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IceTop Response to Low-Energy Air Showers

1. Introduction

The IceTop array [ 1], which forms the surface component of the IceCube Neutrino Observatory
at the South Pole, is comprised of 81 stations, with each station consisting of two ice-Cherenkov
tanks spaced 10 meters apart. Each tank contains two Digital Optical Modules (DOMs) with
photomultiplier tubes (PMTs), one configured for high gain and the other for low gain to enable
a broad dynamic range in signal detection. IceTop is primarily designed for detecting extensive
air showers initiated by cosmic rays (CRs) in the energy range of sub-PeV to EeV. In addition
to its primary mission, IceTop continuously records the rates of air-shower particles that trigger
individual detectors (most of these particles originate from CRs in the GeV-TeV range). These
scaler rates provide valuable insight not only into the stability of the detector operation, but also
into heliospheric phenomena such as solar energetic particles [2] and coronal mass ejections which
can cause temporal modulations of Galactic cosmic rays, like Forbush decreases [3]. Moreover,
IceTop tanks can observe ground-level enhancements, which are solar-particle events energetic
enough to reach the Earth’s surface and produce a measurable increase in detector count rates.

IceTop DOMs are equipped with two voltage discriminators. In high gain DOMs, one is used
for standard air-shower data taking with a threshold equivalent to about 23 photoelectrons (PEs)
collected from the tank. The other is set to lower threshold values, spanning from 2 to 27 PEs, to
configure the whole of IceTop into a multi-channel detector of low-energy cosmic rays.

IceTop scaler rates are affected by environmental factors, namely atmospheric pressure, tem-
perature [4], and snow accumulation [5]. The atmospheric changes influence the development of
particle cascades, and hence the distribution of particles reaching the ground. In particular, seasonal
changes in temperature influence the atmospheric density, leading to an anti-correlation with the
scaler rates. The accumulation of snow on top of the tanks alters the effective overburden, affecting
the energy threshold of the particles that reach the detector and the resulting signals observed in the
tanks. Without an appropriate correction for these effects, such variations can mimic or obscure the
variations originating from the Galactic and solar CR flux.

This work presents a preliminary analysis of the long-term behavior of IceTop scaler rates
spanning from 2013 to 2024 in relation to pressure, temperature, and snow depth. Accurate
modeling of these effects, particularly pressure correction, is essential for a prompt response to
heliospheric events. To understand the underlying patterns and to correlate the detector response
at different discriminator thresholds with the CR energy distributions, we performed Monte Carlo
(MC) simulations of a single IceTop tank’s response to low-energy air showers. We also studied
properties of the air showers generated for atmospheric models of different seasons.

2. IceTop scaler rates

2.1 Data collection

We analyze scaler rates collected from May 2013 to December 2024 by all high-gain IceTop
DOMs corresponding to various discriminator thresholds. These count rates were recorded at
one-minute intervals, facilitating investigations of short-term atmospheric influences as well as
long-term CR modulation trends.
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Figure 1: Long-term scaler count rates for IceTop DOM 16-61 from May 2013 to December 2024. Panel
(a) shows uncorrected (gray) and pressure-corrected (blue) count rates using daily time bins. Panel (b)
displays the corresponding atmospheric pressure in mbar. The pressure correction is applied monthly using
the barometric coefficient.

Atmospheric surface-pressure data at the South Pole, originally recorded every five minutes,
are interpolated to one-minute intervals using cubic spline interpolation from the scipy package [6]
to precisely synchronize with DOM timestamps. The interpolated pressure data support accu-
rate corrections for atmospheric pressure effects and the determination of DOM-specific pressure
response coefficients.

To maintain data integrity and eliminate non-physical fluctuations, we apply a consistent
outlier rejection procedure across all high-gain DOMs. Specifically, a six-hour running average is
calculated from the one-minute count rate data, and points that deviate more than +50 from this
local average are removed prior to further analysis.

