PROCEEDINGS

oF SCIENCE

[/~ ICRC 2021

) THE ASTROPARTICLE PHYSICS CONFERENCE
x Berlin | German: y

- Ly lﬂ.l e

Discrimination of muons for mass composition studies of
inclined air showers detected with IceTop

The IceCube Collaboration
(a complete list of authors can be found at the end of the proceedings)
E-mail: aswathi.balagopalv@icecube.wisc.edu

IceTop, the surface array of IceCube, measures air showers from cosmic rays within the energy
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aims at categorizing the measured air showers as light or heavy on an event-by-event basis, will
be discussed.
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IceTop: Composition of inclined air showers

1. Introduction

The determination of the primary mass composition of cosmic rays with varying energies
provides added information about the origin of the cosmic rays that contribute to the observed
cosmic-ray spectrum and their propagation within the Universe. A common method to determine
the mass of the cosmic-ray primary is with the use of the muon content within the air shower. Heavy
primaries, like iron, will generate a larger number of muons in the air shower than light primaries,
like proton, of the same energy.
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the neutrino telescope at the South Pole. IceTop con-

sists of 162 ice-Cherenkov tanks that measure signals Figure 1: The layout of the IceTop array
deposited by charged particles arising from cosmic-ray from [1].

air showers [1]. These 162 tanks are grouped into 81 stations, with each station composed of two
tanks. Figure 1 shows the geometry and layout of the IceTop array. Each IceTop tank contains two
digital optical modules (DOMs) that collect the deposited Cherenkov light. Since Cherenkov light is
emitted by both muons and electromagnetic particles (with non-negligible hadronic contribution),
a combination of signals from these will be observed in the tank signal.

There exist several analyses using IceTop and IceCube with the goal of discriminating the
electromagnetic particles from the muons. For analyses focused on the determination of the muon
density, it is crucial to get a near-perfect number of the observed muons [2]. However, in the
cases where the discrimination is used to determine the mass-composition, a contamination of
electromagnetic components within the muon parameter can be tolerated [3].

Other analyses using IceTop and IceCube for mass-composition studies operate only for showers
with zenith angles up to 36° [3-6]. Air showers with zenith angles () larger than this are generally
not included within the standard IceTop analyses. This is primarily due to the unavailability of
energy calibration (for the energy proxy Si2s which is the signal expected to be deposited in a tank at
a distance of 125 m) using simulations for these air showers. However, we can determine the energy
of these showers with larger 6 using the method of constant intensities, where we compare the
inclined showers to the vertical showers (with the expectation of universal flux rates) to determine
their energy [7]. Therefore, we can use such inclined air showers also for mass-composition studies;
which is done in this analysis.
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2. Analysis method

We use air-shower simulations that were generated using CORSIKA [8], with Sibyll 2.1 [9] as
the hadronic-interaction model. We consider simulations with zenith angles above 45° and energies
above 1073 GeV. This is the energy threshold of inclined air showers measured with IceTop [7].
Since the available simulation set (with full detector response) ends at an energy of 108 GeV, this
is the maximum energy that we consider in this analysis. We divide the showers into three zenith
bins: 45°-50°, 50°-55°, and 55°-60°. These showers are also divided into different bins of their
energy proxy log;o(S125/VEM), where VEM is the expected amount of charge deposited in a tank
by a vertical-equivalent muon. We choose only the bins of logo(S125/VEM) where the energy is
above 107 GeV. Also, some energy-proxy bins are dropped due to insufficient statistics for the
simulations. The energy-proxy bins that we use are: 1log;o(S125/VEM) =0.7-1.0, 1.0-1.3, 1.3-1.6 for
45°-50° showers, and logo(S12s/VEM) = 0.4-0.7, 0.7-1.0, 1.0-1.3 for showers with zenith angles
50°-55° and 55°-60° [7].

