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Preamble

The vision of IceCube-Gen2 emerged soon after the lceCube Neutrino Observatory reported
the discovery of a cosmic neutrino flux at high energies in 2013. The first conceptual design was
presented as early as 2014 at a meeting in Arlington, VA. Since then, we have optimized the
design and made significant technical improvements. In addition, the emerging radio detection
technology was added to the conceptual design in order to significantly expand the sensitive
energy range of the observatory.

This document presents a preliminary design of lceCube-Gen2. lts purpose is threefold, to de-
fine a) the science case, b) the technical design to meet the science goals, and c¢) the approach
to the construction at the South Pole. These three goals are laid out in three parts.

Part[l} Science and Conceptual Design, presents the scientific goals, and the performance and
sensitivity parameters. It is based on the IceCube-Gen2 science white paper [1].

In Part[ll, Detector and Performance, readers will find the technical design and performance
benchmarks. We present how the technical designs derive from the science requirements for
the various detectors used in the IceCube-Gen2 optical, radio, and surface arrays. We also
offer solutions for data transfer and processing, as well as calibration strategies.

The readers interested in construction will find that information in Part[lll, Detector Construction
and Logistical Support Requirements. We provide a detailed explanation of the challenges of
constructing this next-generation observatory with an instrumented volume almost an order of
magnitude larger than IceCube. The logistics of transporting 10,000 sensors to the South Pole,
drilling 120 holes to 2600 m depth into the most transparent ice, and deploying the surface and
a 500 km? radio array are laid out. They include cargo and population requirements, as well as
high-level information about cost estimation.

The document intends to serve a broad audience for different purposes. The community and
collaboration will find here the authoritative reference. Decision-makers and representatives of
funding agencies will find a complete definition of IceCube-Gen2. Experimentalists working on
other projects may find useful technical approaches in this document.
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Figure 1: Distance horizon at which the universe becomes non-transparent to electromagnetic radiation as a function
of photon energy.

1 Introduction

With the first detection of high-energy neutrinos of extraterrestrial origin in 2013 [2, 3],
also called astrophysical or cosmic neutrinos throughout this document, the lceCube
Neutrino Observatory opened a new window to some of the most extreme regions of
our universe. Neutrinos interact only weakly with matter and therefore escape dense
astrophysical environments that are opaque to electromagnetic radiation. In addition,
at PeV (1 0" eV) energies, extragalactic space becomes opaque to electromagnetic ra-
diation due to the scattering of high-energy photons (y-rays) on the cosmic microwave
background and extragalactic background light (EBL, e.g., [4], see also Figure[{). This
leaves neutrinos as unique messengers to probe the most extreme particle accelera-
tors in the cosmos - the sources of the ultra-high-energy cosmic rays (CR). There, CR
with energies of more than 10% eV are produced, which is 10" times higher than the
particle energy reached in the most powerful terrestrial particle accelerators.

CR produce high-energy neutrinos through the interaction with ambient matter or radia-
tion fields, either in the sources or during propagation in the interstellar and intergalactic
medium. Unlike the charged CR, neutrinos are not deflected by magnetic fields on the
way to the Earth, but point back to their source, thus resolving the long-standing ques-
tion of CR origin(s). The power of this approach was demonstrated by IceCube and its
multi-messenger partners, when a single high-energy neutrino was observed in coinci-
dence with the flaring y-ray blazar TXS 0506+056, identifying what appears to be the
first, known extragalactic source of high-energy CR [5, 6].

IceCube instruments a gigaton of the very deep and clean South Pole ice. It has been
taking data in full configuration since May 2011 with a duty cycle of about 99%. With
one cubic-kilometer instrumented volume, IceCube is more than an order of magnitude
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Figure 2: Artistic image of the IceCube-Gen2 facility. The optical array contains IceCube and a densely instrumented
core installed in the IceCube Upgrade. A surface array covers the footprint of the optical array. The stations of the
giant radio array deployed at shallow depths and the surface extend for several kilometers beyond the optical array.

larger than previous and currently operating neutrino telescopes (Baikal Deep Under-
water Neutrino Telescope [7], ANTARES [8], AMANDA [9]). It has collected neutrino
induced events with up to 10 PeV in energy, corresponding to the highest energy lep-
tons ever observed and opening new scientific avenues not just for astronomy but also
for probing physics beyond the Standard Model of particle physics ([10]). In addition,
its high uptime and low detector noise make it a valuable asset to search for and de-
tect the MeV energy neutrinos from a Galactic supernova, thus providing a high-uptime
alert system for what is expected to be a once-in-a-lifetime event.

So far, the distribution of the arrival directions of astrophysical neutrinos on the sky
indicates a predominantly extragalactic origin with a ~10% contribution from the Milky
Way. Given the limited statistics that IceCube collects at the highest energies, the
identification of steady sources requires a very long integration time and the vast ma-
jority of flaring sources escape detection altogether. Initial associations of high-energy
neutrinos of likely cosmic origin with a blazar and tidal disruption events (TDE), and
most importantly the clear evidence for neutrino emission from the nearby active galaxy
NGC 1068, have been essential first steps. Yet, the sources of the bulk of the cosmic
neutrino flux observed by IceCube remain to be resolved (see Section [1.2] for a more
detailed discussion of the origin of IceCube’s neutrinos). The list of candidates is long;
transients such as supernovae (SNe), neutron star mergers, or low luminosity Gamma
Ray Bursts (GRBs) — or steady sources such as Active Galactic Nuclei (AGN) or star-
burst galaxies — are all very well motivated. With almost a decade of IceCube data
having been analyzed, the need for new, larger instruments with improved sensitivity is
becoming increasingly clear.

With IceCube-Gen2, we propose a detector of sufficient volume to increase the neutrino
collection rate by an order of magnitude. Meanwhile, the KM3NeT and GVD detectors
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under construction in the Mediterranean Sea and in Lake Baikal respectively, target
the size of one cubic kilometer. They will complement IceCube-Gen2 in terms of sky
coverage [11, [12], and will achieve astrophysical neutrino detection rates comparable
to the present IceCube. Elaborate multi-messenger studies that combine information
from other observatories, ranging from ~-rays to radio and also including gravitational
waves, continue to provide opportunities for more associations of high-energy neutrinos
with their sources.

lceCube-Gen2 (Figure |2) will be a unique wide-band neutrino observatory (MeV-EeV)
that employs two complementary detection technologies for neutrinos, optical and ra-
dio, in combination with a surface detector array for CR air showers to exploit the enor-
mous scientific opportunities outlined in this document. The IceCube-Gen2 facility will
integrate the operating IceCube detector together with four new components: (1) an
enlarged in-ice optical array, complemented by (2) a densely instrumented low-energy
core, (3) a high-energy radio array, and (4) a surface CR detector array. Construction
of the low-energy core has already started as part of the lceCube Upgrade project [13]
that is a (smaller) realization of the PINGU concept [14], with completion expected in
2026. Hence, we focus in this document on the science and instrumentation of the
lceCube-Gen2 components for the detection of high-energy (TeV—EeV) neutrinos: the
optical array, including its surface component, and the radio array.

In Section [1] of this document, we review the contributions of lceCube to neutrino as-
tronomy today, formulate the science objectives for IceCube-Gen2 and discuss its role
in the future landscape of observatories relevant for multi-messenger astronomy. We
lay out the science opportunities provided through the IceCube-Gen2 project, as well
as the requirements on the instrument to achieve these science goals in Section |2 A
summary of the conceptual design of the proposed IceCube-Gen2 facility, considera-
tions that led to the choice of this design, as well as the expected performance are
presented in Section 3
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Figure 3: Example event signatures observed by IceCube: a track-like event (left), a shower-like event (middle) and
a simulated double-bang event (right). Each colored sphere marks a DOM that records Cherenkov light. The size of
the spheres represents the amount of light that was observed. The colors indicate the relative detection time of the
photons with respect to each other, starting with red for early photons and progressing to blue for the last photons.

1.1 IceCube and the discovery of high-energy cosmic neutrinos

IlceCube was built between 2004 and 2010, financed by a Major Research Equipment
and Facilities Construction (MREFC) grant from the U.S. National Science Foundation
(NSF) along with contributions from the funding agencies of several countries around
the world. IceCube instruments one cubic kilometer of the deep glacial ice near the
Amundsen-Scott South Pole Station in Antarctica. A total of 5160 digital optical mod-
ules (DOMs), each autonomously operating a 25 cm photomultiplier tube (PMT) in a
glass pressure housing [15], are deployed at depths between 1450 m and 2450 m along
86 cables (“strings”) connecting them to the surface. The glacial ice constitutes both
the interaction medium and support structure for the lceCube array. Cherenkov radia-
tion emitted by secondary charged particles, produced when a neutrino interacts in or
near the active detector volume, carries the information on the neutrino’s energy, direc-
tion, arrival time, and flavor. Digitized waveforms from each DOM provide the record of
the event signature in IceCube, including the arrival time and number of the detected
Cherenkov photons (measured as charge signals in the PMTs).

IceCube records events at a rate of about 3 kHz, with the vast majority being muons
from CR air showers. Only about one in a million events is a neutrino, most of them
produced in the Earth’s atmosphere, also from CR air showers. This yields an un-
precedentedly large sample of neutrinos collected: ~10° yr_l, of which a few hundred
per year are of astrophysical origin. Most of the astrophysical neutrinos can only be
distinguished from their atmospheric counterparts by statistical methods, searching for
excess events, e.g., from point sources. A small fraction, about 10 neutrinos per year,
can be identified individually with high confidence as having an extraterrestrial origin.
The light deposition patterns from the recorded neutrino events fall into three main
event categories. Examples for each category are shown in Figure 3} Track-like events
from the charged-current interaction of muon neutrinos; Cascade-like events from the
charged-current interaction of electron and lower energy tau neutrinos and from neu-
tral current interactions of all neutrino flavors; More complicated event signatures from
very high-energy tau neutrinos, such as the so-called ‘double-bang’ event shown in the
figure, which could be observed in rare cases.

IceCube has collected neutrino-induced events up to at least 10 PeV in energy, cor-
responding to the highest-energy neutrinos ever observed and opening new scien-
tific avenues not just for astronomy but also for probing physics beyond the Standard
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Model of particle physics ([16], see [10] for a review). Evidence for astrophysical neu-
trinos comes from several independent detection channels, including: cascade-like
events [17], events that start inside the instrumented volume [18]; and through-going
tracks [19]. IceCube has also observed two candidates for tau-neutrino events [20] that
are not expected to be produced in the atmosphere through conventional channels.

The observation of a quasi-isotropic diffuse neutrino flux with cosmic origin has reached
a significance that puts it beyond any doubt. A decade of lceCube data taking has
demonstrated the means to study the flavor composition of the cosmic neutrino flux
via independent channels of tracks, cascades, the tau neutrino candidates, and one
observed neutrino candidate at the Glashow resonance of 6.3 PeV [21,,22] (see Section
[2.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much larger
data samples are needed.

1.2 Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of CR
sources through the observation of high-energy neutrinos. To date, the distribution
of high-energy track-like astrophysical neutrinos in the sky is largely consistent with
isotropy, implying that at least a substantial fraction of IceCube’s cosmic neutrinos are
of extragalactic origin. The low number of such high-energy cosmic neutrinos, and the
moderate angular resolution of ~0.5° for track-like events from charged-current muon
neutrino interactions and ~10° for cascade-like events from all flavors of neutrinos,
poses a challenge for the identification of individual neutrino sources. Yet, after over
a decade of IceCube operation, strong evidence has been collected for a variety of
neutrino sources.

The interactions of Galactic CRs with the interstellar gas of the Milky Way are a guar-
anteed source of neutrinos (and gamma rays). The gamma-ray emission from such in-
teractions have been extensively studied by the Fermi LAT [24] and other instruments
up to few hundred GeV. The Tibet AS, collaboration has reported the observation of
diffuse gamma-rays with energies > 100 TeV from our Galaxy [25]. The observations
in gamma rays, combined with CR propagation modeling (e.g., [24} [26]), allow the cre-
ation of reliable predictions for the spatial and spectral distribution of neutrinos in the
TeV energy range, which can then be tested by IceCube. The Galactic contribution to
the astrophysical neutrino flux is predicted to be of O(1 - 10%) above 10 TeV in energy,
depending on the modeled CR propagation scenario.

The region of the Galaxy that is expected to be brightest in neutrinos, is predominantly
located in the Southern hemisphere of the sky. For this reason, and also for the spa-
tially extended nature of the emission, shower-like events have a superior sensitivity
in IceCube compared to track-like events, when searching for TeV neutrino emission
from the Milky Way. An analysis of 10 years of IceCube data with an unprecedented
efficiency for shower-like events from neutrino interactions, has found strong statistical
evidence for diffuse neutrino emission from the Galactic plane. After correcting for trial
factors, a Galactic contribution is favored with 4.5¢ significance over the null-hypothesis
of a purely isotropic distribution of astrophysical neutrinos [23]. Figure |4 shows the all-
sky significance map derived from this analysis and indicates the expected neutrino
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Figure 4: Significance map from a search for neutrino emission using neutrino-induced particle showers. The maps
shows the results of the all-sky scan.The Galactic plane is indicated by a gray line, and the Galactic center as
a dot. Individual warm spots are consistent with background fluctuations, while a dedicated test with a template
for the expected emission of galactic plane yields a 4.5¢ (trial-factor corrected) excess over the background-only
hypothesis. The template is indicated on the lower map that focuses on the sky region around the Galactic plane:
the significance map is compared to the 20% (dashed) and 50% (dashed-dotted) contours of the overall expected
diffuse neutrino emission signal. The angular resolution of IceCube has been accounted for in the contours. Figure
adapted from [23].

emission from the best-fit template. The measurement implies that 9%—13% of the as-
trophysical neutrino flux at 30 TeV is of Galactic origin. The observed neutrino flux is
consistent with the Tibet AS,, gamma-ray observations. Given the limited angular res-
olution of IceCube for shower-type events, both diffuse emission from CR interactions,
and individual Galactic neutrino sources might contribute to the measured Galactic
emission.

The analysis of IceCube data has also delivered important clues about the origin of
the dominant fraction of neutrinos that are of extragalactic origin. There is mounting
evidence, that cores and jets of active galaxies are emitting high-energy neutrinos. An
analysis of 10 years of IceCube data using the latest detector calibration and recon-
struction methods, finds an excess of 4.20 (after correcting for look-elsewhere effects)
for neutrino events from the direction of the nearby Seyfert galaxy NGC 1068 [27]. Fig-
ure 5] shows the observed excess of events from the direction of NGC 1068. Assuming
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Figure 5: Left: Significance map of the sky region around NGC 1068. The point of maximum significance (hot spot)
is marked by a white cross, the red circle shows the position of NGC 1068. In addition, the solid and dashed contours
show the 68% (solid) and 95% (dashed) confidence regions of the hot spot localization. Right: The distribution of the
squared angular distance between NGC 1068 and the reconstructed event direction. Background (orange) and the
signal (blue) are estimated from Monte Carlo simulation assuming the best-fit spectrum at the position of NGC 1068.
The superposition of both components is shown in gray and provides an excellent match to the data (black). Figure
adapted from [27].

a power-law spectrum, the spectral index ~ of the source is fitted to v = 3.2 + 0.3 with

av,fluxat1TeVof (5.0+2.1) X 107" TeV ' em™s™!

For a long time, cores of active galaxies have been speculated to be efficient CR ac-
celerators (see, e.g., [28] for a review). The emission of gamma radiation is considered
to be strongly suppressed in the GeV and TeV band, due to absorption in the photon
fields and gas clouds surrounding the core region. The assumption of strong gamma-
ray absorption is consistent with the best-fit neutrino luminosity of NGC 1068 between
1.5 TeV and 15 TeV that follows from the IceCube observations. It is over an order
of magnitude higher than the observed gamma-ray luminosity between 100 MeV and
100 GeV. Consequently, AGN core emission could dominate the neutrino sky at TeV
energies, even though non-blazar AGNs constitute only a relatively small fraction of
the gamma ray sources and the total emission observed at GeV energies. This is also
supported by a different IceCube study, which searches the data for a signature of cu-
mulative neutrino emission from tens of thousands of AGN cores observed in the IR
and soft X-ray wavebands. In this study an excess of 2.6¢ is found over background
expectations, consistent with a contribution of AGN core neutrinos of more than 27% to
the total observed extragalactic neutrino flux at 100 TeV [29].

The first compelling evidence for a neutrino point source came from the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced -
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Figure 6: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions for
upgoing track events [30} 31] collected in 8 years of lceCube operations (©), the high-energy starting events (HESE)
(tracks ® and cascades @) [18, 32, [33] collected in 6 years, and additional track events published as public alerts
(®) [34] since 2016. Note that the angular resolution for the different event categories varies from <1 deg for high-
quality track events to 210 deg for cascade-type events. The distribution of these samples of events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location of the
first candidate neutrino source, the blazar TXS 0506+056, is marked with a white star. Shown in the inset are the
related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056 around the time
that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [5]. The uncertainty on the
reconstructed arrival direction of IC-170922A is shown for reference.

ray emission state of the blazar TXS 0506+056 [5] (see Figure[6), along with a period of
enhanced neutrino emission from this source in 2014/15 revealed in a dedicated search
in the IceCube archival data [6]. The individual statistical significance of the blazar-
neutrino association and the observed excess in the IceCube data alone is 30 and
3.50 respectively. Additional events of a similar nature are required to allow definitive
conclusions about the production mechanism of neutrinos in blazars. At the same
time, it is becoming increasingly clear that ~-ray blazars can not explain the majority of
astrophysical neutrinos observed by IceCube: the number of observed coincidences is
smaller than expected when compared to the total number of cosmic neutrino events [5,
35]. Further, a comparison of the full set of lceCube neutrinos with a catalog of y-ray
blazars does not produce evidence of a correlation and results in an upper bound of
~30% as the maximum contribution from these blazars to the diffuse astrophysical
neutrino flux below 100 TeV [36]. Accordingly, a blazar population responsible for the
neutrinos would have to be appropriately dim in ~-rays (see, e.g., [37,38]).

