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Specific observables of extensive air showers, such as the depth of shower maximum and relative
size of the air-shower muonic component, are sensitive to the mass of the primary cosmic-ray
particle and therefore provide an avenue for cosmic-ray mass composition analyses. The sepa-
ration power between proton, helium, oxygen, and iron cosmic rays, on an event-by-event basis,
was studied using exact knowledge of mass sensitive air-shower observables determined from
CORSIKA simulations at the sites of the IceCube Neutrino Observatory at the South Pole and the
Pierre Auger Observatory in Argentina. The simulations cover shower energies from 10 PeV to a
few EeV and a wide range of zenith angles, relevant to the next generation upgrades to the IceCube
and Auger observatories. Combined knowledge of all studied mass sensitive observables yields
promising mass separation power, even when accounting for typical reconstruction uncertainties
of the observables. The combination of shower maximum and muon observables is of particu-
lar importance for event-by-event mass discrimination, while high-energy muons (> 500 GeV),
measurable by IceCube, serve as an important mass sensitive observable on their own. This
motivates equipping the next generation of air-shower arrays with multiple detection techniques
for the simultaneous measurement of these shower observables.
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1. Introduction

Air-shower observables, such as the depth of shower maximum (Xp,.x), a probe of the total
muonic component of the shower, the shower electron-muon ratio, and the shape parameters of the
longitudinal profile, are on average correlated with the primary cosmic-ray mass [ 1-3]. Fluctuations
between showers constrain these relations to a statistical nature. As a result, single observables
are limited in their event-by-event mass determination, yet the additional knowledge gained from
simultaneously studying several observables increases the potential mass determination for single
events [4]. The ability to distinguish ultra-high-energy cosmic rays by their mass would help
to answer contemporary mysteries in cosmic-ray physics about their sources and acceleration
mechanisms [5-7].

The next generation of air-shower arrays aims to provide answers to these unknowns. IceCube-
Gen2, currently in planning, and AugerPrime, currently being deployed, are the respective next
generation upgrades to the IceCube Neutrino Observatory (IceCube) and the Pierre Auger Ob-
servatory (Auger). Each upgrade will add both scintillator particle detectors and radio antennas
within their existing surface arrays, where IceCube will also extend the surface footprint and in-ice
volume [8, 9]. Motivated by the upgrades to these observatories, their locations were chosen to
study the mass sensitivity of air-shower observables using a simulation basis.

In this article, information of several air-shower observables is extracted from CORSIKA [10]
simulations at the locations of both IceCube and Auger for proton, helium, oxygen, and iron
primaries. This observable information is then used within a Fisher linear discriminant analysis
to determine the mass separation of individual observables, and their combinations, on an event-
by-event basis. The event-by-event mass separation was investigated for various primary energies,
zenith angles, observable reconstruction uncertainties, and high-energy hadronic interaction models,
all of which are important for the next generation of air-shower arrays. In addition, the hadronic
models are important for the interpretation of shower observables. This study serves to determine
what is, in principle, possible for future air-shower arrays with regard to mass determination
if multiple observables are simultaneously measured, and how various factors impact this mass
separation. This is a summary of our more extensive paper [11], where this proceeding additionally
includes a comparison between different hadronic interaction models.