2.2 Pressure correction

Following outlier removal, we quantify the sensitivity of DOM scaler rates to pressure variations
by estimating a monthly barometric coefficient, 8, for each DOM. This is done by fitting the
relationship between the scaler rate and atmospheric pressure using a linear model in logarithmic
space to extract the slope, which corresponds to the barometric coefficient. The resulting S values
are then applied in a correction model: Ceorr = Cuncorr * €Xp[B(P — Po)], where Cyncor and Ceorr
are the uncorrected and corrected scaler rates, P is the atmospheric pressure, and Py = 680 mbar
is the fixed reference pressure determined from the long-term annual average at the South Pole.
The fitting is performed independently for each DOM and every month. This correction enables
consistent comparison of long-term variations across DOMs and discriminator thresholds.
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Figure 2: Long-term variations (May 2013 — December 2024) of IceTop scaler count rates corrected to
680 mbar, mainboard (MB) temperatures, and snow depth. The top panel shows scaler count rates for the
following DOMs and their corresponding discriminator thresholds: DOM 05-61, 4.7 PE (red), DOM 16-61,
8.3 PE (blue), and DOM 66-61, 23.0 PE, (black). The middle panel displays daily-averaged mainboard
temperatures; the gap in data results from a transition between two data sources. The bottom panel presents
in situ snow depth measurements, noting the limited sampling frequency of 2—3 points per year.

2.3 Long-term trend analysis

To investigate long-term behavior of the IceTop scaler rates, we analyze data from DOM 1661
as arepresentative example. Figure 1 shows uncorrected (gray) and pressure-corrected (blue) scaler
rates from May 2013 to December 2024, along with corresponding atmospheric pressure data. The
uncorrected rates exhibit substantial short-term fluctuations that strongly anticorrelate with pressure
variations, as expected from the barometric effect. After applying monthly pressure corrections,
the corrected rates show significantly reduced variability, making long-term trends more apparent.
Data from neutron monitors show that the 5 depends on the incident primary particle spectrum,
which is modulated by solar activity [7]. The long-term behavior of this coefficient for IceTop tanks
is the subject of ongoing study.

To further explore environmental effects beyond atmospheric pressure, Figure 2 compares
pressure-corrected scaler rates of three DOMs with different discriminator thresholds—DOM 05-61
(4.7PE), DOM 16-61 (8.3 PE), and DOM 66-61 (23.0 PE)—with their respective mainboard (MB)
temperatures and in-situ snow depth measurements. The middle panel shows daily-averaged MB
temperatures that exhibit regular annual cycles corresponding to seasonal temperature variations
at the South Pole. Previous studies have also shown that scalar rates correlate differently with
atmospheric temperatures measured at different altitudes [4], which will be the subject of our
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further research.

Although the scaler rates have been corrected for atmospheric pressure, they still exhibit a
gradual long-term decrease, which is inversely correlated with increasing snow depth across the
DOMs. For example, DOM 66-61, which has the highest threshold setting (23.0 PE) and is buried
under relatively deep snow, consistently shows the lowest count rate and a weaker apparent seasonal
pattern compared to DOMs with lower thresholds. Snow accumulation, however, is not a smooth
process, but is a result of wind drift and can therefore change rapidly within a day, leading to
a sudden change in the observed rates. Overall, the lower rates reflect the decreasing detector
sensitivity to the secondary particles in CR air showers.

3. Simulation study

3.1 IceTop tank response

In order to understand the observed

patterns and correlate the scaler rates with 102{ 1ceCube Preliminary

the primary CR spectrum, we conduct pre-
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spectrum follows approximately E~2 up to ) ' '
300 GeV and E-! above. The zenith angle Figure 3: Charge spec.trurn observed by a hlgh-galn DOM
of the IceTop tank (buried under 2.46 m snow) in response to

secondary particles from 1 GeV — 125 TeV primary protons,
where each entry corresponds to a single particle deposi-
tensity with the solid angle and taking into  tjon. In addition, the gray line indicates the spectrum of
account geometrical efficiency of a hori- total charge in the tank - higher due to presence of multiple
zontal detector. CRs with energy below particles contributing to the charge.

