bins increase. For each zenith angle, there are several cumulative distribution plots with
meaningful differences. Thus, the optimal number of time bins that have meaningful differences
varies with zenith angle (also can be drawn from Figure 5)).

The discriminating power of different ring-time bin combinations is evaluated to identify opti-
mal configurations for gamma/hadron separation across various zenith angle ranges. To determine
the optimal ring, time bin and zenith angle configuration, a statistical estimator (area between curves
- the L1 distance [10])) is used to maximize the difference between cumulative distributions for
gamma and hadron showers (Figure 5). The analysis demonstrates that significant differences are
present in all rings, which make an important contribution to estimation of C;,;;, but the largest
difference is observed in the first 10 rings (200 - 1200 m from shower core). The other plots of
Figure 5 are consistent with the previous results, showing that the difference between the proton
and gamma curves diminishes when the zenith angle and the number of time bins increase. For
zenith angle, the best discriminant range (with maximum difference) is approximately 0°-40°. As
for time bin selection, the most promising are the first time bins (1-2), even for 60° zenith angle.
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The very first time bin 0 is excluded from the optimal values probably because of the noise in this
bin reducing the discrimination power.
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Figure 4: Cumulative histograms of instantaneous signal S; (k) plotted for the same ring 3, but for different
time bins, and zenith angles of 0°, 30° and 60°. For showers with a 60° zenith angle, a pronounced difference
between gamma-ray and proton showers is observed in the first time bin; however, this distinction diminishes
in the subsequent time bins. In contrast, for vertical showers (zenith angle 0°), the difference between these
two distributions, indicating discrimination capability, persists up to time bin 11.
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Figure 5: Dependence of the L1 difference between gamma and proton C;;; distributions on ring number,
zenith angle, and time bin number.
Based on the most promising estimated values of ring and time bin range, C,;; is plotted for

the selected rings (1-10), time bins (1-2) and for the most confident zenith angle range (0° - 40°)
(Figure 06).
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Figure 6: (a) and (b) C;,;; distributions calculated for events with the most promising values of zenith angles
0-40°, time bins 1-2, rings 1-10.

Comparison. C;,;; distribution without optimization is shown in Figure 3 for zenith angles
0° - 20°. Similarly, the plots in Figure 7 are produced for zenith angles 20° - 40° and 40° -
60°. By examining the cumulative behavior of the stations in the tail region, the C;,;; method
demonstrates its effectiveness as a "collective tail analysis" approach. In addition to C;4;;, Sp and
Xmax discriminant variables are plotted for the same events.
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Figure 7: C,,;; plotted in comparison to S and X, for events of the selected zenith angles.

The clear dependence of the discriminants on the zenith angle is observed in these figures. All
these variables C,4;;, Sp and Xpax show essential discriminant power and are promising for various
gamma/hadron discriminant study analysis. They can also be used as complementary variables in
the investigation of the best discriminant variable, as they all are of a different nature.

4. Summary

In this paper, a trace-based discriminant variable C;,;; is presented and evaluated using a
detector array with 750 m spacing between detectors. The C;,;; discriminant variable demonstrates
strong separation capabilities between gamma and proton events, and can be used alongside the
conventional variables Sp, and Xp.x. The C;4;; method represents a novel approach to gamma/hadron
discrimination that focuses on the same physical phenomenon as P;,;; (tail region anomalies)
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but uses cumulative signal analysis instead of probability-based analysis. C;,;; uses multi-level
cumulative analysis to characterize the temporal evolution of signal traces at individual stations
before aggregating them into event-level discriminants. In this way it operates at the shower level
rather than individual station level. C;,;; provides complementary information to existing methods,
shows optimal performance in the 200-1200m tail region for zenith angles 0°-40° and time bins 1-2.

Cyqi1 as well as S, and Xy variables are valuable tools for cosmic ray air-shower experiments
focused on primary particle identification. These discriminant variables will be particularly valuable
in advanced analysis techniques, for searching for flares of ultra-high-energy cosmic rays, such
as direction-time clustering analysis described in [11]. The trace-based methodology presented
provides an effective strategy for enhancing primary particle identification precision in extensive air
shower arrays, thereby advancing our comprehension of the most energetic astrophysical processes
in the universe.
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