Another widely considered candidate source population of extragalactic neutrinos are
~-ray bursts (GRBs). Similar to blazars, the non-detection of neutrinos in spatial and
temporal coincidence with GRBs over many years has placed a strict upper bound of
1% for the maximum contribution from observed GRBs to the diffuse flux observed
by IceCube [41]. In contrast, a larger than expected contribution to the total neutrino
flux might arise from a different class of transients, also related to stellar death. Tidal
Disruption Events (TDEs) are rare transients that occur when stars pass close to super-
massive black holes (SMBHSs) and get ripped apart by tidal forces. Theoretical studies
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Figure 7: Optical (ZTF) and IR (WISE, P200) light curves of AT 2019fdr in relation to the arrival time of the spatially
coincident high-energy neutrino observed by IceCube. The dashed-dotted line corresponds to a simple model of a
dust echo, i.e., delayed emission from dust heated by the initial UV radiation [39]. Figure adapted from [40].

have suggested that TDEs are sources of high-energy neutrinos and cosmic rays [42—
44], including the subset of TDEs with relativistic particle jets [45-48].

The radio-loud TDE AT 2019dsg was identified in spatial coincidence with the high-
energy neutrino alert IC-191001A [49] in a follow-up search conducted by the Zwicky
Transient Facility(ZTF), an optical survey telescope. The p-value for a chance coinci-
dence of such an object with any of the high-energy neutrinos that were followed up
with ZTF observations was determined to be 2 x 10~° [50Q]. This first neutrino-TDE as-
sociation was modeled assuming various emission scenarios (see [51] for a review of
the models), confirming that TDEs are conceivable sources of high-energy neutrinos.

After this initial association of the TDE AT 2019dsg with a high-energy neutrino, a
second, similar event (AT 2019fdr) — classified as a TDE candidate [52] — was ob-
served in coincidence with a high-energy neutrino [40], following the same procedure
as for AT 2019dsg. Observations of a possible dust echo (see Figure[7), combined with
host galaxy information, make it plausible that the two TDE events and the observed
neutrinos have similar physical origin. Observing both coincidences by chance can be
excluded with a significance of around 4o [40].

Source populations in addition to those mentioned above are anticipated to contribute
to the observed cosmic neutrino flux. Starburst galaxies or galaxy clusters are candi-
dates, but no indications for neutrino emission have been observed so far. A stacking
search with over one thousand galaxy clusters constrains the flux of neutrinos from
massive galaxy clusters (M,. = 1014M®) to be no more than 5% of the diffuse Ice-
Cube neutrino flux at 100 TeV [53]. A parallel stacking search with 75 galaxies show-
ing extreme star-formation rates, so called ultra-luminous infrared galaxies (ULIRGs,
Ligp = 1012L®), also does not find any indications for a neutrino flux from such galax-
ies. This constrains their maximal contribution to the diffuse IceCube neutrino flux to
about 10% at 100 TeV, assuming a power-law spectrum with index -2.5 for the neutrino
emission from ULIRGs [54].

Galaxy clusters and star-forming galaxies are usually considered transparent to y-rays
produced in the same hadronic interactions as the neutrinos. In addition to the direct
neutrino flux upper limits from IceCube searches, indirect constraints on the multi-TeV
neutrino flux from such sources exist from the observations of the total extragalactic
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~-ray emission in the GeV band [55] (see Section[1.3), indicating that at least a fraction
of the observed neutrinos needs to arise from source classes that are opaque to the
~-rays produced along with the neutrinos. The evidence from IceCube observations for
neutrino and CR production in blazar jets, AGN cores and TDE is consistent with this
picture.

IceCube has demonstrated that the nature of the neutrino sky is complex, with the
question of the CR sources, as well as how and in which environments CR are acceler-
ated to produce the observed high-energy neutrino flux as yet largely unresolved and
among the most intriguing unknowns in astronomy. IceCube-Gen2, through its larger
size and improved technology (see Section [3.3), is designed to achieve a sensitivity 5
times that of lceCube, bringing within reach the goal of uncovering and disentangling
the prospective populations of sources ([56], see also Section [2.1.2).

1.3 The energy spectrum and flavor composition of cosmic neutrinos

The spectrum and flavor composition of the diffuse cosmic neutrino flux, generated by
all the sources that cannot be resolved, contain important information about the ac-
celeration mechanisms, source environments, and population properties. A combined
analysis of all available IceCube data in 2015 resulted in a spectrum consistent with
an unbroken power law with best-fit spectral index of -2.50 + 0.09 above 25 TeV [57].
Newer measurements of the spectrum in individual detection channels are consistent
with this early measurement. An analysis of cascade-type events of all flavors col-
lected by IceCube between 2010 and 2015 finds a spectral index -2.53 + 0.07 above
16 TeV [17], while the analysis of high-energy muon tracks collected over almost 10
years finds a spectral index of -2.37 + 0.09 above 15 TeV [58] (see Figure [8). The
recent observation of a candidate event from resonant anti-neutrino electron scattering
(Glashow resonance, [21]) with an energy of 6 PeV [22] is also consistent with these
spectral parameters. While no neutrinos have been observed by IceCube with inferred
energies substantially above 10 PeV, searches for ultra-high-energy (UHE) neutrinos
in this energy range have already placed significant constraints [59, 160] on the compo-
sition of UHE cosmic rays, the redshift evolution of their sources (see also discussion
below in this section), and generic astrophysical sources producing such UHE neutri-
nos (e.g., [61}, 162]).

The flavor composition is only beginning to be meaningfully constrained by IceCube
data as shown in Figure[9] So far it is compatible with a standard astrophysical produc-
tion scenario, with neutrinos resulting from decays of pions and muons that have not
been subject to significant previous energy loss. A flavor ratioof v, : v, t v, =1:2:0
at the source is expected for this case. Neutrino oscillations change this into v, : v, :
v, =1:1:1 atEarth [57].

Measurements of the isotropic neutrino flux (¢) are shown in Figure[10] along with the
observed isotropic y-ray background and the UHE cosmic-ray flux. The correspon-
dence among the energy densities (proportional to E2¢) observed in neutrinos, ~y-rays,
and UHE cosmic rays suggests a strong multi-messenger relationship. We highlight
three areas:
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Figure 8: Spectrum of cosmic neutrinos measured in several detection channels [17, [22] (58], The error bars and
limits (68% CL) are obtained from a spectral unfolding of the observed events, the shaded regions from fitting the
observed events with a power-law spectrum. & corresponds to the per-flavor flux assuming a flavor composition of
Veivytvp=1:1:01

A) The multi-TeV range: The simultaneous production of neutral and charged pions
in CR interactions, which decay into v-rays and neutrinos respectively, suggests that
the sources of high-energy neutrinos could also be strong 10 TeV — 10 PeV ~-ray emit-
ters. For extragalactic scenarios, this y-ray emission is not directly observable because
of the strong absorption on extragalactic background photons, resulting in e" e pair
production. High-energy ~-rays initiate electromagnetic cascades of repeated inverse-
Compton scattering and pair production that eventually contribute to the diffuse ~-ray
flux below 100 GeV provided the source environment is transparent to such ~-rays.
This leads to a theoretical constraint on the diffuse neutrino flux from ~-ray transparent
sources [64,165]. The high flux of neutrinos below 100 TeV implied by the measurement
of a spectral index significantly softer than -2.15 indicates that at least some neutrino
sources are opaque to y-rays [66, 67].

B) The PeV universe: Precision measurements of the neutrino flux can test the idea
of cosmic particle unification, in which sub-TeV ~-rays, PeV neutrinos, and UHE cos-
mic rays can be explained simultaneously [68-71]. If the neutrino flux is related to
the sources of UHE cosmic rays, then there is a theoretical upper limit (the dashed
green line in Figure to the neutrino flux [72-74]. UHE cosmic-ray sources can be
embedded in environments that act as “CR reservoirs” where magnetic fields trap CR
with energies far below the highest CR energies. The trapped CR collide with gas
and produce a flux of y-rays and neutrinos at PeV energies. The measured IceCube
flux is consistent with predictions of some of these models [75-77] (see, however, [78]).
The precise characterization of the spectrum and flavor composition beyond the energy
range currently accessible by lceCube goes hand in hand with resolving the sources,
as the combination of the two will provide novel avenues for understanding the most
extreme particle accelerators in the universe.
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Figure 9: Flavor constraints on the cosmic neutrino flux from various analyses of IceCube data. The constraints
from an analysis identifying IceCube’s first tau neutrino candidates [20] is shown as black contours. Constraints
from earlier measurements, a fit encompassing several IceCube datasets [57] and an analysis of the inelasticity
distribution of IceCube high-energy events [63] are shown as shaded regions. They are compared to different
scenarios of neutrino production in astrophysical sources and the full range of possible flavor compositions assuming
Standard Model flavor mixing (gray dotted region)

C) Ultra-high energies (UHE): The attenuation of UHE (E > 10" eV) cosmic rays
through resonant interactions with cosmic microwave background photons is the domi-
nant mechanism for the production of UHE neutrinos during the propagation of the CR
in the universe. This mechanism, first pointed out by Greisen, Zatsepin and Kuzmin
(GZK), would cause a suppression of the UHE cosmic-ray proton flux beyond 5 X
10" GeV [81, 182] and gives rise to a flux of UHE neutrinos [83] that is shown in Fig-
ure[10} but has not yet been detected. The observation of these cosmogenic neutrinos
in addition to the potential direct identification of astrophysical sources or transients pro-
ducing neutrinos at ~EeV energies, or a stringent upper limit on their flux, will provide
information on the cosmological evolution of UHE cosmic-ray sources and restrict the
models of acceleration, spectrum and composition of extragalactic CR (e.g., [64) 83~
101]).

To make significant progress on the above questions a future detector should pro-
vide several times higher neutrino statistics in the PeV range, flavor identification ca-
pabilities, and expand lceCube’s energy range to provide sensitivity for neutrinos with
10" eV (1 EeV) at an energy flux level E°® <10~ GeV's™' cm > sr . Radio detection
techniques are being developed that measure the radio pulses generated in the particle
cascades induced by neutrino interactions in the ice to deliver a cost-effective way to
explore the EeV energy range. The IceCube-Gen2 radio array component is designed
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Figure 11: Range of travel distances and energies for neutrinos of different origin that are used for tests of funda-
mental physics. The IceCube-Gen2 observatory will cover a large range of energies and distances, observing both
atmospheric and cosmic neutrinos, the latter indicated by the blue and red bands.

to provide the necessary sensitivity at EeV energies to study the cosmic neutrino flux
and astrophysical neutrino sources directly connected to the highest energy CRs. The
design of the lceCube-Gen2 optical array component to provide a 5 times higher sen-
sitivity for detecting neutrino sources will increase the rate of detected neutrinos in the
PeV range by a factor 10 compared to IceCube.

1.4 Exploring fundamental physics with high-energy neutrinos

The flux of high-energy atmospheric and very high-energy cosmic neutrinos is invalu-
able, not just for investigations of extreme astronomical sources, but also for probing
fundamental properties of the neutrino itself. Often these probes require the observa-
tion of neutrinos over specific travel distances (baselines) and in specific energy ranges

(e.g., [102,103)).
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The neutrino interaction cross section can be probed indirectly through absorption in
the Earth, which depends on the energy and angle dependent matter column. This
allows us to test Standard Model predictions, and constrain hypothesized beyond Stan-
dard Model (BSM) physics, including new spatial dimensions and leptoquarks [16]. The
flavor composition of the cosmic neutrino flux, predicted to lie in a narrow range for var-
ious source models and standard neutrino oscillations, probes BSM physics and the
structure of space-time itself through propagation effects over cosmic baselines.

Below 100 TeV, the large statistics of atmospheric neutrino events observed by open
water/ice detectors yields sensitivity to anomalous oscillation signatures for which some
of the strongest constraints originate from IceCube data. These include signatures due
to additional sterile neutrinos [104H107], violation of Lorentz Invariance [108], or pre-
viously unobserved neutrino production channels such as forward charm production in
the atmosphere [30]. In addition, neutrinos are favorable messengers to search for sig-
natures from the annihilation or decays of heavy dark matter with masses beyond about
100 TeV [109-111]. Finally, neutrino detectors are excellent instruments to search for
hypothesized exotic particles that would leave distinct traces in the detector, such as
magnetic monopoles or other predicted particles in the extensions of the Standard
Model (e.g., [112,[113]).

The general requirements for future BSM measurements are similar to those for astro-
physics: a much enlarged sample of cosmic neutrinos and an extension of the energy
range beyond 10"® eV. IceCube-Gen2 is ideally positioned to provide both of these
elements through the combination of optical and radio detection methods (see also
Section [2.4). Figure [T1] shows the unique coverage of both the high-energy and cos-
mological baseline domains that IceCube-Gen2 will provide.

1.5 Summary of objectives for a next-generation neutrino observatory

The observations described above provide the broader science motivation for a next
generation neutrino observatory, and have been discussed within the astronomical
community as part of the Astro2020 Decadal Survey. These contributions propose a
diverse set of neutrino research topics to pursue, focusing on neutrino astronomy [56],
fundamental physics with cosmic neutrinos [102], cosmic ray science [114-116], extra-
galactic sources [117-119], Galactic sources [120} [121], multi-messenger studies with
v-rays [122H125] and multi-messenger studies with gravitational waves [126-H128].

The scientific goals can be grouped according to the following topics:

1. Resolving the high-energy neutrino sky from TeV to EeV energies: What are
the sources of high-energy neutrinos detected by IceCube? The IceCube-Gen2
sensitivity should allow identifying realistic candidate source populations.

2. Understanding cosmic particle acceleration through multi-messenger observa-
tions: This involves studying particle acceleration and neutrino emission from a
range of multi-messenger sources (e.g., AGN, GRBs, TDEs, SNe or kilonovae).
Constraints on the physics within these sources can also come from measure-
ments of the spectrum and flavor composition of the astrophysical neutrino flux.
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v lceCube-Gen2 Radio IceCube-Gen2 Optical @® IceCube o IceCube Upgrade
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Figure 12: Top view of the envisioned IceCube-Gen2 Neutrino Observatory facility at the South Pole station, Antarc-
tica. From left to right: The radio array consists of 361 stations (shallow and hybrid) in the reference design. The
optical high-energy array features 120 new strings (shown as orange points) that are spaced 240 m apart and in-
strumented with 80 newly developed optical modules each, over a vertical length of 1.25 km. The total instrumented
volume of the optical detector in this design is 7.9 times larger than the current IceCube detector array (blue points).
On the far right, the layout for the seven IceCube Upgrade strings relative to existing IceCube strings is shown.

3. Revealing the sources and propagation of the highest energy particles in the Milky
Way and the Universe: This includes studying Galactic and extragalactic cosmic-
ray sources and their neutrino emission, cosmic ray interactions in the interstel-
lar medium, the properties of cosmic rays in the galactic-extragalactic transition
region above 100 PeV, as well as the propagation of extragalactic cosmic rays
through the measurement of cosmogenic neutrinos.

4. Probing fundamental physics with high-energy neutrinos and cosmic rays: This
entails studying hadronic interactions in the PeV domain, measuring neutrino
cross sections at energies far beyond the reach of terrestrial particle accelera-
tors, searching for new physics from neutrino flavor mixing over cosmic baselines,
and searching for heavy dark matter particles, monopoles and other particles pre-
dicted by SUSY or theories with extra dimensions.

1.6 The IceCube-Gen2 neutrino telescope

The IceCube-Gen2 facility designed to achieve the goals outlined in the previous sec-
tion will encompass the currently operating lceCube detector, including the 7 new
strings in the center of the IceCube array that are scheduled for a 2025/2026 deploy-
ment in the IceCube Upgrade. Three new components will be added to the existing
detector: an in-ice optical array, a surface air shower array, and an extended radio de-
tector array. Figure[12 presents a top view of the IceCube-Gen2 facility, with its various
components, each utilizing optimized technologies for the targeted energy ranges. The
surface array will be installed on the footprint of the optical array.

The optical array, optimized for the detection of TeV and PeV neutrinos, will feature 120
new strings, each equipped with 80 photosensors that collect 4 times more light than
current lceCube DOMs. These 9600 new photosensors will be distributed along each
string with a vertical spacing of ~17 m at depths ranging from 1.35 km to 2.7 km below
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the surface. The horizontal spacing between strings will be 240 m, about twice the
spacing of IceCube strings. Combined, this leads to an instrumented volume of 7.9 km®
(~1 km® for IceCube), increasing the collection rates of neutrinos interacting inside
the instrumented volume by almost an order of magnitude. The number of through-
going track-like events will increase by a factor of ~4—6 dependent on their direction of
incidencel} Together with an improved directional reconstruction, this will allow to detect
five times fainter point sources with the IceCube-Gen2 optical array than lceCube is
able to.

The entire footprint of the optical array will be covered by a surface array for CR air
showers, consisting of scintillator tiles and radio antennas. The surface array serves
a dual purpose: as an instrument for studying CRs and their interactions, as well as a
veto for the optical array, rejecting particles of atmospheric origin.The scintillator tiles,
deployed with a surface filling factor of 2.5x10~" will achieve an energy threshold of
<500 TeV for CR protons. The atmospheric particle veto acceptance of 8 km?® sris 30
times higher than with IceCube’s current surface array, IceTop. It’s field-of-view will be
20% of the sky, four times the field-of-view of IceTop.

The radio array will target the detection of ultra-high-energy neutrinos in the energy
range from 10 PeV to 100 EeV, where no astrophysical neutrino flux has yet been
observed due to the limited size of IceCube. Two types of stations for the detection of
the radio emission from charged particle showers produced in neutrino interactions are
deployed with a spacing of 1.24 km between individual stations. Hybrid stations with
antennas near the surface and up to 150 m deep in the ice, and shallow stations with
only antennas near the surface complement each other. Together, they form a detector
with a footprint of more than 500 km® and an effective volume of 1.6 x 10° km® sr
(trigger level). Such an enormous volume is necessary to achieve a sensitivity that
allows the detection of the cosmic neutrino flux in this unexplored energy range in a
large number of predicted scenarios.

The science goals and the resulting requirements on the instrument performance that
drive the design of IceCube-Gen2 are laid out in Section [2l More details about the
reference design of the lceCube-Gen2 facility, the individual sensors and the motivation
for various design choices can be found in Section |3} Table [1| summarizes the key
instrument characteristics discussed in this section.

