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Simulation for IceCube-Gen2 surface array

1. Surface array of IceCube-Gen2

High-energy cosmic rays can enter the Earth’s atmosphere, creating an avalanche of secon-
daries. From one perspective they bring us information about distant astrophysical objects. From
another, the initiated extensive air showers can give us insights into particle interactions for energy
scales at-and-above that of the LHC. A unique possibility to study both of these topics can be
realized by the planned surface component of the next generation of the IceCube Observatory —
IceCube-Gen2 [1, 2]. IceCube-Gen2 is foreseen to include three major additions to the current
design of the Observatory. Firstly, the volume of in-ice optical detectors will be increased by about
a factor of 8 which will increase the number of measured high-energy neutrinos and will allow us to
do neutrino science in broad range of energies. Secondly, a sparse array of in-ice radio antennas will
provide sensitivity to the highest energy neutrinos (&30 PeV) where the GZK flux is expected [3].
This addition will help to determine their astrophysical origin, which can be associated with sources
of ultra high-energy cosmic rays. Finally, the observatory will be completed with a surface array,
further extending the planned IceTop enhancement by a factor of ≈8, which is the focus of this
work.

Figure 1: Left: Surface array of IceCube-Gen2 (lighter colors) and IceTop enhancement (darker colors)
consisting of hybrid stations with eight scintillation detectors and three radio antennas (inset). In addition
IceTop tanks are shown. Right: View of the optical array of IceCube-Gen2 (gray) and the current IceCube
configuration (black) with the surface detectors above.

We plan to deploy, at the surface above the in-ice strings, hybrid stations consisting of eight
scintillator panels (arranged in four pairs with 5m distance to reduce trenching length) and three
radio antennas. The top view of the surface detector as well as the in-ice optical strings are
shown in Figure 1. The surface-station layout is motivated by the ongoing efforts of the IceTop
enhancement [4], which consists of adding such stations within the IceTop footprint. The differing
response of the scintillators, tanks, and radio antennas will help us to disentangle the particle
content (i.e. electromagnetic and muonic) of individual air showers and increase the accuracy
of reconstructing the information about the primary particle [5]. Additionally, the array will be
crucial for vetoing the air-shower particles which make up the primary background for neutrino
detection in the ice. The discrimination power will be amplified in IceCube-Gen2 due to the
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Simulation for IceCube-Gen2 surface array

increase in the aperture for coincident events by a factor of &30 in comparison to the existing
IceCube-IceTop design. Indeed, the coincident measurements of secondary particles at the surface
and the &TeV muonic core in the in-ice array is what makes the Observatory a unique facility
for studying cosmic rays and particle physics. On the one hand, coincident measurements are
a promising method in the determination of the cosmic-ray mass composition [6]. On the other
hand, muon measurements depend on the simulations of extensive air showers and therefore on our
understanding of the hadronic interactions. Consequently, they can contribute to the verification
of the hadronic models [7]. These measurements will be enhanced by the better precision of the
hybrid air-shower reconstruction.

Moreover, the larger aperture of the IceCube-Gen2 surface array will increase statistics in the
measurements performed by IceTop and hence extend the energy region further into the so called
transition region where cosmic rays are expected to be dominantly accelerated by extragalactic
objects. A more detailed view on different science cases which can be covered with this instrumen-
tation are discussed in [2]. In this work we will focus on some aspects of the capabilities of the
foreseen surface array. We will present the current simulation results for the array of scintillation
detectors and radio antennas.

2. Simulation overview
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Figure 2: Lateral distribution of a thinned iron
shower, as observed by the scintillators (cir-
cles/triangles) and antennas (squares), is given above.
There are additional hit scintillators above 1.2 km
which are not shown.

To quantify the scientific potential of the de-
sign of the IceCube-Gen2 surface array, a library
of air showers was produced. CORSIKA [8] and
CoREAS [9] were used to simulate the surface
particle content and radio emission, respectively.
CORSIKA was compiled with FLUKA [10, 11]
for low-energy interactions and Sibyll 2.3d [12]
for high-energy ones. Due to the large compu-
tational requirements for radio simulations and
to minimize the requirement to thin the simula-
tions, two approaches were used. Simulations
with only the CORSIKA routine and only the
scintillator array response were performed with-
out the thinning method for air showers with
1013 < �CR < 1017 eV and zenith angles up to
≈51◦ (≈72◦ for energies up to 1016.5 eV only for
trigger efficiency studies). For the simulations
which included radio emission, the thinning al-
gorithm was applied. The external trigger from scintillation detectors was not simulated as they are
no longer a limiting factor for radio antennas to trigger (Figure 3). Proton and iron primaries were
used as limiting cases.

Each air shower is injectedmultiple timeswith cores randomly distributed over the 1.5 km radius
from the center of the IceCube-Gen2 surface array. A simulation of the detector response was then
performed for both the scintillators and antennas. The secondary particles on the ground were
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injected into the scintillator panels and their energy losses were calculated using Geant4 toolkit
(Geant4-10.4.0) [13], including a parameterization of the losses and delays in the wavelength-
shifting fibres. The signal is then expressed in the units of minimum-ionizing particles (MIPs). For
more details see [14, 15].

