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IceCube-Gen?2 is a proposed neutrino observatory at the South Pole that will build on the success
of IceCube and will also serve as a unique detector for cosmic-ray air showers. Analogous to
the IceTop surface array over IceCube’s deep optical detector, IceCube-Gen2 will also feature a
surface array above the optical array deep in the ice. As improvement over IceTop, the IceCube-
Gen?2 surface array will be comprised of elevated detectors to avoid snow coverage, and will
combine two types of detectors: scintillation panels that measure air-shower particles on ground
and enable a low detection threshold, which is important to serve as a veto for selecting downgoing
neutrino candidates, and radio antennas which increase the measurement accuracy for air showers
by providing a calorimetric measurement of the electromagnetic shower component and its depth
of maximum, Xy,,x. As another major advantage, the eight times larger surface area combined with
a larger field of view will provide a 30-fold increase for the aperture of surface-deep coincident
events. With these improvements in statistics and measurement accuracy, IceCube-Gen2 will
thus make unique contributions to the particle physics and astrophysics of Galactic cosmic rays
in the PeV to EeV energy range, including the search for PeV photon sources. This proceeding
summarizes the technical design and science case enabled by the IceCube-Gen2 Surface Array.
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Cosmic-Ray Physics with IceCube-Gen2

1. Introduction

IceCube-Gen2 will be a next generation multi-messenger observatory at the South Pole and
will extend the capabilities of the existing IceCube observatory for all types of primary particles.
In addition to its main mission of high-energy neutrino astronomy, IceCube-Gen2 will also have
excellent capabilities for cosmic rays up to the EeV energy range and will be able to detect PeV
gamma rays. This is due to the unique combination of a surface array measuring extensive air
showers in coincidence with the optical array deep in the Antarctic ice. Compared to IceCube, not
only the size of the arrays will be increased by an order of magnitude, but also the measurements will
be more accurate thanks to a technical design making use of progress in detection technology [1].
With the larger arrays, also the zenith angle coverage for surface-deep coincident cosmic-ray events
will approximately double which, together with the increased surface area, will lead to an overall
30-fold increase for these unique hybrid events.

This proceeding summarizes the reference technical design and will highlight the cosmic-ray
and gamma-ray science cases enabled by the drastic increase in statistics and the new detectors, in
particular, the combination of particle and radio detection of air showers.

2. Reference Design

IceCube-Gen2 will be comprised of three arrays: an optical array deep in the ice extending
IceCube’s optical array, a surface array of elevated scintillation panels and radio antennas covering

sniators scntlators
IceTop tanks

scintillators wm 1k
antennas /m

IceAct telescopes

o x m O

1 km

Figure 1: Layout of the IceCube-Gen2 Surface Array: top view on the left-hand side, and side view on the
right-hand side, which includes the optical array in the ice underneath the surface array. The denser part
shows the existing digital optical modules of IceCube’s in-ice array, and the gray dots are existing IceTop
detectors. The middle inset shows the layout of a single surface-array station comprised of four pairs of
scintillation panels and three radio antennas. The central fieldhub of a station houses the electronics for both
the surface station and the string of the corresponding optical array.
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Figure 2: Photos of surface detectors of the IceTop surface enhancement taken in January 2025. The
IceCube-Gen?2 surface array will be built with the same type of scintillation panels and SKALA-type radio
antennas.

the footprint of the optical array, and a radio array comprised of antennas in the firn to detect
ultra-high-energy neutrinos.

All three arrays contribute to the main mission of neutrino astronomy, e.g., the surface array
increases IceCube-Gen2’s sensitivity to downgoing neutrinos by providing a veto. Although all three
arrays will measure cosmic rays and increase IceCube’s statistics, the cosmic-ray science case builds
particularly on air showers whose shower axis intersects both the surface and optical arrays. In that
case, the optical array measures the high-energy muon content (for £,, 2 300 GeV), and the surface
array measures the secondary particles on ground and, at higher energies of Egnower = 10197 €V,
also the radio emission from the electromagnetic shower component.

For the cosmic-ray science case, the quality of the air-shower measurement at the surface
matters while, for the veto purpose, mostly a low detection threshold and a high efficiency are
important. Both, requirements have been taking into account in the reference design of the surface
array: radio antennas provide a calorimetric measurement of the electromagnetic shower energy
and measure the depth of shower maximum, Xy« [2, 3]; these are triggered by scintillation panels,
which provide a low detection threshold measuring the electromagnetic particles and muons of the
air shower and, thus, provide a measure of the shower size at ground.