"The number of through-going tracks approximately scales with the projection of the instrumented volume on the
plane perpendicular to the direction of incidence.
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Table 1: Summary of key parameters for the reference design for IceCube-Gen2, in comparison to the existing
IceCube detector and the under-construction IceCube Upgrade. The IceCube-Gen2 facility encompasses both,
IceCube and IceCube Upgrade. The radio array for the detection of ultra-high-energy neutrinos will be a unique
element of IceCube-Gen2, no such array is present in IceCube.

Design parameter | IceCube | IceCube Upgrade | IceCube-Gen2

Optical array

# of strings 86 7 120"

# of optical sensors 5,160 680 9,6004r

String spacing 120 m 22m 240 m'

Instrumented volume 1 km® 0.0024 km® 7.9 km®

Energy threshold 100 GeV 5 GeV 1 Tev?
Surface array

Aperture 0.25 km” sr 8 km” sr

Field-of-view 0.63 sr 2.5sr

Energy threshold (protons) 250 TeV 500 TeV'

Radio array

# of stations 361

Distance between stations 1.24 km

Effective volume (trigger level) 1.6 x 10% km? sr

Energy threshold 10 PeV

t This value refers to the new instrumentation only.

1.7 Global multi-messenger astronomy efforts

Neutrino astronomy is inherently multi-messenger astronomy. As described extensively
in Sections [1.1]and [2] the full picture of the non-thermal universe can be obtained only
through the combination of neutrino observations with measurements of the broad-
band electromagnetic spectrum, gravitational waves and cosmic rays. Fortunately,
IlceCube-Gen2 will not stand alone but be embedded in an ever growing global land-
scape of multi-messenger observatories that is expected to evolve significantly over the
next decades.

In the next few years, two km®-scale Northern Hemisphere neutrino telescopes will
complement IceCube. KM3NeT in the Mediterranean and the Gigaton Volume Detector
(GVD) in Lake Baikal are both currently under construction. Additionally, a water-based
neutrino telescope P-ONE [129] is under development in the Pacific Ocean off the coast
of Canada, aiming to deploy by the end of this decade. After completion, they will
observe the Southern sky with a sensitivity comparable to IceCube’s for the Northern
Hemisphere. Taken together, KM3NeT, GVD, P-ONE, and IceCube will therefore have
full coverage of the neutrino sky from 100 GeV to energies beyond a few PeV.
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The start of IceCube-Gen2 construction is anticipated at a time when KM3NeT and
GVD will likely be fully operational. Hence, the build-up of a global network of large
neutrino observatories follows a staged approach. After obtaining full sky coverage
with the two Northern Hemisphere detectors, IceCube-Gen2 will push for the next level
in neutrino astronomy on both the intensity and energy frontiers, expanding the energy
range of neutrino telescopes to EeV energies, while improving source sensitivity by a
factor of 5, and the source detection volume for transients by a factor of at least 10 (cf.
Section2.1.1).

Once completed, IceCube-Gen2 will be embedded in a network of large-scale obser-
vatories surveying the sky from radio to v-rays, detecting gravitational waves as well as
the highest-energy charged cosmic rays. SKA, a radio telescope with a collective aper-
ture of 1 km* [130], will give an unprecedented view of the radio sky. New near-infrared
sky surveys are scheduled for the next decade by EUCLID [131] and the Roman space
telescope [132], in addition to deep observations by the James Web Space Telescope
(JWST). The Vera C. Rubin observatory [133], an 8.4 m diameter optical telescope, will
perform a deep optical survey of the full sky visible from Chile.

ULTRASAT [134], a UV survey telescope to be launched in the upcoming years will
allow fast follow-up of neutron star mergers, tidal disruption events and flares of active
galaxies. NASA has recently selected two candidate mid-scale explorer class missions,
UVEX [135] and STAR-X [136], one of which will ensure UV survey and follow-up ca-
pabilities for the 2030s. In the domain of X-rays, eROSITA [137] is currently performing
a full sky survey at soft X-rays that is more than an order of magnitude deeper than
previous all-sky surveys. In the next decade, the Advanced Telescope for High Energy
Astrophysics (ATHENA) [138] will dramatically surpass imaging and spectroscopy ca-
pabilities of today’s X-ray telescopes. At high energies, above few tens of GeV, the Che-
renkov Telescope Array (CTA), an international y-ray observatory with both a Southern
and Northern site [139] to be completed within this decade, will give us new insights
into the ~-ray sky. In parallel, AugerPrime [140] will enhance our understanding of the
ultra-high energy CR spectrum and composition.

Technology upgrades of existing gravitational wave detectors such as LIGO [141],
VIRGO [142] and KAGRA [143] will allow the detection and improve the localization
of more and more sources of gravitational waves over the next decade. Scheduled for
launch in 2037, the Laser Interferometer Space Antenna (LISA) [144] will open a win-
dow into a new frequency domain for gravitational wave observations. lceCube-Gen2,
designed for more than a decade of observations, is also expected to work in parallel
to currently planned 3rd generation gravitational wave detectors like the Einstein and
Cosmic Explorer telescopes [145] [146].

As the world’s most sensitive neutrino telescope, and covering an unprecedented wide
range of energies from GeV to EeV, IceCube-Gen2 has a truly unique and essential role
in this new multi-messenger world. The high-energy neutrino sources, transients and
individual neutrino alerts that will be observed by IceCube-Gen2 can be followed-up
across the electromagnetic spectrum with a new generation of telescopes that surpass
the performance of today’s instruments by a large margin. This follow-up will allow to
associate neutrino sources with their electromagnetic and gravitational wave counter-
parts. Conversely, observations of electromagnetic transients and gravitational waves
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can be correlated to the all-sky IceCube-Gen2 observations to measure or constrain
the neutrino flux and ultimately lead to a better understanding of CR acceleration mech-
anisms in these events.
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2 IceCube-Gen2 Science: Exploring the cosmic energy frontier

IceCube-Gen2 is designed to observe the neutrino sky from TeV to EeV energies with
a sensitivity to individual sources at least five times better than IceCube. It will collect
at least ten times more neutrinos per year than IceCube and enable detailed studies of
their distribution on the sky, energy spectrum, and flavor composition, as well as tests
of new physics on cosmic baselines. In this section, we focus on the expected impact
of the IceCube-Gen2 observatory in the young field of neutrino and multi-messenger
astronomy. It is structured according to the four key science objectives defined in Sec-
tion[1.5]: resolving the high-energy sky (Section [2.1), understanding the cosmic particle
acceleration (Section [2.2), revealing the sources and propagation of cosmic rays (Sec-
tion[2.3), and probing fundamental physics with high-energy neutrinos (Section[2.4).

All performance estimates and sensitivities in this section are calculated for the refer-
ence designs of the optical, surface and radio arrays as described in Section |3, They
are based on simulation studies using the IceCube and NuRadioMC simulation soft-
ware frameworks [147,148], which have been adjusted to the geometries and proper-
ties of the proposed IceCube-Gen2 neutrino telescope. Instrument response functions
generated from the simulation data for each individual array, are then the input for the
calculation of analysis level performance metrics for the combined detector with the
toise software package [149].

Unless stated otherwise, the figures show the expected combined performance of the
IceCube-Gen2 radio and optical arrays, including the surface array veto. An obser-
vation time of 10 years is chosen as the baseline for the performance studies, with
the exception of transient phenomena, for which individual observation durations are
chosen, motivated by the expected duration of the transient. The focus of this docu-
ment is the description of the science enabled by high-energy (TeV and above) neu-
trinos. A comprehensive overview of the science case for the study of fundamental
neutrino properties with GeV neutrinos in a densely instrumented core was presented
in [14},150].

2.1 Resolving the high-energy sky from TeV to EeV energies

Neutrinos are the only messengers that can directly reveal the remote sites — beyond
our local universe — where CR are accelerated to PeV and EeV energies. IceCube
has been successful in finding the first evidence for cosmic ray acceleration in active
galaxies and neutrino emission from the Milky Way. However, ultimately, it is not sensi-
tive enough to resolve spectral features of the brightest neutrino sources, or to detect
populations of less luminous sources.

2.1.1 Detection of persistent and transient sources

The proposed IceCube-Gen2 observatory combines an 8 km® array for the detection
of optical Cherenkov light originating from neutrino interactions with a 500 km® radio
array for the detection of ultra-high-energy neutrinos. An angular resolution of 10 ar-
cmin at PeV energies for the optical array and a few degrees above 100 PeV for the
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Figure 13: Visualization of source detection capabilities expected for IceCube-Gen2. Source positions on the sky
and intensities have been selected randomly from an intensity distribution expected for sources with a constant
density in the local universe, and consistent with current lceCube neutrino flux constraints. Shown is the test statistic
value determined in a mock-simulation of track-like events that can be obtained at the source position after 10 years
of operation of IceCube-Gen2. For better visibility, the region around the sources (indicated by white dotted lines)
has been magnified. The position of the Galactic plane is shown as a dashed curve. Below the map, differential
sensitivities for the detection of point sources (50 discovery potential, and sensitivity at 90% CL) are shown for
two selected declinations, at the celestial horizon and at = 30°. Absorption of neutrinos in the Earth limits the
sensitivity at PeV energies and above for higher declinations. The IceCube and IceCube-Gen2 sensitivities are
calculated separately for each decade in energy, assuming a differential flux dN /dE o< E™% in that decade only.
Neutrino fluxes are shown as the per-flavor sum of neutrino plus anti-neutrino flux, assuming an equal flux in all
flavors.

radio array will ensure that individual neutrinos are well localized on the sky and can
be correlated with potential counterparts in the electromagnetic spectrum. This will
enable more sources to be distinguished from diffuse backgrounds. Details about the
instrumentation and performance can be found in Section 3

IlceCube-Gen2 will allow the observation of sources at least five times fainter than those
observable with currently operating detectors. An impression of the neutrino sky that
can be expected in the IceCube-Gen2 era is presented in Figure It shows a test
statistic map obtained from the simulation of the arrival direction of muon neutrinos for
a detector as sensitive as IceCube-Gen2 searching for point sources of neutrinos. The
neutrino flux of the simulated sources has been chosen randomly from a model extra-
galactic source population that has a number density distribution expected of sources
having a uniform density and luminosity in the local universe. The intensity of the
model sources is consistent with current constraints from IceCube observations. Po-
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tential Galactic sources as discussed below in Section have been added. The
differential sensitivity curves in Figure [13|for two selected declinations allow a quanti-
tative evaluation of the source detection potential of lceCube-Gen2. They refer to the
sensitivity of the optical array only, as there are large uncertainties on the sensitivity
of the radio array for long-duration observations of steady neutrino sources due to the
unknown backgrounds at these energies, from, e.g., diffuse astrophysical and cosmo-
genic neutrinos.

IceCube-Gen2 reaches its peak sensitivity in the region around the celestial equator.
Due to the huge atmospheric backgrounds and the increased absorption in the Earth
at high neutrino energies, the sensitivity below 100 TeV is largest for events from the
Northern Hemisphere, while above a few PeV, mainly the southern sky is observed.
Between 100 TeV and 1 PeV the Northern Hemisphere averaged 5¢ discovery potential
for a neutrino energy flux is 1.3 X 107" ergs cm s~ — similar to the energy flux level
the current generation of high-energy and very-high-energy ~-ray telescopes can detect
in the GeV to TeV range.

As v-rays and neutrinos are produced by CRs in the same interaction processes, their
energy fluxes are expected to be similar at production. However, due to absorption of
~-rays in the sources and the intergalactic medium, the photons are reprocessed to the
GeV and TeV bands (or absorbed, in which case the neutrino energy flux could be even
higher than the ~-ray energy flux). Consequently, lceCube-Gen2 will be able to mea-
sure or constrain CR acceleration processes for thousands of known ~-ray sources,
as well as searching for cosmic accelerators opaque to high-energy electromagnetic
radiation.

Short, second-to-day-scale transients like GRBs, compact object mergers, or core-
collapse supernovae (CCSN) explosions are different from persistent sources. Back-
grounds from diffuse neutrinos, air showers, thermal and anthropogenic noise are usu-
ally negligible when searching for a short burst of neutrinos; therefore, the sensitivity
scales differently with effective area, volume, and angular resolution than for persistent
sources.

An important performance measure for transient events is the volume within the uni-
verse in which they can be observed. Figure (14| shows the observable volume of the
universe for lceCube-Gen2 in comé)arison to IceCube for a generic 100 s burst with
equivalent isotropic emission of 10° erg in neutrinos as a function of energy. An order-
of-magnitude increase in observable volume is expected for energies up to 10 PeV
compared to IceCube, while at energies above 100 PeV the radio array will allow for
the first time the observation of a relevant portion of the universe.

2.1.2 Detectability of source populations

IceCube performed the first step towards identifying the sources of astrophysical neutri-
nos by associating high-energy neutrinos with the highly luminous blazar TXS 0506+056,
as well as with the nearby active galaxy NGC 1068. IceCube’s capability of identify-
ing sources is limited to high-luminosity neutrino sources that have a low density in
the local universe, such as blazars, and neutrino transients with a low rate, such as
GRBs. Accordingly, IceCube has set stringent constraints on the contribution of these
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Figure 14: Left: Maximum distance at which a persistent source with a luminosity of L,, =10% ergcm
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detected by IceCube-Gen2 if it is observed for 10 years as a function of the source declination for different energy
bands (upper panel). The lower panel shows the maximum detection distance for a generic transient with a total
energy of E, =10’ erg and an assumed duration of 100 s. Right: Source detection volume derived from the
maximum distance as a function of energy. The improvement relative to IceCube is given for each energy band.
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Figure 15: Left: Comparison of the effective local density and luminosity density of extragalactic neutrino source
populations to the discovery potential of IceCube and IceCube-Gen2. We indicate several candidate populations
by the required neutrino luminosity density to account for the full diffuse flux [68] (see also [151]). The orange
band indicates the luminosity / density range that is compatible with the total observed diffuse neutrino flux. The
lower (upper) edge of the band assumes rapid (no) redshift evolution. The lines indicate the parameter space
(above the lines) for which IceCube and IceCube-Gen2 are able to discover one or more sources of the population
(E2¢m+f/u =107"% TeV cm® s™" in the Northern Hemisphere [152]). Right: The same comparison for transient
neutrino sources parametrized by their local rate density [153]. The discovery potential for the closest source is
based on 10 years of livetime (EQFL,W,;“ = 0.1 GeV cm™* in the Northern Hemisphere [154]). Only the IceCube-
Gen2 optical array has been considered for this figure.

two source populations to the observed cosmic neutrino flux (cf. Section and ref-
erences therein), thus establishing that rather lower-luminosity / higher-density popula-
tions must be responsible for the bulk of cosmic neutrinos. Even the brightest sources
of such populations are still below or at the detection threshold of IceCube, and the
populations can only be firmly identified with a more sensitive instrument. NGC 1068,
a non-blazar AGN, observed at the detection threshold of IceCube is an excellent ex-
ample for the brightest source of such a population.

Figure compares the identification capabilities of lceCube and lceCube-Gen2 for
the most common neutrino source and transient candidates. If sources like radio-
quiet AGN, such as NGC 1068, and/or low-luminosity AGN, galaxy clusters, starburst
galaxies, or transients like CCSNe produce the majority of cosmic neutrinos, they can
be firmly identified only with a detector with a five times better sensitivity than cur-
rently available such as IceCube-Gen2. In combination with correlation or stacking
searches, IceCube-Gen2 can identify a cumulative signal from populations where the
closest sources have more than an order of magnitude fainter neutrino fluxes than point
sources detectable by IceCube. So their signal remains in reach, even if several of the
candidate populations contribute similar fractions to the total observed neutrino flux.
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Figure 16: 50 discovery potential of IceCube-Gen2 for a flux of muon neutrinos in relation to observations of the
Blazar TXS0506+056. The black and blue curves correspond to 100 days and 10 years of observations and indicate
the sensitivity for neutrino flares and the time-averaged neutrino emission, respectively. The best-fit muon neutrino
flux during the 2014-2015 activity period for TXS 0506+056 [6] is shown as a green band, while the green markers
show the average ~v-ray flux of TXS 0506+056 between 2008 to 2018 observed by Fermi LAT [35]. The orange
curve corresponds to the predicted neutrino flux from modeling the multi-messenger emission during the flare period
in [155].

2.2 Understanding cosmic particle acceleration through multi-messenger
observations

Multi-messenger astronomy, the combination of astrophysical observations in CR, neu-
trinos, photons, and gravitational waves, provides powerful opportunities to identify the
physical processes driving the high-energy universe. Astrophysical neutrinos can pro-
vide an unobstructed view deep into the processes powering cosmic accelerators. Un-
like their counterparts in photons and charged CR, their small interaction cross section
and absence of electric charge allow neutrinos to travel the cosmological distances
necessary to reach Earth from their sources without absorption or deflection. High-
energy astrophysical neutrinos are a smoking-gun signal of hadronic interactions, and
will point the way to the sources of the high-energy CR.

2.2.1 Probing particle acceleration in active galaxies

The electromagnetic emission from the high-energy extragalactic sky is dominated by
blazars, a subclass of radio-loud active galactic nuclei (AGN) powered by supermas-
sive black holes that display relativistic jets, with one jet pointed near the line of sight
of the Earth. The high-energy photon emission from blazars could be explained by
the decay of neutral pions from energetic hadronic interactions. Given the extreme lu-
minosity and the potential hadronic origin of their high-energy emission, blazars (and
more generally, AGN) have long been believed to be sources of neutrinos and CR [156-
158]. Indeed, the observations of high-energy neutrinos from the direction of the blazar
TXS 0506+056 [5] (cf. Section with IceCube provided strong evidence for a sce-
nario in which CR are accelerated in AGN jets. However, much remains unknown about
blazar physics that further observations with neutrinos could help answer, such as the
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location of the CR acceleration region in the jet, and the underlying mechanisms driving
this acceleration (see, e.g., [159] for a recent review on modeling particle acceleration
and multi-messenger emission in blazars).

