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Performance of SAE station at IceCube

1. Introduction

The IceCube Neutrino Observatory is a hybrid detector encompassing a volume of one cubic
kilometer of Antarctic ice at the South Pole. It consists of a deep in-ice array of optical sensors
and a surface array known as IceTop. Since its full deployment in 2011, IceTop has played a vital
role in vetoing atmospheric backgrounds for high-energy neutrino detection and has proven to be
an effective instrument for cosmic-ray studies, providing key measurements of the cosmic-ray flux
in the Southern Hemisphere [1] in the PeV primary energy range. A major challenge for IceTop
is non-uniform snow accumulation on surface detectors over time, which attenuates signals and
increases the trigger threshold as well as uncertainties in energy and mass reconstruction.

While ongoing efforts aim to correct for this [2], Surface Enhancement Station Layout (as of 2025)
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was first deployed in 2020 and upgraded to its final  pjgyre 1: Layout of the deployed SAE stations
configuration in 2023. In the most recent deploy- at the South Pole. Grey circles indicate IceTop
ment season, two additional stations, named Sta- stations corresponding to in-ice strings.

tions 21 and 25 (named according to the planned full-array geometry), were successfully installed.
Figure 1 shows the layout of the SAE stations currently deployed.

This contribution presents the data processing pipeline developed for the SAE scintillation detectors
in section 2. It also outlines the latest calibration developments following previous work [4] (Sec. 2),
along with an initial assessment of the reconstruction performance benchmarked with respect to
IceTop data (Sec. 4) for a selected dataset (Sec. 3). In particular, results from Station 0 using data
from January-November 2023 are discussed. Finally, in section 5 we motivate the use of a data-
driven method to model the signal fluctuations in scintillation detectors for potential improvements
in the air-shower reconstruction with scintillation detectors. Details involving the status and analysis
involving radio antennas of SAE can be found in [5, 6].

2. Scintillator Data Processing and Calibration

Each scintillation detector of the SAE is instrumented with a silicon photomultiplier (SiPM), which
serves as a photosensor to collect the charge deposited by minimally ionizing particles (MIPs)
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traversing the detector. The SiPM signal is digitized using a custom microprocessor-based readout
board called uDAQ, which provides three gain channels to enable a wide dynamic range. Both the
uDAQ firmware and the scintillation detector data processing algorithms have undergone continuous
development since the initial prototype deployment that was carried out in January 2020 [7].

To ensure compatibility with evolving hardware

@ and firmware, a scalable data processing frame-
i work has been implemented to handle multi-year

data from the SAE prototype station [8]. The work-
flow of the processing framework is illustrated in

Fig. 2. Within the scope of this work, the scin-
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Figure 2: Flowchart describing the scintillator The framework facilitates the transformation of raw
data processing. The data obtained from the
air-shower runs is calibrated using the monitor-
ing information and calibration run information.
The pipeline also includes reconstruction of the
air-showers observed with scintillation detectors
after meeting a defined coincidence condition. ~ Passing vertical MIP. The calibration stage, high-
lighted in blue in Fig. 2, includes temperature-

waveform data from the scintillation detectors (hit-
buffer data extraction step in the flowchart) into cal-
ibrated physical units, expressed in units of MIPs
corresponding to the charge deposited by a single-

dependent gain correction in the high-gain channel, as the SiPM gain exhibits sensitivity to ambient
temperature variations (illustrated in [4]). Furthermore, the MIP peak calibration in the medium-
and low-gain channels is performed to obtain the scaling factors necessary for signal saturation
correction. These scaling factors enable the recovery of accurate charge measurements by switch-
ing to the medium-gain channel when the high-gain channel saturates, and subsequently to the
low-gain channel if saturation occurs in the medium-gain channel. Motivated by calibration of
IceTop data [9], for each gain channel, the MIP distribution is modeled using a convolution of a
Landau distribution (describing energy loss fluctuations) with an exponential function (to account
for the dark count ! and background).