With an area of about 6km?, the IceCube-Gen2 surface array will be about eight times
larger than IceCube’s existing surface array, IceTop, which consists of 81 pairs of ice-Cherenkov
detectors [4]. Above each of the 120 strings of optical modules of IceCube-Gen2’s optical array,
one surface station of 4 pairs of scintillators and 3 SKALA v2 [5] radio antennas operating at
70 — 350 MHz will be connected to the same fieldhub housing also the data-acquisition of the
corresponding string. In addition, IceTop is planned to be enhanced by the same type of surface
stations [6, 7], such that the full surface area will feature the same type of scintillation panels and
radio antennas with approximately 160 surface stations total (see Fig. 2).

By using elevated detectors easily raisable every few years, the IceCube-Gen2 surface array
will improve on one of IceTop’s disadvantages. Continuous snow accumulation above IceTop has
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Figure 3: Simulated detection efficiency of the IceCube-Gen2 surface array for different primary particles.
The full efficiency threshold for protons and photons is reached around 0.5 PeV for modestly inclined showers
with zenith angles 8 < 45°, and at higher energy for more included showers. The calculation assumes that
air showers simulated with CORSIKA are exceed the signal threshold corresponding to half of that of a
minimum ionizing particle in at least five scintillation panels (see Ref. [1] for details).

increased its detection threshold as the snow absorbs electrons and photons of air showers. Several
years of operation of a prototype station at the South Pole [6, 7] have demonstrated that no snow
accumulates on the elevated scintillation panels and radio antennas (see Fig. 2), so the IceCube-
Gen? surface array will continuously maintain its sub-PeV threshold, reaching full efficiency around
0.5PeV for vertical and mildly inclined protons, and at several PeV for more inclined cosmic rays
(Fig. 3). At the same time, IceTop will eventually become a detector measuring primarily muons,
which will further enhance the science capabilities, as the combined measurement of the sizes of
the electromagnetic and muonic shower components and Xp,x promises better sensitivity to the

mass of the primary cosmic-ray particles [8, 9].

3. Cosmic-Ray Physics with IceCube-Gen2

The higher measurement quality of air showers in combination with the increase in statistics
will enable cosmic-ray science with IceCube-Gen2 beyond the current capabilities of IceCube. In
particular in the energy range of the presumed Galactic-to-extragalactic transition of approximately
10165 — 1083 ¢V, the combination of the scintillation panels, radio antennas, and in-ice array
promises unprecedented precision for the individual cosmic-ray air showers.

This precision can be used to study hadronic interaction in air showers, e.g., by scrutinizing
hadronic interaction models. Until now, only average parameters, such as the mean muon density



Cosmic-Ray Physics with IceCube-Gen2

True 50 @ IceCube ® K-Grande $ Super-K
True 30 Auger (limit) ® K-Grande (limit) <4 Milagro
——Reco 50 Auger ® Baksan » ARGO-YBJ
——Reco 30 4« HAWC EAS-TOP A Tibet-ASy
V IceTop % HAWC+IceCube ¢ MACRO #® LHAASO

IceCube-Gen2 Preliminaty

m 1024
o
=
<
3 10!
: $
a
: g
o 100
o) » > ’Ay
o ".
a
®
10—1.

100 10 105 105 107 10%8 109  10%°
Primary Energy [GeV]

Figure 4: Sensitivity of the IceCube-Gen?2 surface array to the large-scale anisotropy of cosmic rays with 10
years of exposure. Shown are the 30~ and 50 sensitivities to the reconstructed dipole of the anisotropy; the
bands show the amplitude range of a corresponding true dipole scanning in 10° steps over a declination range
of —80° to —80° [10]. For comparison, measurements and limits of other experiments are shown [11-22].
All points have been calibrated from partial-sky to full-sky coverage using a geometric factor that accounts
for each experiment’s field of view [23].

over energy have been tested against model predictions [24, 25], but the availability of the elec-
tromagnetic energy measurement and Xp,x of each shower will enable more thorough tests with
IceCube-Gen2. Moreover, the production of prompt muons can be studied at a different level than
with IceCube. Although IceCube has measured muons up to the PeV energy range [26], these events
typically lack the measurement of the parent air shower because the shower axis misses IceTop due
to its limited size. With the 30-fold increase of the aperture for surface-deep coincident events, this
will fundamentally change with IceCube-Gen2. Because many prompt muons are expected from
proton showers around a PeV of energy and would take a significant fraction of the total shower
energy [27], measuring the parent showers with full efficiency requires a low detection threshold for
the surface array. Next to the veto function, the study of prompt muons has therefore been another
criterion to design the surface array to provide full efficiency for protons above 0.5 PeV.