The larger astrophysical neutrino samples provided by IceCube-Gen2 will enable defini-
tive detection of multiple neutrino flares from a population of blazars. For a TXS
0506+056-type flare with the same best-fit spectral and temporal characteristics as the
one identified in 2014—-2015, 38 muon-neutrino events would be expected by IceCube-
Gen2, compared to the 1315 events identified in IceCube. As shown in Figures
and (left), the improvement in sensitivity would result in a > 50 significance de-
tection of such a flare. A time-averaged or quiescent phase neutrino emission could
be detected in 10 years of IceCube-Gen2 if its power is 2 10% of the average ~-ray
emission observed by Fermi LAT. Other blazars usually suggested as neutrino sources,
such as Markarian 421 or 1ES 1959+650 [160Q] will also be within the sensitivity of the
IceCube-Gen2 detector during extended flares. Figure [17| (left) demonstrates the im-
provements for flare detections expected with IceCube-Gen2. Using again the flux and
spectral index of the TXS 0506+056 flare as a template the significance of the detec-
tion as a function of the duration of such a flare is shown (the flux is assumed constant
during the duration of the flare, i.e., the neutrino fluence increases with flare duration).
While the modeled flare would need to last for 220 days to be detected with lceCube at
50 significance, lceCube-Gen2 can already detect the modeled flare if it lasts only 36
days. Hence, IceCube-Gen2 is sensitive to neutrino flares with 6 times lower fluence
than IceCube, greatly increasing the range of potentially observable medium term tran-
sients.

The blazar detections provided by IceCube-Gen2 will allow the characterization of the
neutrino spectrum, and therefore the nature and maximum energy of the particles being
accelerated at the source. The detections will also help in determining CR acceleration
efficiency for the various sub-classes of blazars. Multi-messenger observations can be
used to constrain the spectrum and density of the target photon population involved in
the pv interactions that produce the neutrino emission, the contribution from EM cas-
cading to the observed blazar emission, the structure and Doppler factor of the jet, and
other physical parameters [155,[161-164]. As illustrated in these models, electromag-
netic broadband observations that are simultaneous with the neutrino detections are
crucial in understanding the hadronic emission process. In particular, X-ray and ~-ray
observations will be the most sensitive probes for these types of correlated studies.

While the highest-energy neutrinos might originate in the jets of AGNs and be observ-
able predominantly from blazars, a substantial fraction of the observed sub-PeV and
PeV neutrinos could be emitted from the AGN core regions, outside the jets [168-170].
The recent observations of lceCube support such a scenario, finding evidence for neu-
trino emission from the nearby Seyfert galaxy NGC 1068 [27], as well as an excess of
events with respect to an isotropic background of atmospheric and astrophysical neu-
trinos in a search for a cumulative signal from tens of thousands of AGNs [29]. Strong
thermal radiation fields can turn the cores opaque to GeV ~ rays, thus explaining why
the extragalactic TeV neutrino flux is inconsistent with an expectation based on the
extragalactic GeV ~v-ray flux assuming transparent sources [66].
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Figure 17: Left: Discovery potential of IceCube and IceCube-Genz2 for neutrino flares similar to the one observed for
TXS0506+056 in 2014/15 which lasted 158 days. Shown is the projected significance of the observation as a func-
tion of the flare duration. The flux and spectral index of the assumed flare are the ones observed for TXS0506+056
(see Figure and assumed constant within the flare duration, i.e., the neutrino fluence increases with flare du-
ration. Green dotted lines mark the 50 discovery threshold, as well as the lower threshold for sending alerts to
partner telescopes for follow-up observations. Right: Significance of the observations of NGC 1068 as a function of
observation time for IceCube and IceCube-Gen2, assuming the best-fit neutrino flux derived in [27].

IlceCube-Gen2 will allow to firmly discover the brightest AGNs on the neutrino sky. Fig-
ure (right side) shows the expected significance as a function of observation time
for NGC 1068. A detection at 100 significance is expected after 10 years, allowing
a precise measurement of the spectral shape of the neutrino emission that is key to
understanding the acceleration processes in the source. Figure [18|shows the differen-
tial sensitivity of IceCube-Gen2 in relation to the spectrum of NGC 1068 inferred from
the IceCube data, a model of the neutrino emission, and observations of the source in
gamma rays, underlining the strong gain in sensitivity with IceCube-Gen2 even for soft
spectrum sources. In addition to the direct observations, precise spectrum and flavor
ratio measurements (see Section of the diffuse flux will support the study of the
acceleration processes and environmental conditions in AGN cores and/or jets.

2.2.2 Cosmic-ray production in tidal disruption events

Another proposed transient source of high-energy CR and neutrinos is the tidal disrup-
tion of stars by supermassive black holes [171-174]. Such TDEs occur when a star is
disintegrated by strong gravitational forces as it spirals towards the black hole. TDEs
have been detected across a range of wavelengths, and, in some cases, have been
observed to launch relativistic particle jets.

Observations of the first coincidences between TDE and high-energy neutrinos open
a great perspective for lceCube-Gen2. Figure shows the expected rate of asso-
ciations between neutrinos and TDEs for IceCube-Gen2, based on current IceCube
observations. In combination with the much deeper survey depth that next-generation
optical survey telescopes will provide one can expect O(10) coincidences per year. The
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Figure 18: 50 discovery potential of lceCube-Gen2 for a flux of muon neutrinos in relation to observations of the
nearby galaxy NGC 1068. The best-fit muon neutrino flux observed by IceCube in the energy range between 1.5 TeV
and 15 TeV with a significance of 4.2¢ [27] is shown as a green band, while the green markers show the Fermi LAT
observation of the ~-ray flux of NGC 1068 [165] and flux upper limits from the non-detection of the source with
the MAGIC telescope array [166]. The orange curve corresponds to the predicted neutrino flux from modeling the
multi-messenger emission in [167].

neutrinos probe the regions in the TDE that are inaccessible with electromagnetic ra-
diation and will allow to, e.g., unveil shocks created in jets or the corona or soft X-ray
photon seed fields from the forming accretion disk. With just two ingredients, a star
and a SMBH, TDEs provide unique conditions to answer questions about key ingredi-
ents and mechanisms for particle acceleration related to accretion onto super-massive
black holes. By combining multi-wavelength and neutrino data we will also be able to
determine the relation of TDE to other neutrino emitting populations, the redshift and
luminosity function of neutrino emitting TDE, and the yield and maximum energy of
cosmic rays produced in them.

2.2.3 Neutrinos from gamma-ray bursts and core-collapse supernovae

GRBs, either short (lasting <2 s) or long, have been suggested as sources of the UHE
cosmic rays and high-energy neutrinos [182, [183]; a prediction usually designated as
the fireball model and later revised by, e.g., [184]. An alternative sub-photospheric dis-
sipation mechanism for GRBs that also results in neutrino emission has also been pro-
posed [185-187]. Long GRBs (lasting >2 s) are associated with CCSNe that develop
relativistic jets and short GRBs are associated with the mergers of compact objects
— two neutron stars (NS-NS) and/or a neutron star and a black hole (NS-BH) — that
also develop these jets. IceCube has studied 1,172 GRBs and has not found coinci-
dent neutrino emission [176]. This implies that GRBs contribute no more than ~1% of
the diffuse neutrino flux [188]. Furthermore, in a wide range of scenarios, GRBs are
constrained as a source of UHE cosmic rays [177]. Low-luminosity GRBs are potential
neutrino and UHE cosmic-ray sources and could contribute significantly to the cosmic
neutrino flux [189-191]. IceCube-Gen2 will be able to probe the remaining viable sce-
narios for neutrino production by GRBs of all types. Figure 20| shows the current best
upper limits of IceCube and the expected sensitivity for lceCube-Gen2 for the diffuse
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Figure 19: Rate of associations of high-energy neutrinos to TDEs expected from multi-messenger observations
with IceCube and IceCube-Gen2. The redshift evolution of TDEs from [175] is used in the calculation, spurious
coincidences are marked by thin gray lines. The respective survey depths for the observations of TDEs by ZTF and
the Vera C. Rubin observatory are indicated.

flux from GRBs considering 1000-5000 GRBs (assuming 667 bursts/year). This can be
compared to three models that assume UHE cosmic rays are produced by GRBs [177]).

Low-luminosity GRBs and relativistic SNe might feature "choked” jets, where the rela-
tivistic jet fails to penetrate the progenitor star, and therefore no detectable gamma-ray
signal is present. Such jets would provide a unified picture of GRBs and SNe [192,[193].
This scenario could be physically probed by the detection of high-energy neutrinos in
coincidence with SNe containing relativistic jets [194], [195]. The neutrino emission is
expected in a relatively short time window (~100 s) after core-collapse. Thus, this sce-
nario predicts a high-energy neutrino signal followed by the appearance of a CCSN.

Two complementary search strategies have been applied to identify neutrino emission
from CCSNe with IceCube. First, the high-energy neutrino alerts released by IceCube’s
realtime program [196] are followed up with optical instruments to search for potential
optical counterparts of the signatures described above. Second, a catalog of optically
detected CCSNe, from instruments such as the All-Sky Automated Survey for Super-
novae (ASAS-SN) and the Zwicky Transient Facility (ZTF) [197,/198], has been used to
search for the combined neutrino signal from the entire source populations [199].

IlceCube-Gen2 will yield about 5 times more alerts from high-energy track-like neutrino
events with improved angular resolution than IceCube. The increased pointing accu-
racy will reduce the fraction of alerts due to chance coincidences between neutrinos
and causally unconnected optical transients. Up to 6 coincident detections of high-
energy neutrinos and CCSNe can be expected per year from sources with a redshift
below z = 0.15. High-cadence all-sky observations performed by new survey facilities,
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Figure 20: Upper limits from IceCube (rescaled to one energy bin per decade from [176]) and sensitivity of IceCube-
Gen2 to the diffuse neutrino flux from GRB. Also shown are three scenarios from [177] in which GRBs produce the
UHE cosmic rays (see also [178-181]).

such as ZTF [198] and the Vera C. Rubin Observatory [133] will reduce the uncertainty
for resolving the SN explosion time from the current ~30 day window to ~3 days, further
reducing the chance coincidence background rate.

2.2.4 Multi-messenger sources of high-energy neutrinos and gravitational waves

LIGO [200] and VIRGO [201] have revolutionized multi-messenger astrophysics with
their detection of gravitational waves. The most spectacular observations to date were
the joint detections of GW170817 and GRB170817A by LIGO/VIRGO and Fermi-GBM
respectively, which confirmed the association of the merger of binary neutron stars with
short GRBs. Interestingly, GRB170817A was probably seen off-axis with respect to the
relativistic jet. As already discussed, NS-NS and NS-BH mergers are expected to be
neutrino sources. The most promising emission scenario from short GRBs is related
to their extended emission observed in ~v-rays and X-rays that can last up to several
hundred seconds [202]. The expected high-energy neutrino emission from neutron
star mergers may be higher than inferred from ~-ray observations if the production sites
are partially or fully opaque to y-rays. This can be the case for neutron-star mergers
where the dynamical/wind ejecta that produce kilonova emission absorb some of the
~v-rays [203], or for core-collapse events where the stellar envelope allows neutrinos to
escape but blocks y-rays [192,193,204]. Within a few years, GW from NS-NS mergers
will be detectable out to ~330 Mpc [205], with a detection rate of 2.3-71 yr_1 [206]. A
study of neutrinos in coincidence with GW events complements studies of neutrinos
in coincidence with GRBs observed by satellites because the observational biases are
different. Compact binary mergers observed with GW may well be relatively dim in
~-rays, but they would be closer to Earth, potentially favoring neutrino detection. A
Galactic core-collapse supernova is certain to be a source of MeV neutrinos and is
also speculated to be a source of GW and TeV neutrinos.
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Figure 21: Upper limits (at 90% CL) from various instruments on the neutrino spectral fluence from GW170817
during a + 500 s window centered on the gravitational wave (GW) trigger time. For comparison, the sensitivity of
IceCube-Gen2 (at 90% CL) to an event at a similar position on the sky (solid black line) is presented. Also shown are
several predictions by neutrino emission models [216] scaled to a distance of 40 Mpc. Separate curves are displayed
for different components of the emission (prompt and extended (EE)), and observation angles relative to the jet axis.
See [209] for details. Limits and sensitivities are calculated separately for each energy decade, assuming a spectral
fluence F(FE) o< E~?in that decade only. All fluences are shown as the per-flavor sum of neutrino and anti-neutrino
fluence, assuming equal fluence in all flavors, as expected for standard neutrino oscillation parameters. Figure
adapted from [209].

IceCube and other neutrino detectors such as ANTARES and the Pierre Auger Ob-
servatory have searched for neutrino emission in a time window of + 500 s [207-
213]). Starting on November 2016, lceCube began conducting GW-neutrino coincident
searches in near-real time [208, 214, 215]. A successful low-latency search for a high-
energy GW-coincident neutrino counterpart would enable the well-localized neutrinos
to reduce the sky area to be surveyed by electromagnetic telescopes in the follow-up
of a GW observation.

IlceCube-Gen2 will be able to probe a range of neutrino production scenarios in gravita-
tional wave sources that IceCube is insensitive to, and provide regular multi-messenger
detections for some of the (more optimistic) emission channels [203, 216]. It will be
particularly interesting to observe ‘gamma-dark’ high-energy transients where gravita-
tional waves and neutrinos are the only messengers to escape (e.g., [204]). In Fig-
ures [21] we show high-energy neutrino observational constraints for the NS-NS
merger GW170817, obtained by IceCube, ANTARES and the Pierre Auger Observa-
tory. We also show the results scaled to IceCube-Gen2’s sensitivity — an improvement
of over an order of magnitude with respect to IceCube. The observation of sources
similar to GW170817 during lceCube-Gen2 operation will enable us to probe a broader
range of models (e.g. the “moderate" model in [202]) and determine the model param-
eters.
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Figure 22: Upper limits (at 90% CL) from various instruments on the neutrino spectral fluence from GW170817
during a 14 day window following the gravitational wave (GW) trigger time [209] . For comparison, we show the
sensitivity of IceCube-Gen2 (at 90% CL) for such a time window at the celestial horizon (§ = 0°) and at a declination
of § = —30°. Also shown are predictions of the neutrino emission model in [203] for an event at 10 Mpc distance,
,and scaled to a distance of 40 Mpc, the distance of GW170817. Limits and sensitivities are calculated separately
for each energy decade, assuming a spectral fluence F(E) o E™% in that decade only. All fluences are shown
as the per-flavor sum of neutrino and anti-neutrino fluence, assuming equal fluence in all flavors, as expected for
standard neutrino oscillation parameters.

KAGRA [143] started operations in 2020. Substantial development for gravitational
wave detectors such as LIGO A+ [217] and Voyager, with gravitational wave sensitiv-
ity range extending up to 1100 Mpc [218], will further increase the detection rate by
an order of magnitude. lceCube-Gen2 will be operated in parallel to next generation
gravitational wave observatories on the ground (Einstein Telescope [145], Cosmic Ex-
plorer [146]) and in space (LISA [144]).

2.2.5 Low-energy neutrinos from core-collapse supernovae

Neutrinos play a major, though not completely understood, role in core-collapse su-
pernovae. In a CCSN, it is estimated that ~99% of the gravitational binding energy of
the stellar remnant is converted to O(10 MeV) neutrinos during the core collapse and
its aftermath [219]. Core-collapse models also suggest that neutrino-driven heating is
crucial to reviving the supernova shock and producing an explosion [220-222].

lceCube-Gen2 will observe CCSN neutrinos via a collective increase in the hit rates in
its optical modules during an O(10 s) neutrino burst. While the detector cannot recon-
struct individual supernova neutrino events, it is highly sensitive to temporal features in
the accretion and cooling phases of the explosion [224, 227]. For CCSN detection, the
design of IceCube-Gen2 yields two significant improvements over the current IceCube
detector. First, since the hits from CCSN neutrinos are produced by 7, interactions in
the immediate vicinity of the optical modules [224], the increase in total photocathode
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Figure 23: Projected sensitivity to a burst of MeV neutrinos from a nearby CCSN as a function of progenitor distance,
assuming a 27 M, progenitor [223]. The sensitivities of IceCube (black points) and Gen2+IceCube (red dashed line)
are displayed as the projected detection significance in units of o, and assume CCSN neutrinos are detected as a
correlated increase in PMT hit rates above background [224]. The IceCube Upgrade (blue dotted line) and IceCube-
Gen2 (red dotted line) sensitivities are based on an additional coincidence cut that requires > 6 coincident hits per
multi-PMT optical module [225]. The coincidence cut provides a substantial gain in sensitivity due to a corresponding
reduction in contamination from background hits. The gray histogram indicates the normalized progenitor density as
a function of distance from Earth [226], including stars in the Milky Way, LMC and SMC.

area will produce a corresponding increase in the recorded CCSN hit rate. Second,
the multi-PMT design of the IceCube-Gen2 optical modules will substantially reduce
the rate of accidental coincidences from background hits and improve the sensitivity to
CCSN neutrinos.

The projected neutrino flux from a supernova can easily vary by an order of magnitude
or more [228-230], with predictions affected by astrophysical uncertainties such as
the mass and equation of state of the stellar progenitor [231-233], the distance to
the progenitor [224) [234], and the details of supernova simulation codes. Thus, high
statistics are crucial to assure sensitivity to a broad range of models and distances.
Thanks to its effective volume, IceCube-Gen2 will identify CCSN neutrinos from the
Milky Way and the Magellanic clouds at >> 50 regardless of the details of the explosion
(Fig. [23). Moreover, coincident DOM hits in IceCube-Gen2 will improve constraints
on the shape of the SN neutrino spectrum by a factor of five compared to the current
detector design [225, 235].

The next Galactic supernova will produce copious amounts of electromagnetic radia-
tion, neutrinos, and gravitational waves, providing a unique opportunity for multimes-
senger observations [236-238]. Phenomena such as standing accretion shock in-
stabililities [239-242] and the rotational modes of rapidly rotating protoneutron stars
[243, 244] can produce gravitational waves and imprint temporal oscillations in the
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neutrino flux that would be easily observed with IceCube-Gen2. With an annual up-
time >99%, IceCube-Gen2 will be a keystone of the SuperNova Early Warning System
[245, [246], a global detector network searching for nearby CCSNe. By identifying the
onset of the CCSN neutrino burst with an absolute uncertainty of <0.1 ms, triangula-
tion using lceCube-Gen2 and other detectors would enable <10° localization for optical
follow-up [247H249]. If the core collapse results in the creation of a black hole, the sharp
temporal cutoff in neutrino emission will provide even better localization for subsequent
identification of the progenitor.