We apply cuts to the simulated events to ensure good reconstruction quality for the events used
in the analysis. These event-level quality cuts are as follows: 1. We require 5 IceTop stations to be
triggered and passed through the filter. 2. The reconstruction of the air shower is required to have
succeeded. 3. The number of layers of tanks around the shower core should be greater than one.
This ensures that at least two outer-layers of tanks are there surrounding the shower core. 4. The
tank with the maximum signal within the shower should not be located at the edge of the array.
Even if the previous cut is applied, we sometimes are left with events where the maximum signal is
in the edge, due to noisy hits. Application of this cut ensures better quality for the events chosen.
Although we reject ~ 80% events with these cuts, the remaining events have good quality, which is
needed to conduct this study.

Apart from these event-level quality cuts, we apply some analysis-level cuts to select the muon-
like signals in the air showers. The first cut is a charge-based cut. We choose those hits in the tanks
which have a charge between 1 and 4 VEM. This was chosen since muons from inclined air showers
were mainly seen to fall within this charge range for IceTop. This cut already removes a majority of
the electromagnetic contamination within the selected hits; especially at larger distances from the
shower core. In addition to this, we apply a time-based cut to the remaining hits in the event. Only
those events with A(6t) > 0 are chosen in the final level. Here, 6t is the curvature of the shower
front. A(0t) = Stopserved — Olpredicted cOmpares the observed curvature to the theoretical prediction
of the shower curvature (which is optimised for quasi-vertical showers). The condition A(dt) > 0
chooses the hits that arrived before their predicted times. Combined with the charge-based cut,
this allows us to choose the early muons in the shower. The addition of this cut further removes
electromagnetic contamination from the selected hits. Figure 2 shows the effect of the analysis-level
cuts that selects muon-like hits for proton and iron showers.

Once the final-level hits have been selected, they are binned with respect to their perpendicular
distance to the shower axis. The sum of all hits above each distance bin is evaluated to obtain the
muon-like parameter.

Epmtike = ENyotike > 1 (D

The lateral distribution of the muon-like parameter, &,,_jike for air showers within the zenith
angular range of 55°-60° for the energy bin logio(S125/VEM) = 0.7-1.0 is shown in Figure 3.
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Figure 2: Left: Proton showers, 6 = 50° — 55° and log;o(S125/VEM)= 0.7 — 1.0. The charge within the
tanks from all particle types for hits with distance from the shower axis > 260 m are shown. These are the
events that pass the event-level quality cuts. The muon-component of these hits are also shown. The charge
distribution once the time-based cut is applied is also shown (including its muon content). All hits that fall
within the two vertical lines between 1 and 4 VEM will be chosen as the final muon-like hits. Right: The
same for iron showers, 8 = 45° — 50° and log;o(S125/VEM)= 1.0 — 1.3. The hits with distance from the

shower axis > 330 m are shown.

This is shown for simulated air show-
ers of different primaries. As ex-
pected, the mean of &, ik exhibits
the trend where heavier primaries
have more muon-like hits than lighter
primaries. We can also see that there
is a good amount of separation be-
tween the distribution of the light
and the heavy primaries. We can
therefore use this parameter to deter-
mine the lightness/heaviness of each
shower. The bottom panel of Figure
3 depicts the fraction of electromag-
netic contamination within &, _jjke at
each distance bin. The electromag-
netic contamination is seen to be
small, especially at distances further
from the center of the shower.
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Figure 3: Top panel: lateral distribution of the muon-like
parameter, &, jike,» for showers from different primaries with
6 = 55° - 60° and logo(S125/VEM) = 0.7-1.0. Bottom panel:
corresponding fraction of electromagnetic contamination within
signals considered in the &, . calculation. Both the top and
bottom panels show the mean values (marker) and standard devi-
ations (error bar) of the respective distribution.

The next step in the analysis is the calculation of the reference distance at which we get the
maximum separation between the £, _jjie of the heavy and light primaries. For this we look at the
proton and iron primaries alone. A Gaussian distribution is fit to the £, at each distance bin

for both the proton and iron showers. A measure of the separation of these two distributions is

estimated to get the distance at which the separation is maximum, with least amount of fluctuations.
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For this, the figure of merit (FOM) is calculated as

_ Ii(H) — p(Fe)|

2 2
O'H + O—Fe

FOM )

where 1 is the mean of the Gaussian distribution and o is the standard deviation [10].