2. Air-shower observables and their energy scale corrections

General-purpose CORSIKA libraries are used within this simulation study. Air-shower simu-
lations at the location of IceCube range from 10'%? — 103-3 &V in energy and 0.0° — 71.6° in zenith
angle, with approximately 45,000 air showers per primary. All showers were simulated with the
Sibyll 2.3d [12] high-energy hadronic interaction model and with 1076 thinning applied. The Auger
simulation library is described in [13], yet only simulations with energies above 10 PeV are used in
the analysis to remain consistent with the IceCube library. In addition, only the Auger library for
hadronic interaction model Sibyll 2.3¢ [14] is used when directly comparing the IceCube and Auger
locations. Sibyll 2.3c predicts slightly different values of certain mass sensitive observables than
Sibyll 2.3d [12]; however, the results of this analysis will be unaffected, as no CORSIKA output
is directly compared between observatory sites. Observables are determined from the CORSIKA
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output for each shower, where observatory specific detector simulations are excluded to allow for a
modular analysis that studies the theoretical limits of mass separation using knowledge of multiple
observables. Studied observables include shape parameters of the electron (e*/e™) shower profile
(Xmax»> R, L) determined from a parameterized Gaisser-Hillas fit [3] to the CORSIKA longitudinal
profile, along with the muon number (N ) and electron-muon ratio (R/,), both at observer level.
Both N, and R/, are studied within an annulus located 800 — 850 m from the shower axis. The
annulus distance from the air-shower axis was motivated by the results of muon density reconstruc-
tions presented in [15]. High-energy muons (> 500 GeV), and the respective electron-muon ratio at
ground for muons of this energy, were also studied, but only for simulations at the IceCube location
as muons of such energies can trigger IceCube’s array of in-ice detectors [16]. Simulated showers
with anomalous profiles, i.e. double-bump showers, poorly constrained fits, etc., are excluded from
the analysis with a frequency similar to the value found in [17].
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Figure 1: Scaling of the N,, 800 m observable to the energy reference for all studied primaries at the IceCube
(left) and Auger (right) locations. The choice of zenith range is described in the text.

An additional observable, the electron number at Xmax (Ne max) 1s used as a proxy for the
primary energy. All observables are scaled with respect to this quantity to remove any energy
dependence, allowing for events to be binned in energy without risk of smearing the observable
distributions used in the mass-sensitivity analysis. Fig. 1 shows the scaling of N, 800 m with
respect to the energy reference for simulations within a zenith range 40° — 50° at both IceCube and
Auger. This range was chosen based on both the efficiency of simulated radio reconstructions at
IceCube [18] and the distribution of radio events at Auger used for energy estimation in [19]. For
the N, 800 m observable, a scaling of the form

N,
log (N,) =1og (N, true) — 0.93 x log (ﬁ) (1)

was applied to each event, where Ngey is the average electron number at X;,,x for all 1 EeV shower
simulations. The scaling constant is determined by adding the average slope of the four primaries
for this observable to the small difference from an exact linear relationship between the N¢ max
observable and true shower energy. The scalings are performed separately for each observatory
location; however, in the case of the N, 800 m observable, the applied scaling for both locations
follows Eq. 1 with slightly different Ngey values for each location. The scaling of other studied
observables follows this same method, but the results are excluded here for brevity.
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3. Event-by-event mass separation

Knowledge of additional mass-sensitive observables can be used to soften the statistical lim-
itations imposed by shower-to-shower fluctuations. Fig. 2 shows the two-dimensional contours of
the N, 800 m and X,ax distributions for all four primaries at both the IceCube and Auger locations.
The energy range of the figure was chosen as an example and to provide smoother contours due
to increased statistics. Clearly illustrated is the potential power for the combination of muon and
Xmax observables, as less overlap between contours indicates greater mass separation. The addition
of other mass sensitive observables will further relax the statistical limitations for mass separation,
although interpreting visuals of distributions across more than two dimensions can be perplexing
and therefore are excluded for clarity.
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Figure 2: Contours of the scaled N, 800 m and X, distributions for the IceCube (left) and Auger (right)
locations. Distributions for all primaries used in this analysis are included. The choice of zenith and energy
ranges are described in the text.

A Fisher analysis was used to reduce the dimensionality for all studied observables into a single
dimension while preserving information about mass separation. A quantitative measure of the mass
separation, known as the figure of merit (FOM), was calculated from the one-dimensional output
of the linear discriminant analysis. For two populations, x and y, the FOM is defined as

| ex _,Uyl

Joi+o?

where a larger FOM represents greater separation between the populations.