Beyond neutrino and GW astrophysics, CCSNe observations with lceCube-Gen2 would
produce key insights into fundamental neutrino physics. Standard MSW mixing in the
dense material of a supernova efficiently converts neutrinos into definite mass eigen-
states. The final states depend on the mass hierarchy [250, [251], so a CCSN signal in
IceCube-Gen2 has excellent discrimination power between normal and inverted mass
ordering [224]. Supernova neutrinos also probe unique oscillation effects that occur
only at extreme densities and energies not accessible in the laboratory, such as collec-
tive oscillations from neutrino self-coupling [252, 253].

Finally, CCSN neutrinos will probe extreme nuclear states and physics beyond the
Standard Model [254]. In the interior of the protoneutron star, “pasta-like” structures
of nucleons may significantly increase neutrino scattering [241, 255-257]. The in-
creased opacity would produce a corresponding increase in the timescale of neutrino
cooling and lengthen the cooling tail well beyond 10 s. The improved backgroud re-
jection capability of IceCube-Gen2 will be key to exploring this scenario. Beyond the
Standard Model searches for axions and axion-like particles (ALPS) will also be read-
ily accessible to lceCube-Gen2. Axions compete with neutrinos to cool the explosion,
reducing neutrino emission in the cooling tail [241], 258-H265]. IceCube-Gen2 can con-
duct “neutrino disappearance” searches that are sensitive to axion production [266]
and are complementary to gamma-ray appearance searches [267-270]. Searches for
sterile neutrinos, even for very small active-sterile mixing angles, are possible due to
MSW resonances in a supernova which dramatically enhance sterile neutrino produc-
tion [271],[272]. IceCube-Gen2 is sensitive via 7, disappearance; it can also contribute
to multimessenger detection of excess gamma rays and daughter 7, events in the neu-
trino flux [273, 274].

2.2.6 Spectrum and flavor composition of the astrophysical neutrino flux

Given our current limited understanding of the sources of the cosmic neutrino and the
UHE cosmic-ray flux, the processes and environments that lead to such dramatic accel-
eration of particles remain speculative. However, some key properties of these sources
are imprinted upon the observed diffuse flux of astrophysical neutrinos detected by Ice-
Cube. The examination of the neutrino spectrum and flavor composition of this signal,
in addition to comparisons to signals observed in high-energy ~-rays and CR, can thus
be used to elucidate the acceleration mechanisms at work and the environments where
the neutrinos are created.

A measurement of the astrophysical neutrino energy spectrum from IceCube along with
a projection for lceCube-Gen2 are shown in Figure Currently, the extrapolation of
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the neutrino spectrum observed by IceCube up to about 10 PeV, to the energy range
of the extragalactic CR with energies of tens of EeV, is not sufficiently precise to firmly
establish a link between the two. The unprecedented sensitivity from the combination
of optical and radio-detection methods in IceCube-Gen2 will close this gap in energy,
allowing us to probe the neutrino energy spectrum with significantly better precision up
to energies three orders of magnitude higher than IceCube.

A precise measurement of the spectrum and composition of the diffuse flux of astro-
physical neutrinos reveals details about the environment in which CR are accelerated
and neutrinos produced. The environment can have significant impact on the spectrum
and flavor composition of extraterrestrial neutrinos [275-277], as the presence of suf-
ficiently strong magnetic fields leads to a damping of muons and thus suppression of
the flux of electron neutrinos above a critical energy. Interestingly, environments allow-
ing for very efficient acceleration would have the opposite effect [278, 279]. Currently,
the constraints derived from IceCube data [57, 63, [280] indicate consistency with the
benchmark prediction from complete pion decay of v, : v, : v. = 1 : 2 : 0 which
is transformed to approximately 1:1:1 by neutrino oscillations over astronomical dis-
tances [281]. While the IceCube constraints are sufficiently strong to rule out that the
neutrinos are produced via neutron decay, they are insufficient to probe muon-damping
scenarios [57,282].

The diffuse astrophysical neutrino spectrum, measured by IceCube-Gen2 over an un-
precedented energy range, can be compared to the extragalactic CR spectrum and
composition to firmly establish the connection between the two messengers. Matching
spectra would imply that the neutrino sources identified by IceCube-Gen2 also repre-
sent the dominant sources of the extragalactic CR.

Moreover, the large samples of neutrinos of all flavors in IceCube-Gen2 will allow us to
observe the energy dependence of the flavor ratio over a large energy range, as shown
in Figure [25] The sensitivity to detect a changing flavor composition as a function of
neutrino energy will allow to distinguish different acceleration scenarios and source
environments expected within GRBs, AGN cores, or AGN jets [275].

The unique interaction and decay signatures generated by high-energy tau neutrinos
interacting within IceCube’s instrumented volume allow for additional handles on the
flavor composition of the astrophysical neutrino flux. The primary method of identifying
tau neutrinos is to search for high-energy charged-current events with a "double-bang"
structure of two nearby cascades, the first one due to the hadronic shower at the inter-
action vertex and the second one due to the decay of the tau lepton. The density of
instrumentation in the IceCube detector limits the rate of observable v events since the
distance between the two cascades is most often much smaller than the distance be-
tween two DOMs. So far, only two candidate events could be identified [284]. The mea-
surement of the v fraction plays an important role in constraining source physics and in
ruling out/discovering beyond the Standard Model physics, should the observed fraction
be outside of the range expected by standard oscillations. Even though IceCube-Gen2
will be sparsely instrumented, the increase in detector volume will result in an increase
of the annual rate of identified tau neutrinos, leading to stronger constraints on the fla-
vor ratio. Studies extrapolating the recent identification of high-energy . candidates to
IceCube-Gen2 show that above an energy of 300 TeV, the yearly rate of identified tau
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Figure 24: Projections of the sensitivity and precision for the measurement of the diffuse astrophysical neutrino spec-
trum. For comparison, the current IceCube measurements from high-energy cascades ([17], squares), tracks ([58],
circles), a Glashow resonance event ([22], +), and a search for EHE events ([60], line with arrows) are shown in
gray. The predicted unfolded diffuse spectrum assuming 10 years of IceCube-Gen2 data is shown in blue with error
bands representing 68% confidence intervals up to 10 PeV. The upper panel assumes a single power law model
with a spectral index of -2.5. The lower panel assumes a two component spectrum, consisting of a power law with
an exponential cutoff at approximately 100 TeV, and a component reflecting a model of the py emission of BLLac
which peaks at tens of PeV. Both models are based on fits to the cascade data [17]. With current data from Ice-
Cube, it is not statistically significant to reject either hypothesis. IceCube-Gen2 will provide key measurements to
reveal spectral features in the astrophysical neutrino component. Above 10 PeV, the expected differential 90% C.L.
sensitivities for the combined optical and radio instrumentation for IceCube-Gen2 are shown in solid blue line. All
fluxes are shown as the per-flavor sum of neutrino and anti-neutrino flux assuming equal flux in all flavors.
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Figure 25: Sensitivity to muon cooling in the sources with IceCube-Gen2. Above a critical energy, the decay time
for secondary muons from pion decay exceeds the cooling time, and the flavor ratio at the source changes from
1:2:0 to 0:1:0 [275]. The individual panels show the expected constraints on the flavor composition obtained from
10 years of IceCube-Gen2 observations for an assumed muon critical energy of 2 PeV. The orange contours in the
upper panels show 68% CL and 95% CL constraints on the flavor composition at Earth for neutrino energies below
and above 1 PeV. The lower panel shows corresponding constraints on the v, fraction at the source as a function of
energy, assuming standard oscillations [283].
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neutrinos would be equal or greater than 1 event/year in the optical array, a significant
increase compared to the current rate of 0.2 events/year in IceCube. Additional tau
neutrino identification capability at EeV energies might be provided by the radio array.
The flavor composition constraints in Figure 25| include the effects of the predicted v,
identification performance.

The fraction of 7, events observed is another important measurement for understanding
conditions within astrophysical sources. When neutrinos are produced in pp collisions,
the observed fraction of 7, events is expected to be 1/6, while in case of py collisions
the fraction is smaller. If only the pion production via the A-resonance is considered
and the target is optically thin, itis ~1/14 [285]. In a realistic case, however, the fraction
of v, from pv collisions depends on several parameters, the contributions from multi-
pion production, the optical depth of the photon target and the chemical composition of
the accelerated beam [286].

Unique sensitivity to the 7, flux in lceCube and IceCube-Gen2 is available through the
‘Glashow resonance’ centered at a neutrino energy of 6.3 PeV and a first candidate
Glashow resonance event has recently been observed in IceCube [22]. The neces-
sary exposure to distinguish production of neutrinos in pp, py, Fe-v collisions, low and
high opacity targets and other scenarios is discussed in detail in [286]: Many of these
production scenarios would require more than 100 years of lceCube exposure to dis-
tinguish between them, while a large number of them is accessible to IceCube-Gen2 in
< 15 years of observations.

2.3 Revealing the sources and propagation of the highest energy particles in
the Milky Way and the Universe

There is general consensus that the flux of CR below a few PeV originates from Galactic
sources. Around 3 PeV the CR spectrum shows a significant break, the so-called CR
knee. This spectral feature could be due to Galactic CR sources cutting off at their
maximal acceleration energy or to CR escape from the Milky Way becoming more
efficient. The energy range from PeV to EeV energies marks the transition region from
CR of Galactic origin to CR of extragalactic origin. The nature of the CR in this transition
region is not well understood, with potential contributions from heavy nuclei accelerated
in the Milky Way, from Galactic super-accelerators, as well as a rising fraction of CR
from extragalactic sources that dominate the CR flux above a few EeV.

CR sources, both Galactic and extragalactic, can produce neutrinos at various stages:
during their acceleration in the source, while they escape from the source environment
and long afterwards during CR propagation in the ubiquitous magnetic fields. Point-
source neutrino emission is expected from direct interaction of CR in the sources or
from interaction with close-by gas targets (e.g., molecular clouds or galaxy cluster gas).
Diffuse emission is expected from the interactions of CR during propagation, which
should be correlated with the gas distribution in the Milky Way for Galactic CR, but
isotropic for CR of extragalactic origin.
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2.3.1 Galactic CR sources and neutrino emission

Many sources in our Galaxy show high-energy (GeV—PeV) ~-ray emission. Such emis-
sion has been observed in association with supernova remnants and their interaction
with near-by molecular clouds, pulsars and their nebulae, binary systems, and mas-
sive star clusters. The observations of high-energy photons indicate the presence of
a population of particles in these sources that emit ~-rays via leptonic and/or hadronic
processes. The latter implies that the sources accelerate protons and/or nuclei, thus
contributing to the Galactic CR. Observation of neutrino emission from these sources
would be a diagnostic for such hadronic processes that are often difficult to identify
based on ~v-rays alone. Indeed, all the above mentioned sources of high-energy -
rays have also been hypothesized to be continuous or transient neutrino emitters; see,
e.g., [287,288].

It has long been speculated that Galactic CCSNe could be responsible for the majority
of the observed CR [289]. These events produce ejecta with kinetic energy of the order
of 10° erg per supernova (SN) explosion, at a rate of about 3 per century. Diffuse
shock acceleration taking place in remnant shocks could channel a significant fraction
of ©(0.1) of this kinetic energy into a non-thermal population of CR. The Fermi LAT has
observed features in the gamma-ray spectra of the shell-type supernova remnants IC
443 and W44 [290] that can be related to hadronic processes. Neutrino emission from
CR acceleration and interaction in supernova remnants has been studied in [291-H294].

Pulsars and their nebulae have also been considered as potential sites for CR ac-
celeration [295-299]. However, many details of the proposed mechanisms leading to
extraction of rotational energy and acceleration of charged particles at these sites are
vague. As with SNRs, the relation between TeV ~-ray and neutrino emission can be
exploited to estimate the neutrino flux from pulsar wind nebulae [293, 1300, 301].

Pulsars (and other CR sources) born in massive star clusters like Cygnus OB2 or in
the Galactic Center region would inject their CR into the near environment, which has
enhanced gas densities and an increased magnetic field strength compared to the
Galactic average. This could amplify locally the neutrino signal from CR interactions
with the interstellar gas [302, [303].

Figure |26/ shows a map of Galactic sources detected by the High Altitude Water Che-
renkov (HAWC) detector above few TeV in energy. The size of the disk indicates the
spatial extension of the source measured by HAWC, for sources with an extension
larger than 0.5°. The brightest of these sources will be detectable in neutrinos by
IceCube-Gen2 in case all of the observed ~-ray emission originates from hadronic pro-
cesses. For several more sources, the contribution of hadronic processes to the v-ray
emission can be constrained. In many of these sources the origin of the TeV ~-ray
emission is not understood well, sometimes spatially extended, and might encompass
different contributions from PWNSs, local CR over-densities and molecular cloud inter-
actions. The detection of neutrinos will give essential clues for understanding CR ac-
celeration processes in these sources and regions.

Complementing the multi-messenger mission of lceCube-Gen2, the unique combina-
tion of the surface array and the deep optical detectors can also be used to search
for PeV photons from the Southern Hemisphere, including parts of the Galactic plane
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Figure 26: Sensitivity of IceCube-Gen2 to hadronic emission of neutrinos by Galactic sources. Shown are TeV v-ray
sources detected by HAWC near the Galactic plane and in the Northern hemisphere (declination § > —5°). The
size of the source marker corresponds to the source extension reported by HAWC for sources that are larger than
0.5°. Sources marked in orange will be detected by IceCube-Gen?2 if their v-ray emission originates solely from
hadronic processes. For sources marked in blue, the contribution of hadronic emission can be constrained at the
90% confidence level, while sources marked in gray are below the sensitivity of IceCube-Gen2.

not visible by HAWC or LHAASO. Unlike pointed observatories such as CTA, IceCube-
Gen2 will continuously observe the entire visible sky using the same triggers for PeV
photons as for cosmic rays. As demonstrated for IceCube [304], photon-initiated air
showers can be distinguished from cosmic rays based on a comparison of the strength
of the surface signal and the number of muons optically detected deep in the ice. PeV
photons have recently been discovered from two sources in the Northern Hemisphere
by LHAASO [305, 306]. IceCube/lceTop has a similar surface area as LHAASO and
has demonstrated gamma-hadron separation with rejection factors better than a few
10%, where ©(10”) would be needed to discover a LHAASO-like source with the ex-
isting exposure of IceCube. Although IceCube-Gen2 is not designed as a gamma-ray
detector and it is not yet studied by how much the gamma-hadron separation will im-
prove, it is fair to say that it has significant discovery potential for PeV photon sources
due to its order-of-magnitude larger surface area. Assuming that LHAASO-like photon
sources also exist in the Southern Hemisphere, PeV photons thus provide an additional
channel to search for the sources of the most energetic Galactic cosmic rays.

2.3.2 Diffuse Galactic emission and the propagation of cosmic rays

The expected diffuse Galactic neutrino flux from interactions of CR with interstellar gas
and unresolved CR sources is, averaged over the whole sky, about an order of magni-
tude lower than the isotropic flux observed in IceCube for £ = 100 TeV [307-310]. This
is in good agreement with the observations of a statistical excess of events correlated
with the Galactic plane by IceCube presented in Section 1.2, which is consistent with a
galactic neutrino flux of 9% — 13% of the total observed neutrino flux at 30 TeV.

Detailed predictions of the spectrum of the diffuse neutrino flux from CR interactions
in our Galaxy depend on the assumptions about the injection and propagation of CRs
in the interstellar medium. Extrapolations of the diffuse gamma-ray emission from CR
interactions by Fermi LAT [24] rely on the assumption that the local CR flux is a good
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approximation for the average Galactic CR density. This is not necessarily the case in
more complex diffusion scenarios [26, 311} [312], and/or for strongly inhomogeneous
source and target distributions in the Galaxy [313-316], as well as time-dependent
local CR injection episodes [317]. Such scenarios often predict an enhancement of
the hadronic y-ray and neutrino emissions in the multi-TeV region that can be tested
with neutrino telescopes. In addition, the observation of spectral cutoffs in the Galactic
neutrino flux at tens of TeV in energy or beyond, would yield valuable information and
constraints on the maximum acceleration energy and composition of Galactic CRs.

IceCube’s sensitivity enabled a first detection of the Galactic emission at 4.5¢ signifi-
cance using shower-type events. The low statistics and low angular resolution of O(10°)
for these events does not allow to distinguish at high confidence between potential con-
tributions from individual Galactic sources and the contributions from CR interactions
with interstellar gas. It also limits the potential for spectral and morphological analy-
sis of the emission to test propagation models and/or observe spectral cutoff features.
The order-of-magnitude larger detection volume for shower-like events will improve the
spectral measurement substantially. Based on a scaling of the performance of the novel
machine-learning approach for the identification of shower-type eventﬂthat led to the
detection of the Galactic plane in neutrinos, we estimate that IceCube-Gen2 will detect
the Galactic emission at 110 confidence, after 10 years of observations.

However, IceCube-Gen2 will be able to significantly observe the Galactic plane not
only with shower-type events but also using high-resolution track-like events, allowing
a much better localization of the neutrino emission. Assuming the best fit model and
flux of the IceCube observations, Ice-Cube-Gen2 will observe an 8.70 excess in the
independent track channel after 10 years of operations as well.

2.3.3 Cosmic rays in the galactic/extragalactic transition region

The sources of the highest energy Galactic cosmic rays are still unknown. Depend-
ing on the scenario, the transition to extragalactic CR of even higher energies could
start around 10'" eV, as a knee of the heavy mass component in the cosmic-ray spec-
trum has been observed around 10'°? eV [318], as well as the 'second knee’ around
10'"? eV [319-322]. The maximum energy of Galactic CR could be as high as the
energy of the "ankle’ around 10'*° eV even though extragalactic CR likely start to dom-
inate the flux at a lower energy [323]. Disentangling the cosmic-ray spectrum in the
transition region into its Galactic and extragalactic components is an important science
goal in astroparticle physics, as this is directly linked to understanding the most ener-
getic particles originating from the Milky Way.

Galactic and extragalactic cosmic rays in this energy range can be disentangled by their
mass composition. While extragalactic cosmic rays seem to be dominated by protons
and helium until at least 10 EeV, the Galactic CR are presumed to be dominated by
nuclei of the CNO group or of even heavier mass such as the iron group [323-H325].