0 of the incoming primaries is distributed
between 0° and 85°, assuming equal in-

3 GeV did not generate any signals in the
simulated tank in our MC sample.

Air-shower particles undergo multiple scattering, and some of them reach the ground kilometers
away from the air-shower axis. To account for them in the tank response, the air showers are
resampled so that trajectory of each (or at least some fraction) of these particles can geometrically
cross the chosen detector, resulting in a different number of resamples for each simulated air shower.
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Therefore, each event i is given the following weight:
A QIcR(Ei) 5
NiJmc(Ei) Jg,

where A; is the effective area over which this particular air shower can be thrown to have a chance

w(E;, N, A;) = Jyc(E) dE (1)

of generating any signal in the chosen tank, Q is simulated solid angle (0° - 85°), Jmc(E;) is
the simulated flux, Jcr(E;) is the expected CR flux at E;, and Ni is the number of simulated
re-samplings in energy bin k. For the expected CR flux, the all-particle energy spectrum of the H4a
model was used [12], assuming all CRs are protons.

The IceTop tank response was simulated using Geant4 [13] embedded in the IceCube software
framework. The results are evaluated for the high-gain DOM of tank 16A, which is buried under
2.46 m of snow as measured in November 2021. Figure 3 shows the charge spectrum (weighted
according to equation 1) in response to the simulated proton flux. The obtained charge represents the
photoelectrons produced by PMT (pe) of that DOM before the discriminator simulation. The counts
are separated into secondary-particle groups. While the rates are dominated by electromagnetic
(EM) particles at low PE levels, there is also a significant contribution from baryons, mainly protons
and neutrons. Moreover, a clear through-going muon peak is visible, which is used to calibrate the
detectors. Mesons, mainly pions, contribute the least to the rate.

3.2 Air showers under different atmospheric conditions

The air-shower particles differ in experiencing the influence of the changes in the atmosphere.
These differences do not depend only on the type of particles, but also on the type of particles
from which they originate. To study that, we simulated low-energy air showers for three South Pole
atmospheric profiles, corresponding to January, April, and July. We use data generated solely from
CORSIKA simulations (without detector response) with the EHISTORY option enabled, which
records the information about mothers and grandmothers of muons and EM particles. We consider
here only the ground-level particles whose grandmother particle is a baryon, which we assume is
the tracer of the primary proton. We further separate the ground level particles into those which
contain a 7* decay in their history, and those that do not - hence dominated by 7° decay also
including K’s. The distributions of kinetic energy of ground particles for these two groups are
presented in Figure4. We note a dip in the number of ~ GeV particles with 7% decay for the
January atmosphere, representing the austral summer. In January, the muon production height is
increased due to the warmer temperature, and it is less likely for GeV muons to survive to the ground.
Muons from K decay, in the left panel, are not as prevalent and this feature is not prominent. The
seasonal variation in the left panel is plausibly explained due to a 15 mbar difference in pressure
between the January and July model atmospheres affecting the EM cascades following 7 decay.
Further studies, including particles from non-baryon grandmothers, are ongoing. Studying the
contributions of different particle groups to the overall scaler rates is relevant for accurate modeling
of the environmental corrections, given their differing response to the atmospheric modulations.

4. Summary

IceTop scaler rates can be used to observe modulations of the Galactic and solar CR flux
originating from solar activity. The changing atmosphere requires normalizing these rate results
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Figure 4: Ground-level kinetic energy spectra of muons and EM particles originating from baryon grand-
mother, under different seasonal atmospheric models. The left panel shows particles coming predominantly
from 7°’s, while the right plot shows mainly products of 7*’s. See text for more details.

so that only the effects associated with solar activity remain. The conditions at the South Pole
bring an additional challenge in the form of snow accumulation, which affects the response of
the detectors, and thus the relationship with the measured CR spectrum. This work continues the
previous efforts [14] to establish a model based on collected data and a detailed MC study in which
all these effects can be accounted for, allowing observation of transient as well as long-term CR
flux modulations originating from solar activity.

Further work will focus on optimizing the pressure correction procedure and modeling the effect
of other environmental factors, such as snow accumulation, temperature of the motherboard and also
of the atmosphere [4]. We will extend our simulations to account for neutron production deep in the
atmosphere, followed by thermalization and absorption in the tanks or nearby snow accumulation.
In addition, it will be necessary to consider relevant background sources and systematic factors
affecting scaler rates, especially at the lowest discriminator thresholds.
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