An example of the FOM calculation is given in Figure 4 (left). The figure shows the distributions
of &, ke at a distance of 260 m for proton and iron showers with § = 55° — 60° and with
log10(S12s/VEM)= 0.7 — 1.0. The resulting value of the FOM for this distribution is 1.08 =+
0.08. Once the FOM is calculated for each distance bin, they can be compared as shown in
Figure 4 (right). The figure shows the FOM values at different distances for 8 = 50° — 55° and
log10(S12s/VEM) = 1.0 — 1.3. Based on this, the distance of 260 m is chosen as the reference
distance for this bin. This procedure is repeated for all zenith bins and all energy bins used in the
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Figure 4: Left: An example of the FOM calculation for showers with 6 = 55° —60° and log;o(S125/VEM) =
0.7-1.0. A Gaussian distribution is fit to both iron and proton distributions of £,,_j;k for a given distance bin
(here 260 m). Right: The obtained FOM vs distance for showers with § = 50° —55° and log;¢(S125/VEM) =
1.0 — 1.3. The reference distance is chosen from this.

Upon the determination of the reference distance, the probability-density distribution for &, _jike
can be drawn for both proton and iron showers. This is done for each zenith and energy bin con-
sidered in the analysis. An example of such a distribution for showers with § = 50° — 55°
and logo(S12s/VEM)= 0.7 — 1.0 is shown in Figure 5. The figure shows the two-dimensional
probability-density distribution of &, jike at the reference distance of 260 m with respect to
log10(S125/VEM). The solid-blue curves in the figure represent the 1o, 20~ and 30 contours for
the iron showers while the red-dashed curves represent the same for the proton showers. The right
panel in the figure also shows the combined &, ik distributions of proton and iron showers within
the entire bin. A separation between the iron and proton showers is visible, with some amount
of overlap. This signifies that in the regions with less overlap, we can identify the showers more
confidently, while in the overlap regions the shower primary becomes more ambiguous.

The nature of the iron and proton probability-density distributions is utilised to evaluate
the light or heavy nature of each observed air-shower event. For this, the marginal cumulative



IceTop: Composition of inclined air showers

= lron

_ IceCube Preliminar
25 y — Proton

0.7 0.8 0.9 1.0
log10 (S125/VEM)
Figure 5: Probability-density distributions for proton (red dashed) and iron (blue solid) showers with
6 = 50° — 55° and log9(S125s/VEM) = 0.7 — 1.0 for the reference distance of 260 m. The right panel shows

the combined distribution of £, _jke.

distribution (summation along &,,_jike-axis) is determined along each slice of logio(Si25). The
summation is performed along the positive y-axis for iron and along the negative y-axis for the
proton distribution. This results in an iron-marginal cumulative distribution (Fe-CD) value and
proton-marginal cumulative distribution (H-CD) value for each point in this space. With this, we
can assign a Fe-CD and H-CD value to each event with a given pair of log0(S125) and &, _jike. Any
event with a high H-CD value and low Fe-CD value would be identified as light (or proton-like)

and vise-versa for heavy (or iron-like) events.

3. Testing the procedure

In order to verify the performance of the analysis procedure, we conduct a test using simulations.
The simulated air showers are passed through the analysis to see the fraction of proton/iron events
correctly identified as light/heavy.

Figure 6 shows the verification done for iron (left) and proton (right) simulations, on an event-
by-event basis. Each simulated event is assigned an H-CD and Fe-CD value, and a histogram of
these assigned values is shown in the figure. The colour scale depicts the fraction of events entering
each bin in the histogram. Events with low Fe-CD values are considered as light and events with
low H-CD values are considered as heavy.