During the commissioning phase, dedicated calibration measurements were conducted to determine

IDark counts correspond to the pulses generated in the SiPM in the absence of light, indicating thermal noise
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the temperature dependence and scaling between different gain channels. Using data collected
between January and June 2023, the gain scaling factors corresponding to uDAQ version 4.1a
were derived by obtaining the MIP peak positions from the Landau fits in the three gain channels.
A histogram of the scaling factors obtained from these measurements is presented in Fig. 3. A
Gaussian fit is applied to obtain the scaling factors used for the calibration. The low- to high-gain
scaling factor is ~ 280, which is an indicator of the capability of the detectors’ dynamic range.
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Figure 3: A histogram of the scaling factors for the three gain channels implemented in the uDAQs obtained
from calibration data.
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sor data from 2021-2022 (obtained with senister femperature )
older firmware) with IceCube Live data Figure 4: Temperature Correlation Between Scintillation
revealed a strong correlation year round, Detectors and ARO Station (2021-Mid 2022, Summer vs.
with an offset of approximately ~ 9° in the Winter). The data presented is from 2021 to mid-2022.

summer period. Fig. 4 presents the correlation observed between the scintillation detectors’ data
and the IceCube Live data, for the summer (Oct-Mar) and winter (Apr-Sept) months of 2021 and
2022, respectively. The deviations observed in summer are likely due to the sun’s position relative to
the location of Station 0. To reduce the impact of outliers, a Random Sample Consensus (RANSAC)
algorithm was applied, providing a robust linear fit for both the slope and intercept. This seasonal
offset has been incorporated into the temperature calibration procedure, ensuring consistent perfor-
mance across different environmental conditions. As a result, the calibration framework supports
both single- and multi-station deployments, regardless of firmware version, and remains robust
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against temperature-induced variations.

3. Air Shower dataset

After processing, the reconstructed air showers from the scintillator data are matched with IceTop
events based on temporal coincidences. For the dataset used, a total of 279,280 events were
identified, each observed with six or more scintillators. To evaluate the performance of the prototype
station relative to the benchmark detector, IceTop, a subset of these events was selected using the
following criteria:
— Both the scintillator and IceTop reconstruction methods were required to successfully recon-
struct the event.

— Events with a scintillator multiplicity of 8 were selected. This choice is due to the compact size
of the prototype station with limited detectors compared to the full IceTop array. Moreover,
the reconstruction method involves timing and lateral distribution minimization over up to
five parameters, which is best constrained with this multiplicity.

— Only events with reconstructed IceTop zenith angle up to 37° were retained, where recon-
struction is more reliable.

— A containment cut was applied requiring the IceTop-reconstructed core to lie within 250m
of the central DAQ (fieldhub) of the prototype station. This minimizes the number of
uncontained showers while maintaining a large enough area to include higher energy showers.

— Events with an IceTop-reconstructed log10(S125/VEM) 2 greater than 0.5 were retained to
ensure maximum reconstruction efficiency and resolution from IceTop.

— A final zenith angle cut was applied on the scintillator-reconstructed showers, selecting only
those with zenith angles below 70°, in order to reject misreconstructed events.
Applying these criteria resulted in a final sample of 27,582 events. The distribution of the recon-
structed core positions of these events using IceTop reconstruction, along with the locations of the
scintillators and the fieldhub, is shown in Fig. 5.
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Figure 5: Distribution of reconstructed shower cores

overlaid with the scintillator and fieldhub positions.

measure of resolution. This is done separately
for the zenith angle, azimuth angle, and solid

2This is the signal strength at 125 m distance from the core, and acts as an energy proxy for the primary particle.
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angle, which is the total angular distance between the two reconstructions, and is deduced between
the reconstructed directions from the scintillator and IceTop to get the final angular resolution. The
respective angular resolutions are presented in Fig. 6. The combined zenith angular resolution
between the IceTop and scintillator reconstruction is observed to be 2.5°, while for the azimuthal
reconstruction it is 7.6°. This yields a solid angular resolution of 2°. For near-vertical showers,
small differences in direction can lead to large changes in azimuth. This happens because near the
vertical (6 ~ 0°), the azimuth angle becomes very sensitive and less meaningful due to the geometry
of spherical coordinates. Therefore, the solid angular resolution can be used as a good measure of
the performance metric.
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Figure 6: Angular resolution comparison between scintillator and IceTop reconstructions. Top Left, Top
Right, and Bottom figures show the distribution of differences in zenith angle, azimuth angle, and total
angular distance, respectively.