"Due to the lack of a machine-learning environment specifically trained on IceCube-Gen2 simulation data to
identify showers, we rely on the assumption that the relative performance gain of the machine-learning approach
compared a conventional shower identification is equal in IceCube-Gen2 and IceCube.
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Figure 27: Sensitivity of cosmic-ray anisotropy measurements with lceCube-Gen2 with 10 years worth of data. The
expected three and five sigma sensitivities to the equatorial plane component of the dipole anisotropy are shown.
IceCube-Gen2 will be far the most sensitive detector for the PeV energy range, extending IceCube’s energy range
of anisotropies by more than an order of magnitude in energy. In particular, statistically non-significant measure-
ments of the dipole amplitude by KASCADE-Grande [329], if true, can be confirmed at five sigma level. Note that
KASCADE-Grande and Auger [330] results are shown with measurements (full symbols) and 90% CL upper limits
(empty symbols) [329-343].

Therefore, a high accuracy for the mass of the primary particle is crucial to separate
Galactic and extragalactic CR [114} 326].

Next to the study of hadronic interactions, this is the most important reason why the
IceCube-Gen2 surface array features elevated radio antennas in addition to scintilla-
tion panels: the radio antennas deliver a measurement of the shower energy and the
depth of shower maximum [327, 328] which, together with the electromagnetic particles
measured by the scintillators and the TeV muons measured deep in the ice, will deliver
higher mass accuracy than achieved before in this energy range.

Another observable critical for understanding the transition from Galactic to extragalac-
tic CR is the weak anisotropy of their arrival directions. The phase of the dipole compo-
nent seems to shift away from the Galactic center starting around 1 EeV, but the com-
plete range from 2 PeV to about 8 EeV currently lacks statistically significant anisotropy
measurements, as the KASCADE-Grande measurements in this range are statistically
not significant [329] IceCube is already providing the world’s most sensitive anisotropy
measurements in the low PeV energy range, and the larger exposure of IceCube-Gen2
will extend these measurements towards the energy range of the second knee (Fig-
ure[27), which is an extension of more than an order of magnitude in energy.
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Figure 28: Sensitivity of IceCube-Gen2 at the highest energies in comparison to models [61, [100, [101], existing
upper limits [60} [348H351], and the 10 year sensitivity of the proposed GRAND array of 200,000 antennas [352].
The uncertainties on the IceCube-Gen2 radio array sensitivity are +20%, which are uncertainties in the estimated
sensitivity of the array, e.g. due to remaining design decisions. The sensitivity for IceCube-Gen2 includes best
estimates for backgrounds and analysis efficiency, but likely err on the conservative side. All fluxes are shown as
the all-flavor sum assuming equal flux in each flavor.

2.3.4 Cosmogenic neutrinos

At EeV energies all CR are believed to be of extragalactic origin [344]. From CR mea-
surements themselves, we neither know what the accelerators of these UHE cosmic
rays are, nor what maximum energies they can reach. Also, particle composition mea-
surements at the highest energies still leave room for various scenarios [326]. While a
dominance of iron has been excluded, different and changing ratios of protons and in-
termediate mass group particles have been reported above EeV energies, all carrying
the uncertainties due to the hadronic interaction models [345-347]. Limited knowl-
edge about the Galactic and extragalactic magnetic fields that influence the propaga-
tion, further complicates the identification of sources based on CR observations alone.
Detecting neutrinos corresponding to these CR energies will provide complementary
information to resolve these open questions.

Above EeV energies the CR interactions with the cosmic microwave background and
the EBL can produce neutrinos [83]. In addition, unstable atomic nuclei, produced dur-
ing photo-disintegration or photo-pion production of CR, can produce neutrinos when
decaying. All of these neutrinos are referred to as cosmogenic neutrinos. So while this
secondary flux of neutrinos is extremely well motivated, its level depends strongly on
the composition of the CR [3531354], the cosmic evolution of the sources, the spectral
index of the sources, and their maximum acceleration energy [91} 192, [100]. IceCube
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Figure 29: Average expected number of events in lceCube-Gen2, after 10 years of operation, for different predicted
diffuse UHE neutrino flux models [62] 69, (101, [856H362], illustrating the variety in the predictions. Shown are the
event numbers for optical and radio-only, as well as the total number. The red line highlights one event per energy
bin of this analysis.

can already exclude scenarios with a very strong evolution of the CR sources with cos-
mic redshift [59, 60], but to draw firm conclusions much larger exposures are needed.

The sweet spot for cosmogenic neutrino detection is around 10" eV, since the pre-
dicted neutrino flux at these energies depends less strongly on the maximum accel-
eration energy and spectral index than at the highest energies [93]. The flux at this
energy is primarily a function of the proton fraction and even the most conservative
flux estimates peak here [100]. The radio array of lceCube-Gen2 will provide excellent
sensitivity in the entire energy range relevant for cosmogenic neutrinos (see Figure [28).

With the predicted sensitivity, IceCube-Gen2 will also be able to provide independent
evidence for whether the observed cut-off in the flux of UHE cosmic rays is due to
the GZK suppression [81] 182] or just due to reaching the limit of acceleration in the
sources [355]. The neutrino flux at energies above 10 EeV depends primarily on the
maximum energy of CR protons and the spectral index of their power-law spectrum
rather than the source evolution parameters [92]. Detecting the corresponding neutrino
flux will be a measurement independent of the uncertainties in the modelling of the
hadronic interactions in extensive air showers and, thus, complementary to results from
air shower arrays.
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The IceCube-Gen2 sensitivity would reach the region of current best-fit models to
CR data, assuming sources identical in CR luminosity, spectrum and composition, as
well as a rigidity-dependent cut-off and thereby essentially no protons at the highest-
energies [98,101]. In an only slightly more favorable scenario of 10% protons, IceCube-
Gen2 will detect at least 3 events per year above ~100 PeV, as shown in Figure
(subplot 6). The sensitivity of the IceCube-Gen2 optical array will be about 5 times
better than the IceCube upper limit shown in Figure and therefore not contribute
substantially to the performance of the observatory in the EeV energy range. In the
case that no cosmogenic neutrinos are discovered by IceCube-Gen2, the observation
would exclude all redshift evolution scenario with m > 0 for a proton-fraction of more
than 20%, thereby excluding many source populations that evolve with the star forma-
tion rate, various AGN models, and GRBs as sources of UHE cosmic rays.

Figure [29 shows the average expected number of neutrino-induced events for a large
number of diffuse UHE neutrino flux models [62, 169, 101), 356-362], representative
of the breadth of theoretical predictions in the literature. Flux models include an ex-
trapolation of the IceCube measurements of astrophysical neutrinos to ultra-high en-
ergies (subplot 1), models for neutrinos generated within sources (column 1), neutri-
nos expected from cosmogenic predictions (column 2), astrophysical and cosmogenic
components of a self-consistent model by Rodriguez et al. (column 3), and combined
models with self-consistent production of cosmogenic and source neutrinos (column
4). For most flux models, in 10 years, we expect tens of detected events, most of them
in the range 10°-10” GeV. For some particularly high flux models, we expect roughly
200 events. The majority of flux models could be discovered decisively within just 5
years of exposure; some, much sooner. After 10 years, it should even be possible to
distinguish between most competing flux models, mainly by means of comparing the
energy spectra of the events they initiate [363].

2.4 Probing fundamental physics with high-energy neutrinos and cosmic rays

IceCube has been extremely successful in searches for dark matter and other new
physics beyond the Standard Model [10] (BSM physics). IceCube-Gen2 will provide
new opportunities to study particle physics at energies and baselines well above those
accessible at terrestrial accelerators and local natural sources due to increased statis-
tics, extended energy reach and improved flavor identification. This section highlights
some of the opportunities that this observatory will provide in probing fundamental
physics and searches for new particles.

2.4.1 Hadronic interactions in the PeV domain

The particle physics processes in ultra-high-energy air showers are insufficiently un-
derstood, in particular regarding the muon production and the associated atmospheric
neutrino production. All state-of-the-art hadronic interaction models predict fewer muons
than measured [364-368]. This is difficult to explain with standard physics, and the dif-

tusing the customary (1 + z)™ parametrization of redshift evolution
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Figure 30: Sketch of an air shower impinging the IceCube-Gen2 surface and optical arrays. While muons of TeV and
PeV energy penetrate the ice and will be detected by the optical array, GeV muons and electromagnetic particles can
be measured at the extended surface array. In particular, as the muonic component reaches out to further distances
from the shower axis as the electromagnetic one. In addition, surface radio antennas can provide a calorimetric
measurement of the shower energy and its longitudinal development, all together making IceCube-Gen2 a unique
laboratory for hadronic interactions in air showers.

ferent scenarios proposed for the solution need to be tested with more accurate mea-
surements [369]. They predict, e.g., differences in the evolution of the number of GeV
muons with energy and different ratios of GeV to TeV muons [370].

Combining the measurements of IceCube’s surface array lceTop with those of
other experiments indicates that the deficit of GeV muons on ground in the models
may start at around 10 PeV cosmic-ray energy [368]. With IceCube-Gen2, these muon
measurements will be extended to several 100 PeV providing overlap with the muon
measurements of the Pierre Auger Observatory [372]. Also the higher accuracy for
the primary cosmic-ray mass in this energy range will help to shrink systematic uncer-
tainties in the interpretation of the muon measurements. With the combination of the
surface array measuring the GeV muons and the optical in-ice array detecting the TeV
muons of the same air showers [373] [374], we can further scrutinize hadronic interac-
tion models through muon spectroscopy (Figure [30).

Finally, lceCube-Gen2 will provide a unique opportunity to study the flux of PeV for-
ward muons. In particular, the flux of leptons produced by prompt decays is highly
uncertain and depends on the mass composition and hadronic physics at multi-PeV
energies. IceCube has measured prompt muons [375H377] with its optical array alone,
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but without the surface information their interpretation remains uncertain. With the
about 30 times larger aperture of lceCube-Gen2 for surface-optical coincidences, we
expect several events per year for which we will measure the parent air shower of a PeV
muon in the ice. This will also enable new insights in the production of the associate
prompt atmospheric neutrinos and reduce uncertainties on their flux at PeV energies
and higher.

2.4.2 Neutrino cross sections at high energies

The neutrino-nucleon cross section in the TeV-PeV range was measured for the first
time using astrophysical and atmospheric neutrinos in [16} 163, 378], extending previous
results [379-383] and measurements that used GeV neutrinos from accelerators [384-
386]. The measurements agree with high-precision Standard Model predictions [387].
Future measurements in the EeV range could probe BSM modifications of the cross
section at center-of-momentum energies of up to 100 TeV [78], 1388-396] and test the
structure of nucleons with a sensitivity comparable with colliders [397-H399].

IceCube has measured the neutrino-nucleon cross-section with 30-40% uncertainty up
to 1 PeV, using only one year of data [16]. Each year of data from IceCube-Gen2 will
yield roughly one order of magnitude more statistics. Therefore with this new instrument
it will be possible to study the cross-section with significantly higher precision and,
in multiple energy bins, to energies beyond 10 PeV. This sensitivity will allow unique
tests of BSM physics involving extra dimensions, leptoquarks or sphalerons [380, 1396),
400-H403]. It would also probe the QCD parton distribution functions (PDFs) at large
momentum transfers Q2 (Q2 X MVQV) and Bjorken-x values down to ~ 10~ [387, 1404,
405], where non-perturbative QCD effects are expected to start becoming important.
This data will complement results from the FASERnu experiment at CERN, which will
use forward neutrinos from LHC interactions to measure neutrino cross-sections at
energies centered around 1 TeV [406].

Figure [31] shows the expected sensitivity to the EeV neutrino-nucleon cross section
that the radio component of IceCube-Gen2 could achieve after 10 years of opera-
tion [407]. We show forecasts for three representative flux predictions from the liter-
ature [358, 359, 362]. A measurement of the cross section will be possible under most
flux predictions, e.g., [358] [362]; a precise measurement, to within the theoretical un-
certainty of the cross-section prediction [404], requires a high neutrino flux, e.g., the flux
perdicted in [359]. Measuring the cross section to within an order of magnitude could
already distinguish between Standard Model predictions and BSM modifications [378].
This target is achievable with tens of events in the hundreds of PeV—-EeV energy range.
In the scenario presented in Section [2.3.4] IceCube-Gen2 would record (mostly via
its radio detection component) about 3 events/year above 100 PeV just from cosmo-
genic neutrinos, bringing into reach a test of the Standard Model at these extreme
energies [405].

IlceCube-Gen2 will enable a measurement of the inelasticity of neutrino interactions
(the fraction of energy transferred to the target) over a wider energy range and with
higher precision than IceCube [63], using a larger sample of events. This capability
will allow us to study a number of new physics topics since the inelasticity is sensitive
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Figure 31: Neutrino-nucleon cross section measurements, compared to deep-inelastic-scattering (DIS) cross sec-
tion prediction from [404] (BGR18). The forecasts at ultra-high energies are for the radio component of IceCube-
Gen2 only, and for three different assumptions of the UHE neutrino flux. For each choice of flux, the cross-section
sensitivity forecast accounts generously for the uncertain normalization of the flux prediction. The assumed reso-
lution in shower energy is 10% and the resolution in zenith angle is 2°. Figure adapted from [407]. Please note
that the IceCube-Gen2 radio array configuration used in [407] is similar, but not identical to the reference radio array
design in this manuscript.

to new phenomena, including non-standard types of interactions, such as ‘diffractive’
neutrino interactions [408] or BSM physics, e.g., the production of heavy vector bosons.
Furthermore, the inelasticity distribution is sensitive to more conventional physics, e.g.,
the evolution of the PDFs, including nuclear effects like shadowing, which affect both
the inelasticity and the cross-section [409].

2.4.3 New physics constraints from flavor mixing

As high-energy cosmic neutrinos oscillate on their way to Earth, the allowed range of
each flavor’s fractional contribution to the total measured flux is small (see Figure [32),
even after accounting for uncertainties in the parameters that drive the oscillations and
in the neutrino production process [277]]. That is, given a flavor composition at the
source and the standard oscillation scenario, the expected flavor ratio at the Earth is
quite restricted. However, mixing remains untested at high energies and over cosmo-
logical propagation baselines [413]. Even small BSM effects could affect flavor mixing,
vastly expanding the allowed region of flavor ratios at the Earth and making the flavor
ratio measurement a very sensitive probe of BSM physics [277, 281 411, 412|414
421]. Figure shows two examples (v-decay [277] and Lorentz invariance viola-
tion [411},1412]) of how BSM physics effects extend the region of possible flavor com-
position after cosmological distances. The figure also shows the expected constraints
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410] regions accessible with standard oscillations, with new physics similar to neutrino decay, and with new physics
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(Ve tv, tv;)=(1:2:0) at the source and assuming Standard Model neutrino oscillations. See Figure@]for an
overview of current flavor composition constraints obtained from IceCube data.

from lceCube-Gen2 on the flavor composition of cosmic neutrinos, assuming standard
neutrino oscillations and a 1:2:0 production ratio at the sources. IceCube-Gen2 will
allow substantially more sensitive searches for, and constraints on, BSM effects us-
ing the flavor ratio than the current generation of neutrino telescopes. The improved
statistics will also permit searches for a potential energy dependence of mixing (cf.
Section [2.2.6)), which could also point to the presence of BSM effects [277, 1417].

2.4.4 Sterile neutrinos

A detector of the size of IceCube-Gen2 opens the possibility to search for heavy sterile
neutrino decay. For example, an active, light neutrino might scatter off a target nucleon
producing a heavy, sterile neutrino [422], which has a variety of interesting decay
channels [423-425]. Several of these decay signatures will only be observable in the
larger instrumented volume of IceCube-Gen2. One such example is the sterile neutrino
decaying into pairs of muons; characteristically, this muon pair would be emitted from
a secondary vertex that is displaced from the initial neutrino-nucleon interaction.

Such double muon tracks can also point to new physics via neutrino trident interac-
tions [426-H428]. This very rare process is mediated by the W, Z, or a virtual photon
in the Standard Model. But if it is additionally mediated by a new vector or scalar bo-
son, the final state of a neutrino interaction in the detector—a double muon track and
a particle cascade simultaneously produced from the same vertex—would be a very
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distinctive signal (although several other interesting signals are also expected [428]).
As in the previous case, the size of IceCube-Gen2 will benefit the reconstruction of the
double track, or allow the measurement of the unusual light yield of a single track over
a sufficiently long lever arm, if the two tracks are not individually reconstructed.

2.4.5 Searches for unexpected neutrino properties and additional species

The extremely long distances that astrophysical neutrinos travel make them a good
probe of fundamental neutrino properties. The observation of non-zero neutrino masses
opens the possibility of neutrino decay and astrophysical neutrinos can place strong
constraints on decay scenarios [429-434]. Additionally, unlike other new physics sce-
narios, neutrino decay imprints a specific correlation between the energy distribution of
the events and the flavor composition [418]. This makes it one of the most predictive
signatures of new physics.

The existence of additional neutrino species is of great interest to the neutrino commu-
nity, specially due to the claims by the MiniBooNE collaboration [435]. Global data allow
non-unitarity in the neutrino mixing (PMNS) matrix [436], which may indicate potential
mixings of standard neutrinos and sterile neutrinos. The effect of additional sterile neu-
trino species on the flavor ratio was discussed in [437]. If the initial flavor composition
does not contain a significant sterile component its effect is small. This is not the case
when the neutrino flux has a large initial sterile component [438] (which can happen for
example in the case of decaying dark matter [437]). In this situation the astrophysical
neutrino flavor can appear in the tau corner in Fig[32] This is a very striking signature of
non-standard neutrino physics as this corner is forbidden by unitary constraints under
the assumption of standard production mechanisms [411],420]. The IceCube-Gen2 fla-
vor composition measurement will be competitive with and complementary to terrestrial
high-precision oscillation experiments searching for sterile neutrinos [438].