The radio emission from CoREAS was generated on a star-shaped pattern such that individual
simulations could be re-used for such multiple core locations (see [16]). The electric field at each
antenna was then convolved with the vector effective length to produce a voltage waveform. This
was then further folded with the frequency-dependent response of the various amplifiers, cables, and
digitizer to produce a 1 `s waveform with 1GHz sampling. For more see [17, 18]. Additional noise
was included using the Cane model [19] for diffuse emission from the Galaxy. Finally, individual
antennas were then selected based on a signal-to-noise ratio (SNR) cut, (peak/RMS)2 > 18.3.

The main cosmic ray observables are derived from the distribution of signal amplitudes and
time stamps in the coordinate system of the air-shower axis. An example of such a lateral distribution
of signals is shown in Figure 2 for both detector types for an air shower initiated by an iron primary
with an energy of ≈75 PeV. For the larger IceCube-Gen2 surface footprint, the shower geometry
will be very well estimated using the scintillation reconstruction. The IceTop tanks, shielded by
a few meters of snow, can be used as muon-sensitive detectors at, for instance, & 600m from the
shower axis, as in [20]. Regarding the radio emission, for \ & 40◦, a Cherenkov ring is visible [21],
seen in the plot as a peak at about 100m. This structure can be used to indirectly infer the cosmic
ray composition as the ring-radius is proportional to the geometric distance to Xmax.

3. Capabilities of air shower detection

We foresee that the surface array will share a global triggering system between all future
and existing detector components. As the scintillators are the most sensitive component of the
surface hardware, they set the energy threshold at which cosmic ray detection will be possible. The
efficiency curves for the scintillators, are shown in Figure 3 for proton and iron primaries in various
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Figure 3: Trigger efficiency for the scintillator array for proton- (left) and iron- (right) induced air showers.
An event is considered to be detected when at least five scintillator panels are triggered in the whole array.
Each panel is triggered when a signal of at least 0.5MIP is obtained.
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zenith angle bins. To show the capabilities of the whole IceCube-Gen2 surface array, a selection
was performed in which true core locations were selected out to 100m inside the array’s edge
and include the current IceTop footprint. The scintillator array is fully efficient in triggering on
≥0.5 PeV for the most vertical bin studied, but the thresholds increase with inclination mainly due
to the increased absorption of the electromagnetic component with slant depth. A similar effect is
visible for both species but proton-initiated showers are more efficiently detected, likely due to their
deeper interaction point in the atmosphere and therefore increased particle content on the ground.
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Figure 4: Reconstruction efficiency for radio surface
array for proton and iron induced air showers for differ-
ent zenith ranges. An event is counted as reconstructed
when a plane wave fit agrees to within 5◦ of the simu-
lated one and at least three antennas are triggered.

For showers up to 63◦ a threshold close to
the current threshold for the IceTop high-level
analysis is obtained [22]. However, the Ice-
Top threshold constantly increases due to the
snow accumulation. The radio array is fore-
seen to be externally triggered by the other de-
tector components. Thus we instead calculate
the reconstruction efficiency by requiring that a
plane-wave fit to the selected antennas (SNR >
18.3) is consistent to within 5◦ of the simulated
shower axis. Contrary to the case of the scintil-
lators, the efficiency improves with increasing
zenith angle as presented in Figure 4. For quasi-
vertical showers, only partial efficiency in the
explored energy range is achievable, while for
more inclined trajectories, the array is fully ef-
ficient near 50 PeV.

3.1 Outlook of the air shower reconstruction using scintillators

The scintillator reconstruction is based on the efforts carried out for the IceTop enhancement
and was tuned to the zenith range up to 45◦. The signal and timing information is included in a
three-step negative-log-likelihood minimization procedure in which the shower axis and the impact
point on the ground are estimated, as well as the parameters of the lateral distribution (see Figure 2)
and shower front functions. The likelihood function takes into account the signal fluctuations
obtained from the simulations of air showers, however, in the future, observational values could be
used. The reconstruction of the radio waveforms beyond a simple geometric fit is currently under
development.

For contained showers, the resolution of the reconstructed arrival direction is shown in Figure 5.
At the threshold energies of around 1 PeV, the direction can be reconstructed with an accuracy of
a few degrees, while above 10 PeV, it reaches the sub-degree level. Such good estimation of the
shower geometry, together with a good estimation of the impact point at the ground, will constitute
a relevant input to the radio reconstruction. Further, a reliable direction estimation can be of interest
for studies of cosmic-ray anisotropy.