The solid angular resolution is further examined as a function of the shower size, represented by the
IceTop-reconstructed signal at 125m from the core, Si»s. The results are shown in Fig. 7. Figure. 7
(left) presents a 2D histogram of the angular resolution (Aw) between the scintillator and IceTop
reconstructions as a function of log10(S125/VEM). Due to the compact footprint of the prototype
station, it predominantly detects lower-energy showers, which is reflected in the concentration of
events at low Sy2s values. Figure 7 (right) shows the binned angular resolution as a function of
S125. The resolution is estimated using the 68th percentile of the Aw distribution in each energy
bin, with uncertainties derived from bootstrapped resampling. The angular resolution is observed
to be roughly 1.8° for log9(S125/ VEM) < 0.7, and then gradually increases, plateauing around 4°.
This behavior is consistent with expectation, as higher-energy showers have larger footprints that
extend beyond the sensitive area of the single station, reducing reconstruction accuracy. In addition,
the dataset also includes lower-energy showers with cores lying outside the station footprint. The
presented resolution includes the intrinsic uncertainty of IceTop, and is therefore not yet optimal. It
can be further improved through data-driven parametrization of the timing, signal fluctuations and
lateral distribution functions specific to the prototype station.
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Figure 7: Angular Resolution as a function of Sys5. Left: 2D distribution of the solid angle between
scintillator and IceTop reconstructions as a function of S1,5. Right: the 68th percentile of the solid angle in
bins of Si2s.

5. Signal Model

—-= Fit: y = (0.98 = 0.001)x + (0.64 + 0.021) .

The performance of the scintillator reconstruction
is promising, but further improvements are possible
using data-driven parameterization of the detector ¢
response as the current simulation-based approach
is limited by a simplified detector model. This is
explored by studying the signal fluctuations in indi-
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vidual scintillation detectors using the same dataset
described above. While the reconstruction previ-
ously modeled these fluctuations based on full-array
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simulations of the SAE, they are now extracted di- 1005 o e

rectly from data by comparing signals in neighboring 51 (MIPYin Even Scints

detector pairs of Station 0. To improve statistics, the Figure 8: Signal deposited in neighboring scin-
data from the 4 neighboring detectors placed at 5m tillators.

was combined into a single distribution, shown in Fig. 8. An additional cut was applied to remove
detectors within 50 m of the reconstructed shower core, to avoid the steep gradient of the LDF close
to the core, which introduces additional fluctuations which are not due to the detectors themselves.
The tight clustering around the diagonal indicates a good relative calibration between detectors dur-
ing the processing stage. To extract the fluctuation behavior as a function of signal size, diagonal
binning was applied, and the spread (standard deviation of the Gaussian fits) within each bin was
computed. The result is shown in Fig. 9 (left). A rapid fall-off of the fluctuations is visible for mean
signals below about 9 MIP, which is expected due to threshold effects [11]. This behavior is also
seen in the charge distribution. Therefore, for the fit, only bins with mean signals above 9 MIP were
used. A power-law fit gives a slope of 0.545, indicating that the fluctuations scale approximately
with the square root of the signal, indicating that they follow a Poisson-like behavior. This is in line
with theoretical expectations, since the energy deposit in a scintillator arises from a discrete number
of particles undergoing energy loss and scattering, which leads to Poissonian fluctuations [11].
This data-driven behavior was also reproduced in dedicated single-station simulations of the proto-
type geometry, shown in Fig. 9 (right), which rendered a slope of 0.533. Further study of the zenith
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Figure 9: Signal fluctuation as a function of signal size. Left: extracted from data. Right: extracted from
single-station simulations. A Poisson-like dependence is observed in both cases.

dependence of these fluctuations is ongoing and will be incorporated into future iterations of the
reconstruction.

6. Summary and Outlook

In this contribution, the calibration and air-shower data preparation of the scintillation detectors of
the SAE were presented. Furthermore, the angular resolution relative to the IceTop array was studied,
showing a performance of better than 2° for low-energy showers, which is quite promising for a
station of such a compact size. A signal fluctuation model, to improve scintillator reconstruction,
exhibiting a Poisson dependence, was motivated by data and validated by simulations, and its
implementation in the reconstruction framework is planned for the near future.
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