2.4.6 Tests of fundamental symmetries

Theories allowing for a new spacetime structure at the Planck scale, like quantum grav-
ity, can accommodate violations of symmetries that are taken as fundamental in the
Standard Model, like CPT and Lorentz invariance [439]. This has ramifications that
can be detected in a neutrino telescope as an anomalous oscillation effect propor-
tional to the neutrino energy, instead of inversely proportional to energy as in standard
oscillations [440H451]. Currently, the strongest constraints on Lorentz invariance viola-
tion (LIV) with neutrinos come from IceCube, using the high-energy atmospheric neu-
trino flux [108]. IceCube-Gen2 can add both an increase in statistics of high-energy
atmospheric neutrinos, as well as a high-statistics observation of cosmic neutrinos
that could provide unprecedented sensitivity to the parameters quantifying the devi-
ation from Standard Model physics [416, 1441, 443, 1446, |448|, 452-459]. The detailed
characterization of the extragalactic neutrino flux with the high statistics available with
IceCube-Gen2 can be used to set limits to LIV which are complementary to those ob-
tained from the distortion of the oscillation pattern at lower energies. Indeed, the first
PeV events detected by IceCube have already been used to set such a limit, under the
assumption that they are extragalactic, since such superluminal neutrinos would rapidly
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lose energy via bremsstrahlung. The bound obtained from these events is § < 107",
where J is the deviation from the speed of light, orders of magnitude smaller than the
previous best limit of 107" [445| 456]. Additionally, the detection of neutrino flares in
cosmic sources, with additional assumptions of the mechanism of neutrino emission,
can be used as precise time-of-flight measurements. This exercise was performed on
the candidate source TXS 0506+056 [458, |459] resulting in very strong constraints
on LIV under the assumption of simultaneous ~-ray and neutrino production; a simi-
lar study was performed on a previous candidate source yielding similar strong con-
straints [460]. As IceCube-Gen2 discovers more high-energy neutrino sources, and
our understanding of the emission of y-rays and neutrinos improves, such studies will
yield significantly more robust bounds.

In subluminal LIV scenarios neutrino bremsstrahlung would not be produced, but the
expected flavor composition of ultra-high-energy neutrinos would be modified. This can
be modeled as a change in the neutrino potential due to its interaction with an ambient
LIV field [461]. In general, any new interaction that is not diagonal in flavor will modify
the expected flavor composition [411].

At the moment, the astrophysical neutrino constraints have a strong dependence on
the details of the production mechanism and the initial flavor composition. It is remark-
able, though, that already in some scenarios the astrophysical neutrino constraints are
several orders of magnitude stronger than the terrestrial ones. These effective operator
bounds apply not only to interactions between neutrinos and the ambient Lorentz violat-
ing field, but can be adapted to other kinds of interaction [412]. Further interesting BSM
scenarios are coherent interactions between neutrinos and dark matter [462-H468]; neu-
trinos and dark energy [469]; very-long-range L. — L,, and L, — L. gauged interactions
sourced by the universe’s electron content [421], 470-472]; and new interactions be-
tween high-energy cosmic neutrinos and low-energy relic neutrinos [4/3-480].

2.4.7 Dark matter searches

Dark matter searches with IceCube have focused on generic thermal relic Weakly In-
teracting Massive Particles (WIMPs), by looking for neutrinos from annihilations (or
decays) of dark matter captured in the Sun, Earth, or in the Galactic halo or galaxy
clusters [481]. Dark matter candidates with a mass beyond the typical WIMP scale
of a few GeV to TeV may also have been non-thermally produced in the early uni-
verse [482-484]. Neutrinos offer many advantages to search for annihilation or decays
of heavy dark matter with masses beyond about 100 TeV [109-111]. The neutrino in-
teraction cross section increases with energy [387] such that the event rates predicted
for heavy decaying dark matter per volume of ice remain constant as function of the
particle mass up to several tens of TeV. By contrast, v-ray signals fall by a factor of
1/m, and are further attenuated by the interstellar radiation field [485].

Currently, dark matter lifetimes at the level of 10% s [486] are being constrained by Ice-
Cube’s highest energy neutrinos, resulting in the strongest constraints on the dark mat-
ter lifetime above 100 TeV. These bounds are statistically limited and lifetimes exceed-
ing 10* s could be tested for decay modes which involve neutrinos in the final state.
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These searches are expected to be significantly improved by the order-of-magnitude
increase in statistics that lceCube-Gen2 will provide.

Beyond the traditional, model-agnostic WIMP scenario, IceCube-Gen2 will also have
power to study dark-portal scenarios, where the dark matter is part of a secluded sec-
tor [487]. In these scenarios, the dark sector often couples to the Standard Model either
via kinetic mixing or neutrino mass mixing. These secluded models can increase the
expected neutrino flux from dark matter annihilations in the Sun, reducing the attenua-
tion of the neutrino flux since, for favorable model parameters, the mediator can leave
the dense solar interior and decay outside the Sun [488|,1489].

It has recently been shown that such dark portal scenarios imprint signatures on the dif-
fuse astrophysical neutrino spectrum [462], as well as on the expected attenuation from
a single neutrino source [479]. With the improved characterization of the astrophysi-
cal diffuse flux and observation of new neutrino sources expected from lceCube-Gen2,
such dark portal scenarios can be further investigated.

2.4.8 Other particle physics searches and exotica

With its unparalleled size, IceCube-Gen2 will have unparalleled sensitivity to searches
for new BSM particles and exotica. We have seen that IceCube has produced impor-
tant physics results in many areas that were either not considered during the proposal,
or were too speculative to formally propose. We expect the same for IceCube-Gen2.
Here, we list a few planned new-particle and exotica searches, but these are just a
sample of what might be possible. New particles can be detected through either their
passage through the detector, or by producing unique signatures from interactions ei-
ther within the detector or outside of it. Magnetic monopoles are one example of the
former; relativistic monopoles are notable for their large, but roughly constant dF/dz,
without large stochastic fluctuations [490]. Some models of supersymmetry or Kaluza-
Klein particles lead to the latter, through the production of pairs of laterally separated
particles which may travel upward through the detector [491].

An intriguing possibility is the search for low-scale gravity effects through micro black
hole production. If the center-of-mass energy of the interaction of a neutrino with a
nucleon exceeds the Planck scale, a microscopic black hole can be produced [392,
393,,1492]. In our 4-dimensional world, the Planck scale lies at energies Mp ~ 10" GeV,
while the largest terrestrial accelerators only reach TeV center-of-mass energies. But in
4+D space-time dimensions the Planck scale may be much lower, and the interaction of
an ultra-high-energy neutrino with a nucleus inside the detector could produce a micro
black hole. The evaporation of the black hole through Hawking radiation (in ~ 107" s)
will produce a burst of Standard Model particles that can be detected in a neutrino
telescope. Although the free parameters of extra-dimensional models are many and
the uncertainties in the predictions large, a detectable signal can be expected in a
large volume detector in the most favorable scenarios, taking into account the already
existing limits on the ultra-high-energy neutrino flux. Even if the original energy of the
incoming neutrinos is not high enough to form a black hole, elastic neutrino-parton
scattering through exchange of D-dimensional gravitons could be possible, another
feature of low-energy gravity models. In such case the neutrino is not destroyed in the
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interaction, as in black hole production, but it continues on its way ready for another
elastic interaction after a mean free path which, for a given energy, depends on the
number of extra dimensions. The energy lost in each interaction goes into a hadronic
shower, producing a very unusual signature in the detector: multiple particle showers
without a lepton track between them. Current calculations predict that a large detector
could detect a handful of events per year, being able to probe extra-dimensional models
with D up to six [493]. The larger size of IceCube-Gen2 will allow to follow such events
over a longer lever arm, increasing the identification efficiency. lceCube is just too small
to detect several correlated showers.

The atmosphere, acting as a target for UHE cosmic rays, can also be a useful source
for searches for physics beyond the Standard Model [494-497]. The interaction of a
high-energy CR with a nucleon in the atmosphere can take place at a much higher
center-of-mass energy than that achievable in man-made accelerators. Supersym-
metric particles can be produced in pairs and, except for the lightest one, they can be
charged. Even if unstable, due to the boost in the interaction, they can reach the depths
of the detector and give rise to Cherenkov light as they traverse the array. The signature
is two minimum ionizing, parallel, coincident tracks separated by a distance of over 100
meters [498]. The interactions of CR with the atmosphere can also be used to probe
non-standard neutrino interactions due to TeV gravity effects. At high energies neu-
trino interactions with matter may become stronger, and the atmosphere can become
opaque to neutrinos of energies above a few PeV. A signature in lceCube-Gen2 would
be an absence of neutrinos above such energy, accompanied by an excess of muon
bundles from the neutrino interactions, mainly at horizontal zenith angles, where the at-
mospheric depth is larger. The size of the IceCube-Gen2 optical array is of paramount
importance for these signatures in order to be able to efficiently reconstruct parallel
tracks and/or muon bundles.

2.5 Science requirements matrix

The scientific achievements of IceCube-Gen2 outlined above assume certain capabil-
ities of the facility that can be translated into a set of requirements. In Tables 2] [3] we
summarize such performance requirements and indicate to which part of the science
program described in sections [2.1]—[2.4]they apply. The performance requirements can
be mapped onto technical requirements for the different subsystems, detector arrays
and sensors comprising IceCube-Gen2. These technical requirements can be found in
Part [l of this document, focusing on the technical implementation and expected per-
formance of the individual elements of lceCube-Gen2. Empty fields imply that there is
no specific requirement on the performance measure for the respective section of the
science program.
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Table 2: Science requirements for lceCube-Gen2
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Point Sources Diffuse flux
10 y observation 100 s burst 10 y observation
[erg cm 2 s_l] [GeV cm_Q] [GeV cm 2s sr_l]
10 TeV 2% 1077 3% 1077
1 PeV 1x 10" 2% 1077 1x107"
100 PeV 5% 1077 15 x 1072 4% 10710
10 EeV 5% 1077 7x 107" 2x 107"

Source detection volume [Mpc?’]
Power-law flux with index -2, one decade in energy, 1:1:1 flavor ratio

Point Sources

10 y observation 100 s burst
L,,=1043 erg/s Ey=1050 erg
10 TeV 5% 10° 2% 10°
1 PeV 1x 10" 2 % 10°
100 PeV 5% 10° 1x10°
10 EeV 5% 10° 2% 10°
Angular resolution @ declination § = 0° [deg’]
10 TeV 0.5 (median)
1 PeV 0.125 (median) | 1 (90% CL)
1 EeV 100 (90% CL)

Energy resolution

Optical array

30% (E > 100 TeV), 15% (E > 1 PeV)

Radio array

70% (E > 100 PeV)
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Table 3: Science requirements for IceCube-Gen2 (continued).
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Particle identification
Tracks X X X X
Showers X X
Double showers X X
Exotic signatures X
Timing
Absolute timing O(1s) O(1 ms)
Time-to-alert <1 min
CR air shower detection
Sky coverage 0 < 45 deg f < 65 deg

Aperture

2 . . .
> 8 km~sr for surface-optical coincidences

Energy threshold

500 TeV (for 8 < 45 deg)

Angular resolution

< 1 deg (median)

Energy resolution

10 %

Shower max. resolution

30 g/cm” (> 100 PeV)
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3 IceCube-Gen2 Design Overview

The IceCube-Gen2 facility has to meet several performance requirements, outlined in
Section [2.5] to accomplish its science goals discussed in Section We describe a
reference design that meets these requirements in Section We also discuss the
physical and practical considerations that have led to the design. All detector sensitivi-
ties used to illustrate the science capabilities of lceCube-Gen2 in Section |2 are based
on this design. Section (3.2 summarizes the design of the individual detectors and sta-
tions in the optical, radio and surface arrays, as well as ongoing R&D efforts. In Section
we discuss basic performance indicators such as effective area / volume, angular
and energy resolution, and how they translate into sensitivities to point sources.

3.1 Design considerations

In the following, we review the most important factors that influence the sensitivity of
a large-volume optical-Cherenkov and a radio-based neutrino detector. First, we con-
sider how the constraints that determined the final design of IceCube can be overcome
to create a more sensitive facility at comparable cost. Second, we describe the de-
sign considerations for the large-volume radio array and developments that inform the
design. Finally we review important performance characteristics of the detector facility.

3.1.1 Optical array

Charged-current interactions of electron and tau neutrinos, as well as neutral-current
interactions of all flavors of neutrinos produce secondary particles that either deposit
all their energy over short distances (electromagnetic or hadronic showers) or decay
quickly (tau leptons of low energies). Compared to the average distance between sen-
sors, the Cherenkov light emission region will appear point-like. The rate of events
that can be detected is proportional to the instrumented volume of the detection. Tau
neutrinos at higher energies produce a double-bang signature, where the interaction
and decay vertex — separated on average by (£, / 1 PeV) X 50 m — can potentially
be resolved. With a larger instrumented volume, the number of contained double-bang
events will increase accordingly at energies >>1 PeV. For IceCube, the separation dis-
tance starts to approach the geometrical dimensions of the array at these energies,
increasing the likelihood that one of the two vertices lies outside of the instrumented
volume.

When a muon neutrino undergoes a charged-current interaction, it produces a muon
that can be detected far from the interaction vertex. For example, a 10 PeV (100 TeV)
muon will travel on average 17 km (6.3 km) before its energy drops below 10 TeV. This
makes the active volume for muon neutrino detection significantly larger than the instru-
mented volume, and the observable muon-neutrino rate proportional to the projected
geometric area of the detector (e.g., the cross-section of the detector for a beam of
muons). Muon neutrino events can be separated from the background of penetrating
atmospheric muons by direction and energy, and - in the case of astrophysical neutri-
nos from transients - also by timing. In case of down-going neutrino events with their
vertex inside the detector, one can further use the outer layers of the optical array,
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Figure 33: The reference detector string layout (sunflower geometry) has a uniform string spacing of ~ 240 m, with
an instrumented volume of 7.9 km®.

or a CR surface array with sufficiently low threshold, as a veto against atmospheric
neutrinos [499, 500].

Geometry considerations: We can increase the neutrino event rate compared to Ice-
Cube by expanding the detector. One way to do this is to deploy longer strings. While
the strong scattering of light in the South Pole ice at shallow depths is prohibitive for
the detection and reconstruction of neutrino interactions, in-situ measurements [501]
suggest that the 100 m of ice above and 250 m below the IceCube instrumented vol-
ume have adequate optical properties to allow neutrino detection. Instrumenting those
would lead to a 35% increase in the geometric area for horizontal track events. The
same gain is obtained for the contained volume for cascade events.

Significantly larger gains in effective area and volume are potentially obtained by in-
creasing the string spacing. However, it needs to be ensured that this does not hamper
the detector’s ability to achieve its scientific goals. For IceCube one of the requirements
was that geometry and timing calibration could be done with flashers, a set of LEDs in
the upper hemisphere of each DOM that can produce short light pulses. This require-
ment, along with the requirement to have adequate sensitivity for muons of TeV energy,
favored a string spacing of 125 m. However, the ice properties of IceCube, especially
in the deep region are significantly better than what was assumed previously. Newer
studies performed within the IceCube collaboration support that calibration by flashers
can also be performed for a string spacing of 240 m, at least for next-neighbor strings,
when using brighter LEDs. In addition, new calibration strategies have become avail-
able, including using CR muons [502], acoustic calibration modules [503] and camera
systems [504] to calibrate the detector geometry and orientation of the sensors in the
boreholes. Finally, the reference geometry for the optical array, shown in Figure [57]
results in an energy threshold for through-going muons of ~ 2 TeV. This suppresses
the atmospheric contribution that vastly dominates the neutrino flux below few TeV at a
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Figure 34: Effective area of the optical array for the detection of muons entering horizontally into the array (declina-
tion 9=0°, only events selected for analysis). The reference design is compared to lceCube and a detector design
with IceCube high-QE DOMs instead of the new optical sensors developed for Gen2. The factor 3 higher photon
detection yield of the Gen2-DOMs improves the effective area in the 1 TeV — 100 TeV energy range significantly,
and is particularly important for the detection of soft sources.

negligible cost in sensitivity to the astrophysical flux since the brighter events at higher
energies can be reconstructed well even with the larger string spacing.

Typical absorption lengths at a wavelength of ~400 nm are between 50 m and 200 m in
the upper half of the current detector, and exceed 200 m in the lower half. Although the
optical properties vary with the layered structure of the ice, the average absorption and
scattering lengths dictate how far the strings of sensors can be spaced apart without
impacting the response of the detector. Studies show that string spacings of ~200 m —
300 m allow us to maintain high efficiency for detecting astrophysical neutrinos and a
roughly constant sensitivity to neutrino point sources, where the advantages of a larger
volume for the 300 m vs 200 m spacing are offset by a higher energy threshold and
reduced directional resolution [505]. Therefore, a string spacing of 240 m is chosen
for the reference design, which allows an additional verification of the performance of
IceCube-Gen2 with real data, analyzing the light recorded on one out of every four
IlceCube strings.

Reference design: The reference design for the optical component encompasses 120
new strings that are added to the existing IceCube strings with an average horizontal
spacing of 240 m as shown in Figure[12| (second panel from left). Each string hosts 80
modules, totaling 9600 new modules, between 1344 m and 2689 m below the surface,
corresponding to the optical array height of 1345 m. Vertical spacing between modules
amounts to 17 m, resulting in an instrumented geometric volume of 7.9 km®. Each mod-
ule on the string will collect nearly 3 (4) times as many photons as a current IceCube
DOM with high-QE (standard-QE) photocathode, using an optical sensor design with
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multiple PMTs. This design is derived from the optical modules developed for the Ice-
Cube Upgrade, and will be further discussed in Part[ll| of this document. The increased
photon collection efficiency leads to a higher muon detection efficiency at energies of
few TeV, improving the sensitivity significantly [506], in particular for sources with a soft
spectrum and/or a spectral cutoff. This performance increase is illustrated in Figure [34]
which compares the muon effective area as a function of energy for IceCube, the refer-
ence design of IceCube-Gen2, and a detector with 240 m string spacing, but equipped
with lceCube (high-QE) DOMs.