Preliminary studies were performed on the cosmic-ray energy estimator which was considered
here as the signal expected at a lateral distance of 340m. In this work, the reference distance is
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Figure 5: Angular resolution of the scintillator re-
construction for proton and iron initiated air showers
for different zenith ranges.
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Figure 6: Distribution of the reconstructed energy
estimator as a function of simulated energy for proton-
induced air showers up to 45◦ zenith angles. Brown
lines indicate 2-sigma width.

obtained as an average from the distribution of lateral distances of triggered detectors [23]. With this
approach, a small mass dependency was achieved [14] while still keeping good statistical precision
of the energy. The distribution for proton-initiated air showers for inclinations up to 45◦ is shown
in Figure 6. The width of the distribution reflects the resolution with which one can reconstruct
cosmic ray energies. It narrows towards higher energies, leading to a width of less than 0.1 in
decimal logarithm of energy. Further optimisation and validation of the shower-size reconstruction
algorithms are ongoing.

While radio antennas will bring an even better estimation of the electromagnetic content and
therefore the energy, the scintillator array will be able to extend themeasurements beyond the second
knee at 100 PeV and make comprehensive studies across several decades in energy. Moreover, radio
emission provides a measurement of Xmax, which is sensitive to cosmic ray mass.

4. Conclusions and future prospects

The IceCube Observatory with its surface detectors (and enhancement) is unique for studying
cosmic rays as it allows for the study of the many low-energy muons and electromagnetic particles
while simultaneously measuring ≈TeV muons in the in-ice volume. Combining the observations in
the ice with the IceTop measurements has already proven useful for understanding the cosmic-ray
mass distribution [22] and discerning between hadronic interaction models [24].

The planned IceCube-Gen2 can enhance cosmic ray studies by extending the phase space
to higher angles and higher energies, with an increase by a factor of &30 in geometric aperture
for coincident events compared to IceCube. Further, increased discrimination power will come
from the inclusion of the Xmax measurements by the radio antennas and the calorimetric energy
measurements, particularly in the transition region between Galactic and extragalactic sources.

This net effect of the increase in effective area is shown in Figure 7 by the expected number of
events per year which is obtained for various detection schemes. The cosmic ray flux, given by the
H4amodel [25], wasmultiplied by the aperture (containment area of the IceCube-Gen2 surface array
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including IceTop and its enhancement footprint, zenith range up to≈51◦) and a given detection prob-
ability. The various probabilities were calculated using the number of hit scintillators, the observed
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Figure 7: Event rate for CRs with \ . 51◦ assum-
ing an H4a flux for scintillator-triggered events (red),
scintillator trigger and a reconstructed in-ice muon(s)
(gray). The rates for which the EM energy content
(blue) as well as Xmax (dark blue) of a shower can be
determined using the antennas are shown. Vertical
dashed line indicates the energy where the scintilla-
tor array reaches full trigger efficiency (\ . 51◦).

antenna signals, and after propagating themuons
through the in-ice volume [26], as needed. For
the scintillator array, we require at least 5 hit
detectors within the full array. For the radio
array, we additionally require that there are at
least 3 antennas with signals with SNR > 18.3
to reconstruct the electromagnetic energy con-
tent, �EM, of the shower. A requirement of at
least 5 antennas is used as a proxy for the events
for which we may be able to reconstruct -max

as well [27]. The events with an in-ice muon
require a scintillator trigger and that the event
can be reconstructed by the optical detectors. In
the absence of a full in-ice reconstruction, we
instead calculate an upper and lower limit given
by an optimistic and pessimistic situation. We
use the probability that we can use the optical
detector to reconstruct a single muon with en-
ergy (see [28] for details), �`, and zenith angle,
\, at the edge of the in-ice volume, %(�`, \).
We then calculate, for individual events,

1. the probability to reconstruct at least one of # uncorrelated muons, 1 −∏
8

[1 − %(�`,8 , \8)],

2. the probabilty to reconstruct the most energetic muon, %(�`,<0G , \),

given the # muons that propagate to the edge of the detector volume. Near the second knee, the
array will detect O(102 − 104) events per year with many including a reconstruction of -max, �EM,
and/or the ∼1GeV (surface) and ∼1 TeV (in-ice) muon content.

With these capabilities the new detector will complement the current cosmic-ray measurements
from other experiments. At lower energies, the measurement will overlap with, for example,
LHAASO [29] which studies cosmic rays from Galactic sources, with an order of magnitude higher
statistics provided by the IceCube-Gen2 surface array. It will also allow for an overlap at higher
energies with the low-energy extensions of Auger [30] and TA [31]. Thus, the IceCube-Gen2 surface
array will play an important part in understanding the transition between Galactic and extra-galactic
sources. The multi-hybrid measurements at the surface and in the ice provide a unique advantage,
not only for air shower analyses but also for astrophysical neutrino searches.

Acknowledgement: The authors acknowledge support by the High Performance and Cloud Computing
Group at the Zentrum für Datenverarbeitung of the University of Tübingen, the state of Baden-Württemberg
through bwHPC and the German Research Foundation through grant no INST 37/935-1 FUGG. Additional
support also from U.S. National Science Foundation-EPSCoR (RII Track-2 FEC, award ID 2019597).
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