The simultaneous measurement of X« and the high-energy muon content will also enhance
the accuracy for the mass composition. Moreover, the increased aperture of the surface-deep
coincidences in combination with the per-event mass sensitivity will significantly enhance the field-
of-view to search for mass dependence of the cosmic-ray anisotropies. The increase in statistics
alone will enable to reduce the gap of statistically significant anisotropy measurements: if the size
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Figure 5: Estimated field-of-view (FOV) of IceCube-Gen2 for gamma rays at several PeV, calculated by
the maximum zenith angle for the air-shower axis to intersect both the surface and optical arrays, assuming
glceCube — 34° and #S2 = 60.8°. The exact FOV may be smaller or larger, as it will depend on the criteria
of particular analyses and because the detection efficiency depends on the zenith angle (cf. Fig.3).

of the dipole anisotropy would indeed reach the percent-level above 10’s of PeV, as indicated by
initial measurements which are not statistically significant, then IceCube-Gen2 could provide a
definitive measurement of that anisotropy up to about the energy range of the second knee (see
Fig. 4). The measurement of expected differences of that anisotropy between mass groups can
then provide additional hints to the origin of the highest energy Galactic cosmic rays and the
Galactic-to-extragalactic transition.

4. Searching for PeV Gamma Rays

As the detection efficiency of the surface array will be similar for gamma rays as for protons,
IceCube-Gen2 can also be used as a detector for gamma-rays in the sub-PeV to PeV energy range.
Photon-induced air showers feature significantly less muons than hadronic air showers. In particular,
almost all proton-induced air showers above 10'43 eV contain muons of energy high enough to be
detectable in the optical array, while most gamma-ray induced air showers up to a few PeV of energy
do not. IceCube has already demonstrated that the deep array can be used as a veto to suppress
hadronic cosmic-rays by several orders of magnitude relative to photon-induced air showers [28, 29].
Although methods for gamma-hadron separation have not yet been studied specifically for IceCube-
Gen2, we therefore expect that it will also serve as a gamma-ray observatory above a few 100’s of
TeV.

One of the major drawbacks of IceCube’s searches for photon sources is the limited field-of-
view (FOV). In the past years, LHAASO, an air-shower array in the Northern hemisphere, has
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detected several sources of PeV gamma rays in the Galactic Plane [30]. However, IceCube’s FOV
contains only a small part of the Galactic Plane and with limited exposure, as the shower axis
needs to intersect both the surface and optical array for effective gamma-hadron separation. The
increased range of zenith angles for which those types of intersecting events can be observed with
IceCube-Gen?2 translates into a larger FOV (Fig. 5), containing significant parts of the Galactic
Plane, complementary to LHAASQO’s FOV. Moreover, the aperture for IceCube’s existing FOV will
be significantly increased: by about the factor 8 of increased surface area for vertical events, and
even more for inclined events. Therefore, IceCube-Gen2 will play an important role to determine
which gamma-ray sources in the Southern hemisphere extend to PeV energies. Hence, together
with the observation of Galactic neutrinos [31], also the detection of photons could directly reveal
sources of the highest energy Galactic cosmic rays.

5. Conclusion

IceCube-Gen?2 with its surface array fulfills a need for higher accuracy of air-shower measure-
ments [32] and will contribute to advancing the particle physics and astrophysics of cosmic rays in
the energy range up to a few EeV. In particular, due to the drastically enhanced statistics and addi-
tional radio measurement of the electromagnetic shower energy, IceCube-Gen2 will significantly
enhance IceCube’s capabilities. On the particle physics side, the combined measurement of the air
shower at the surface and the high-energy muon content will provide unique possibilities to study
hadronic interactions in air showers. The same increases in statistics and accuracy for the shower
measurements will also advance the astrophysics of cosmic rays, studying the origin of the highest
energy Galactic cosmic rays and the transition to extragalactic cosmic rays.
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