Fig. 3 shows the FOM metric for proton and iron populations calculated as a function of shower
energy at both IceCube and Auger. Plots for each observatory show three types of FOM curves: 1)
individual observables with an assumed uncertainty and combined observables both 2) with and 3)
without included observable resolutions. The choice of resolutions are listed in the legend of Fig. 3
and influenced by current analysis techniques [20-23]. In addition, a 10% uncertainty is assumed
for the energy reference observable, with motivation from contemporary radio and air-fluorescence
reconstructions of this observable [19, 24]. Bootstrapping was used to calculate an uncertainty
band for each FOM curve. Results are presented for large zenith ranges to improve statistics.

For the IceCube location, > 500 GeV muons are clearly an important observable for event-
by-event mass separation, as this individual observable is contributing the most to the combined-

FOM = 2



Event-by-event mass separation of simulated cosmic-ray observables Benjamin Flaggs

== All Observables Combine (exact knowledge) Only Ig(Ny) 800m + oygn, 8oom=0.10
Only Xpmax (g/cm?) + JXM=20$ Z=i Only Re/, 800m + 0, goom=0.14
Only lg(Nu) E>500GeV = UlgN,‘,E>500GeV=O<07 == Only R *+ 0r=0.05
== Only Rey, E>500GeV = 0g,,, &> 5006ev=0.12 < = Only L (g/cm?) + o1=52;
=—— All Observables Combined (with uncertainties)
5ol PVS-Fe  IceCube 6y = 40"~60" 5ol PVSFe  Auger Oy, = 40°—60")
Nbﬁ ' Sibyll 2.3d Nbg ' Sibyll 2.3¢c
+ +
wp 2.5 wp 2.51 k
Z 2.0} w { Z2o0f ]
= = TNV N — AN
T 1.5 T 1.5 1
2 i)
= =
107 e o 1.0/ oot i
I S I . e
% —— — - % Py~
5 0.5 e 0.5 - NN
0960 165 17.0 175 180 185 99620 175 18.0 185
Ig(E / eV) 1g(E / eV)

Figure 3: Proton-iron FOM as a function of air-shower energy for all studied observables at both the IceCube
(left) and Auger (right) locations. FOM curves are calculated for combined knowledge of all observables
and for knowledge of the individual observables within the assumed reconstruction uncertainties stated in
the legend. Combined knowledge curves are calculated both when observables are known exactly and within
the stated uncertainties. High-energy muon (> 500 GeV) observables are excluded from the Auger location.

knowledge FOM curves. The dip in separation power for high-energy muons towards higher
primary energies has an unknown origin. Excluding the high-energy muons reduces the combined-
knowledge proton-iron curves at IceCube to a level similar to the Auger location, indicating an
overall consistency in the results between observatory locations. Once high-energy muons are
excluded, the observable combination of N, 800 m and Xy,,x serves as the primary influence on the
event-by-event mass separation curves at the IceCube site. This same behavior is observed at the
Auger site, highlighting the importance of combined muon and X;,,x measurements. In addition, R
appears as an individual observable also important for mass separation, but to a lesser extent than
the combination of muons and Xp,ax. L shows little potential for event-by-event mass separation of
protons and iron nuclei at these energies; however, we confirm the results of [25] that L may have
importance for determining the proton-helium ratio when averaging over many events.

For less-inclined showers (0° < 6., < 20°), the combined-knowledge FOM curves for both
IceCube and Auger increase slightly (0.1 — 0.3 in FOM) compared to the curves shown in Fig. 3.
Most of this increase comes from the heightened mass separation of surface muon observables
at both locations, as curves for other observables remain approximately consistent between the
different zenith ranges. Assuming larger uncertainties for observables will decrease event-by-event
mass separation, where doubling uncertainties in all observables other than the energy reference
will decrease the combined knowledge FOM by ~ 0.5 at both IceCube and Auger. Doubling the
uncertainty of the energy reference further decreases separation, but the effects are minimal (< 0.1
in FOM at both locations).