We can sum up the fractions in the bottom-first row of bins on the x-axis (with low H-CD
value) to determine the percentage of entries identified as heavy. The same can be done for each set
of rows. Similarly, the columns can be added up to see the percentage of entries in each column,
the leftmost column (with low Fe-CD) being the events most confidently identified as light.

Table 1 shows the percentage of events that enter the bottom-first row (with low H-CD value)
and the bottom-second row, that are identified as heavy for showers with 6§ = 50 — 55° and
log10(S125/VEM) = 0.7-1.0 (middle 8 and energy bins). The table also shows the percentage of
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Figure 6: Verification of the mass-classification procedure using simulations. The H-CD value and Fe-
CD value is created for each event and compared. Left: Iron showers (log;o(S125/VEM) = 0.7-1.0 and
6 = 55 —60°), all events falling in the bins with low H-CD values are correctly identified as heavy. 45.4%
events fall in the 1st row (correctly identified) and 2.7% events fall in the 1st column (misidentified as light).
Right: Proton showers (log;o(S125/VEM) = 1.0-1.3 and 6 = 50-55°), with events falling in the bins with low
Fe-CD values identified as light. 46.2% events fall in the 1st row (correctly identified) and 12.9% events fall
in the Ist column (misidentified as heavy)

Events in Eventsin | Events in | Events in
Element | Ist column | 2nd column | 1strow 2nd row
(light) (light) (heavy) (heavy)
True H 26.7% 14.6% 6.2% 7.1%
True Fe 3.3% 4.4% 40.2% 17.1%
True He 14.7% 10.6% 16.1% 11.6%
True O 7.1% 6.2% 21.0% 13.6%

Table 1: Testing the classifier for various elements for events that fall in the middle 6 and energy proxy bins
6 = 50 — 55° and 10g10(5125/VEM) =1.0-1.3.

events in the leftmost column (with low Fe-CD value) and the second column from the left, that are
identified as light. The same calculation can be performed for the events shown in Figure 6 also.

It is clear that 40 — 50% of iron events are correctly identified as heavy (with better confidence)
and 30 — 40% of proton events are correctly identified as light. A smaller percentage of proton/iron
events are incorrectly identified as heavy/light. One caveat to this is that the same events used for
drawing the probability-density distributions have been used to test the procedure, due to the lack
of sufficient simulations.

The same procedure can be repeated for the available helium and oxygen simulations to test
the classifier. This is shown in Figure 7 for helium and oxygen events with 8 = 45° — 50° and
log10(S125/VEM) = 0.7 — 1.0. The helium and oxygen events are not seen to clump as closely to
the light/heavy composition bins as the proton/iron events. They show mixed nature, as expected.
This shows that the classification is indeed composition sensitive since helium and oxygen should
fall as intermediaries. The percentage of helium and oxygen events that fall in the light-identified
columns and heavy-identified rows for air showers falling in the middle 6 and S{,5 bins are shown
in Table 1.
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The verification done for helium showers (left) and oxygen showers (right) with,

logi0S125/VEM) = 0.7 — 1.0 and § = 45 — 50°, using the H-CD and Fe-CD values obtained from the
probability-density distributions obtained from proton and iron primaries. 10.0% He events fall in the 1st
row (heavy) and 17.2% events fall in the 1st column (light). 20.4% He events fall in the 1st row (heavy) and
7.8% events fall in the 1st column (light).

4. Summary and Outlook

We have explored a new method for determining the composition of inclined air showers on
an event-by-event basis. This utlilizes the discrimination of muon-like signals in the air shower and
using it to draw probability-density distributions for both proton and iron showers. Based on this,
we classify events as light or heavy by assigning them marginal cumulative distribution values and
marginal inverse cumulative distribution values. A verification of the procedure reveals that the
method is effective. Further tests on other hadronic interaction models will be needed to determine
the model-dependent performance of the analysis. With that, we can use the analysis method to
determine the mass composition of inclined air showers measured with IceTop, and thereby provide
an independent check to the composition measurement of quasi-vertical showers from the same
detector array.
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