Moving beyond proton-iron mass separation, Fig. 4 shows the FOM metric calculated as a
function of shower energy for helium and oxygen populations at both the IceCube and Auger
locations. The zenith range and observable uncertainties are the same as those from Fig. 3. At both
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observatory sites, helium-oxygen separation is about a factor of two less in FOM than the proton-
iron separation. Hence, event-by-event mass separation of helium and oxygen nuclei proves to be
difficult, even when all observables are known with exact precision. Although, the combination
of muons and X,y is still the leading contribution to overall mass separation, where high-energy
muons are still the individual observable with the most mass sensitivity at IceCube. Separation
between proton and helium primaries was also studied, but shows even lesser separation than
helium-oxygen due to larger shower-to-shower fluctuations for proton primaries.
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Figure 4: Helium-oxygen FOM as a function of air-shower energy for all studied observables at both the
IceCube (left) and Auger (right) locations. See text and Fig. 3 for description.

4. Extension to higher energies and further hadronic interaction models at Auger

The simulation library for the Auger location extends beyond 100 EeV for showers simulated
with Sibyll 2.3c and includes air-shower simulations up the 10 EeV for both EPOS-LHC [26] and
QGSIJET-II-04 [27]. Using the remainder of this library, we extended our simulation study at the
Auger location to both higher energies and further hadronic models, as shown in Fig. 5. Observables
studied and their uncertainties remain consistent; however, observable scalings have been performed
separately for each hadronic model due to differences in both model predictions and the energy
range of the simulations. While energy ranges are different for the models, the x- and y-axis scales
for their plots are kept consistent to aid in direct comparison between their mass separation curves.

Comparing results between hadronic interaction models yields minuscule differences in proton-
iron separation power, with little perceived change in the FOM values for the combined knowledge
curves. For the individual observable FOM curves, only small changes appear as well, with the
largest difference occurring for the QGSJET-1I-04 N, 800 m observable. For QGSJET-II-04, the
increase in proton-iron mass separation for this observable also slightly increases both combined
knowledge curves. However, towards higher primary energies, the FOM curves of individual
observables change sometimes drastically, with the largest differences apparent for the Sibyll 2.3¢
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Figure 5: Proton-iron figure of merit of all studied Auger observables for the Sibyll 2.3c (left), EPOS LHC
(middle) and QGSJET-II-04 (right) hadronic interaction models. The energy range has also been extended
from the previous plots.

curves. The L observable exhibits a steadily increasing proton-iron separation power above ~3 EeV,
where slightly decreasing curves are seen for both the R and N, 800m observables after this
primary energy. Similar results are observed for the helium-oxygen and helium-proton separations,
yet the L observable for helium-proton separation does not show this drastic increase in FOM.
Hence, for the highest energy cosmic rays ever observed, mass composition studies may benefit
from reconstructing L in tandem with Xp,,x and muon measurements.

5. Conclusion

A study of event-by-event mass separation was performed using knowledge of several air-
shower observables obtained from simulations of proton, helium, oxygen, and iron cosmic rays.
The mass separation between primaries was studied with respect to multiple factors such as energy,
zenith angle, observatory location, and hadronic interaction model. We find the combination of
Xmax and muon measurements provide the most promising avenue for separation of proton and iron
primaries on an event-by-event basis, where the addition of L reconstructions at the highest observed
cosmic ray energies will aid in this separation. Per-event separation between intermediate mass
primaries is similarly influenced by these observables, although methods beyond this analysis are
needed to determine if adequate separation between these populations is possible. Furthermore, we
conclude that L, when averaged over many events, could prove as a measure of the proton-helium
ratio for air showers. We find no major differences in separation power regarding the hadronic
interaction models, hence the previous conclusions hold for all studied models. The results of this
analysis demonstrate the importance of certain detection techniques with regard to the science goals
of both planned upgrades to current observatories, such as IceCube-Gen?2 [8] and AugerPrime [9],
and for future air-shower arrays, such as the Global Cosmic Ray Observatory (GCOS) [28].
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