Surface veto: Down-going 2PeV neutrinos can be identified as starting events. Butitis
also possible to use a surface veto to separate astrophysical neutrinos from background
events. A surface veto with air shower detectors eliminates both, penetrating muons
and down-going atmospheric neutrinos, as the latter are part of an air shower [499,
500] as well. Downg-going events identified using a surface veto have a very high
astrophysical purity. Studies with IceCube and its surface component IceTop [507]
suggest that above an energy of 200 TeV to 300 TeV, background can be suppressed
to a level lower than the astrophysical flux observed with IceCube, albeit only within
the small aperture of 0.26 km® sr, covering about 5% of the sky, where the footprints
of the detectors overlap. With a surface array covering the footprint of the IceCube-
Gen2 optical array, the acceptance for coincident events that can be vetoed increases
to ~10 km® sr, 40 times higher than with the current surface array. The field of view
would correspond to at least 20% of the sky. More details about the surface array and
a typical surface veto station to be deployed at the top of each IceCube-Gen2 string
are presented in Section

3.1.2 Radio array

Radio emission is generated in ice by particle showers through the Askaryan effect
[508]. The electromagnetic component of the shower evolves over time as additional
electrons are up-scattered from the ice mostly through the Compton effect and positrons
are depleted by in-flight annihilation. This leads to a relativistically moving time-varying
negative charge excess in the shower front. As the negative charge excess travels at
highly relativistic speeds through the medium, faster than the speed of light or a radio
signal, it forms a characteristic coherent emission at a characteristic angle or Cheren-
kov angle. The emitted frequency range is governed by the shower geometry and the
spectrum typically shows the strongest contribution between 100 MHz and 1 GHz [509].
In the time-domain, the emission corresponds to a broad-band nanosecond-scale radio
pulse, which has been observed both in accelerator experiments [510-512]] and in air
showers [513-513].

The fact that radio emission is generated by both purely electromagnetic showers and
the electromagnetic component of hadronic showers means that a radio detector is
sensitive to all flavors, albeit with different sensitivities. Hadronic showers initiated
by all neutrino flavors are detected with the same efficiency. Purely electromagnetic
showers, v -induced, are detected with similar efficiency as hadronic showers at en-
ergies below EeV. However, due to the LPM-effect [516, 517] the efficiency decreases
at higher energies. The LPM-effect describes the reduction of the bremsstrahlung and
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Figure 35: Schematic depiction of the signal trajectories reaching a radio detector from a neutrino vertex. Shown
are allowed direct, refracted and reflected trajectories. This schematic assumes an exponentially increasing index
of refraction with depth and depicts the effect of the so-called shadow zones, in which signals do not propagate and
thus do not reach shallow detectors for certain geometries. This schematic also illustrates why the effective volume
scales with detector depths.

pair production cross sections at high energies, which leads to large shower-to-shower
fluctuations [518], as well as stark differences in shower length [519]. This generally
suppresses the high frequency emission and reduces the detection efficiency for purely
electromagnetic showers. Given a suitable geometry a radio detector will detect both
showers following the interaction of a v, and the 7 decay, as well as stochastic energy
losses of high-energy 7’s or u’s [520]. Taking into account secondary interactions, the
radio detection method exhibits roughly equal effective volumes for all three neutrino
flavors at the highest energies [521]. The peculiarities imprinted in the radio emission
by LPM showers and high-multiplicity energy-losses of secondaries are likely to provide
flavor sensitivity [522, 523].

For the same vertex distance, the signal amplitude scales linearly with the shower
energy, giving radio detection an energy threshold above the thermal noise floor of a
couple of PeV per shower for close vertices, depending in detail on trigger and antenna
gain. The attenuation length of radio waves in ice depends on depth and temperature.
At the South Pole and other locations with cold ice it is roughly of the order of one
kilometer [524], meaning that showers can be viewed from afar. It should be noted that
the index-of-refraction profile of naturally occurring ice-sheets follows a typical behavior
[525]. Snow accumulating at the surface is compacted and recrystallizes into the so-
called firn where the density increases with depth. This results in an exponentially
increasing index of refraction (n) from roughly 1.30 at the surface to an asymptote of
1.78 at the transition to the ice, reaching 1.77 at a depth of roughly 150 m at South
Pole [526, 527]. Due to the exponential profile, the radio signals do not travel in straight
lines in the firn, but bend downwards, as shown in[Figure 35| This simple model of the
firn structure results in zones close to the surface from which signals cannot reach the
antennas, as no ray-tracing solution exists, so-called shadow zones 524, 525 528].
Also, the downward refraction of upward moving signals and reflection at the firn-air
surface boundary increase the effective volume available to a detector at a certain
depth [148] 1529].

63



THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

In order to reconstruct the energy of a shower, resolving the vertex location is key
530, 531]. The amplitude of the radio signal drops as 1/r with distance to the vertex.
The signal at the detector is furthermore reduced by the attenuation over the path
traversed from vertex to detector. Several algorithms can be employed to reconstruct
the vertex location. Timing in the wave front can be used to determine the vertex as the
origin of a spherical wave. This will be easier the closer the vertex is to the detector.
Alternatively, both the direct emission to the receiver and the one refracted or reflected
downwards could be measured. The amplitude ratio and the time difference of the two
pulses uniquely tag the distance of the vertex [529), 1530].

In order to reconstruct the arrival direction of the neutrino, one needs both the arrival di-
rection of the signal at the antenna and information regarding where on the Cherenkov
cone the signal was detected. The signal arrival direction can be obtained from timing,
given enough antennas, sub-nanosecond time resolution, and a suitable distance be-
tween antennas. Using this information alone, the neutrino arrival direction can only be
limited to a ring-like region on the sky, a projection of the Cherenkov cone, and limited
by the field of view of the detector. However, in addition to amplitude, the electric field
also contains information about the polarization and frequency spectrum. Using the
fact that the polarization always points towards the shower axis and that the frequency
content is determined by the viewing angle relative to the Cherenkov angle, one can
determine the arrival direction of the neutrino to within degree-scale precision, given a
suitable resolution on both parameters [532-536].

Station geometry considerations: As the radio signal travels long distances in the
ice, most prototype radio detectors have chosen a compact station design. A station
typically consists of a cluster of antennas and acts independently in both triggering and
reconstructing the shower. For an array, radio stations are placed far apart from each
other so that they have almost independent effective volumes thereby maximizing the
total effective volume. This is different from the approach in the optical detector.

When optimizing station design, various considerations play a role: one would like to
use antennas with the highest gain to optimize sensitivity for low-amplitude signals. A
higher antenna gain lowers the energy threshold of a given detector and increases the
effective volume, as signals of the same strength can be detected at larger distances.
Also, one desires the best polarization sensitivity and the broadest frequency response
to optimize the input for the arrival direction reconstruction, as discussed above. Such
antennas are typically too large to be deployed in deep holes obtainable by drilling, in
particular those sensitive to the horizontal component of the electric field vector. One
can therefore either stay close to the surface and remain flexible with respect to the
antenna configuration, or deploy deeper and accept the limitations given by the bore-
hole geometry. In the latter case, the lack in antenna gain can partly be overcome by
phased-array techniques that add signals from several antennas, thereby mimicking an
antenna with higher gain [537-539]. However, constructing antennas sensitive to the
horizontal signal component remains challenging for borehole-restricted geometries.

It has been argued that air shower signals may create a background for radio detectors
of neutrinos, either by catastrophic energy losses from muons in ice [521], refraction
of the in-air radio signal into the ice and consecutive reflections off internal-reflection
layers [540], or from not fully developed air showers [541]. As such signals are due to
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the same emission mechanisms; they are in principle indistinguishable from neutrino-
induced signals when detected with a single antenna. Adding antennas sensitive to
signals arriving from above at the surface provides every station with a self-veto. Using
antennas with a strong sensitivity to horizontally polarized signals, log-periodic dipoles,
allows for an excellent reconstruction of the air shower properties, which improves the
veto. Furthermore, the footprints of radio signals from air showers are much wider
than those from neutrinos (owing to different index-of-refraction profiles and virtually no
attenuation in air) and are therefore often detected in multiple stations, which improves
the detection efficiency. The signals from air showers also provide detector calibration
opportunities and possibly CR science [542, 543].

Antenna depth considerations: At the South Pole—with its large ice sheet with long
attenuation length—the deeper the antennas of a station, the larger its effective neu-
trino volume and sky coverage, as more signal trajectories will be able to reach the
detector. For example, at 10 " eV a factor of two, and at 10'® eV a factor of four can
be gained in effective volume when moving from the surface to a depth of 150 m [544].
The respective effective volume is mostly gained away from the horizon, as discussed
in Section[3.3] This effect can be understood in the context of ray bending in the chang-
ing index of refraction in the firn, as shown in which allows more trajectories
for deeper antennas. The index of refraction scales roughly exponentially in the firn
and reaches the bulk value at roughly 150 m at South Pole. For radio propagation
only macroscopic structures such as over- or under-density layers are relevant, which
are found throughout the ice. The event quality will improve with the number of an-
tennas detecting a signal. Given the restricted spatial extent of the Cherenkov ring,
the optimal antenna spacing per station is a balance between sparseness to maximize
effective volume, veto-capabilities and lever-arm for reconstruction — and compactness
to maximize the number of antennas per event with signal above threshold.

Additional considerations are given by the logistics requirements of drilling and a po-
tential closure of the dry boreholes that are currently planned for radio installation; that
closure rate depends on the original width and depth of the hole. Overall, in compari-
son to the optical array, there is little to be gained from great depths and the radio array
can always remain comparatively close to the surface.

So far, three experimental approaches have been explored: near-surface shallow sta-
tions, deep stations and hybrid stations. Shallow and hybrid stations (similar to those
shown in deliver a similar performance in terms of effective volume per unit
cost. However, they are, as elaborated above, subject to different systematic uncer-
tainties and risks, which are important considerations for a discovery instrument and
a project of the size of IceCube-Gen2. The reference design will therefore includes
both types of stations, hybrid stations with antennas down to 150 m and shallow sta-
tions, complementing each other in sensitivity, background rejection and systematic
uncertainties.

Station spacing considerations: To maximize the total effective volume, stations
should be placed as far apart from each other as needed to no longer have over-
lapping effective volumes. As shown in [148], the minimal distance is a function of
energy and may be as large as 2 km, depending on the depth of the station. How-
ever, large distances place a heavier burden on deployment, power infrastructure, and
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Figure 36: Station layout of the reference design. The shallow stations (right) consist of seven Log-Periodic Dipole
Antennas (LPDAs), four downward-facing and three upward-facing, and one dipole antenna at a depth of 20 m.
The hybrid stations (left) contain the same shallow component, which is complemented with three strings to the
depth of 150 m. One string hosts the phased array trigger using four dipole antennas, sensitive to the vertical signal
component (Vpol), as well as additional Vpol antennas to reconstruct the vertex position and slot antennas (Hpol),
which are sensitive to the horizontal signal component. Vpol and Hpol antennas on the two other strings allow the
reconstruction of the arrival direction and the electric field. Two strings host calibration pulsers to triangulate and
calibrate the antenna positions to cm-precision.

operations logistics and coincidences between stations will be helpful in improving con-
fidence in reconstruction methods. A golden sample of events seen in multiple stations
will provide extremely high-quality reconstruction and will allow cross calibration, ice
calibration, and estimation of systematic uncertainties. For the same spacing, the co-
incidence fraction increases with energy and station depth. Thus, a target value for the
coincidence fraction determines the optimal spacing for a station type, which is larger
for hybrid stations than for shallow stations.

The reference design used throughout this document includes shallow-only and hybrid
(shallow/deep) stations with antennas down to a depth of 150 m. The stations are de-
ployed on a square grid with a distance of 1.75 km between the hybrid stations and
with regularly interspersed shallow-only stations, resulting in a distance of 1.24 km be-
tween the nearest-neighbor shallow stations (see [Figure 12). The shallow component
is identical for both station types. The reference design was selected from a variety of
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Figure 37: Layout of the surface array reference design. The surface stations on top of each IceCube-Gen2 string
encompass 8 elevated scintillation panels (red squares) and 3 elevated radio antennas (blue crosses) per station.
Four IceAct stations (purple hexagons) will be deployed in the center of IceCube-Gen2. The existing IceTop tanks
are indicated by gray circles.

configurations with different grid patterns and station-type ratios, all with similar sensi-
tivities and logistics requirements.

3.1.3 Surface array

IceCube-Gen2 will be complemented by a surface array above the optical array. Build-
ing on the plans for an enhancement of IceTop [507], the surface array will combine
elevated scintillation detectors and elevated radio antennas [545]. A prototype sta-
tion of that hybrid design was installed at the South Pole in 2020 and successfully
and regularly measures cosmic-ray air showers [546, 54/]. Finally, the planning of the
lceCube-Gen2 surface array was informed by a review conducted in May 2021, which
provided a strong recommendation to proceed with the design of a hybrid array.

IceAct telescopes will extend the high-accuracy CR measurements to energies below
the threshold of the hybrid stations. They are small (55 cm diameter), lightweight tele-
scopes for CR air showers featuring a Fresnel lens and a camera with 61 silicon photo-
multiplier pixels. Like the hybrid stations, IceAct prototype detectors have successfully
operated at the South Pole for several years [548].

Geometry considerations: The surface array is designed to minimize the logistics
requirements. It therefore follows the geometry of the optical array, with one surface
station per string of lceCube-Gen2 (Figure[37). Additionally, the existing optical array of
IceCube will be covered with the same type of surface stations to mitigate the reduced
performance of IceTop due to snow that accumulated over the years. A few additional
stations will be added for cross-calibration with the radio array and to avoid gaps to
IceTop because a smooth coverage is important to achieve the required threshold of
0.5 PeV regardless of the impact point of the cosmic rays.
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Table 4: Key properties of the DOM-16 and DOM-18 optical sensors designed for lceCube-Gen2 in comparison to
the IceCube Upgrade sensors they inherit from. The effective photon sensitive area, at a representative wavelength
of Cherenkov photons after >50 m of propagation in ice, is estimated by a Monte Carlo simulation neglecting the
inhomogeneity of the PMT sensitivity over the cathode surface.

Sensor DOM-16 DOM-18 | mDOM D-Egg
Number of PMTs 16 18 24 2
PMT diameter [inch] 4 4 3.15 8
Module diameter [cm] 31.3 31.8 36 30
Module height [cm] 44 .4 54.0 411 53.4
Effective photon sen32|t|ve 108 190 100 88
area (A=400 nm) [cm~]

Reference design: The IceCube-Gen2 surface array will consist of hybrid stations with
8 elevated scintillation panels and 3 elevated radio antennas each, sharing one local
DAQ in the center of the station. Using the FieldHub (see Part [[l] of this document),
the DAQ will be connected to the same power, timing and communication infrastructure
as the corresponding string of the optical array. For the capability to reconstruct the
direction of those showers triggering only a single station, at least three separated
detector positions are required per station forming a triangle. With reasonably sized
scintillators of 1.5 m” sensitive area each, a fill factor of about 2.5 x 10~* needs to
be achieved over the footprint of the optical array to meet the threshold requirement.
An additional constraint follows from the need to minimize trenching and is met by
exploiting (to the extent possible) trenches prepared for the optical array. An overview
of this reference design is shown in Figure [37]

While the radio antennas can provide the measurement accuracy needed at energies
above a few tens of PeV, an add-on is needed to provide calorimetric measurements
of the electromagnetic shower development at lower energies, too. For this purpose,
stations of seven IceAct telescopes each will be installed at four strings in the center of
the array. Because of the steeply falling cosmic-ray energy spectrum, the flux is orders
of magnitude higher at lower energies. Thus, despite covering only a small part of the
array and despite the limited duty cycle, these four stations will be sufficient for the
purposes of cross-calibration and measurement of the mass composition in the PeV
energy range.

3.2 Detector design

The design of IceCube-Gen2 builds on the experience of constructing and operating the
IceCube detector, the sensor R&D and construction effort for the lceCube Upgrade, as
well as different radio pilot arrays. It profits from a range of recent technical advances in
sensor development. In the following we describe the conceptual design of the sensors,
surface detectors, as well as radio components for the reference arrays.

3.2.1 The optical sensor
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Figure 38: The DOM-16 (middle left) and DOM-18 (middle right) designs for the IceCube-Gen2 optical sensor,
framed by their predecessors, the IceCube Upgrade sensors: mDOM (left) and D-Egg (right).

Besides its rich physics program, the IlceCube Upgrade project also provides an oppor-
tunity to advance the optical sensor technology for the IceCube-Gen2 observatory. Two
complementary sensor types have been developed for the IceCube-Upgrade, named
mDOM and D-Egg. In contrast to IceCube’s single large 10" PMT, the mDOM [549,550]
houses 24 PMT’s with a diameter of 3.15" in a 36 cm diameter pressure vessel. The
D-Egg [551] 552] houses two 8" PMTs in an elongated pressure housing of 30 cm in
diameter. Both sensor types will be deployed for the IceCube Upgrade. Out of 693
sensors deployed along the 7 new strings, 402 will be mDOMSs and 277 will be D-Eggs.

The optical sensor module proposed for IceCube-Gen2 is derived from the IceCube Up-
grade sensors, optimizing the design for costs, logistics impact and performance. Fig-
ure[38|shows renderings of the two variants of the Gen2 sensor (DOM-16 and DOM-18)
that are currently developed, together with their predecessors, the mDOM and D-Egg.
For a large-scale project such as IceCube-Gen2, it is advantageous to have such al-
ternative designs in the current conceptual phase, avoiding the dependence on single
vendors for the most critical components of the optical sensors. However, it is planned
to select the most cost effective solution/design that fulfills the science requirements in
a later project phase, and deploy identical modules throughout IceCube-Gen2. Both,
DOM-16 and DOM-18, inherit the elongated pressure housing design from the D-Egg,
with diameters of 313 mm (DOM-16) and 318 mm (DOM-18), respectively. The reduc-
tion in diameter in conmparison to the mDOM allows to drill smaller boreholes, saving
about 15% fuel and drill time. Instead of 24 of the 3.15" PMTs of the mDOM, the DOM-
16 and DOM-18 sensors will utilize 16 and 18 of the 4" PMTs, respectively, that are
dedicated designs of the manufacturing companies for this application. This approach
combines the advantages of the mDOM, the directional information obtained about the
arriving photons from the individual PMTs, and the economy-of-scale benefits of many
small-size PMTs over fewer large-sized ones, with a lower power consumption (4W per
sensor) and data rate (150 kbps). In combination, the low power and the moderate
data rate permit the usage of less complex cables for the communication to the sur-
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Figure 39: Individual photo-detection assembly of IceCube-Gen2.The electronics attached to the base of a 4" PMT
provide the high-voltage chain for the PMT dynodes, as well as readout, amplification and digitization of the PMT
signals.

face, including only 7 wire quads (IceCube: 20 wire quads) even though the individual
strings host 80 sensors (IceCube: 60 sensors).

Both variants, DOM-16 and DOM-18 share many common elements. Each individual
photo-detection assembly consists of a 4" PMT and a circuit board attached to its base,
which combines HV generation, readout and digitization of the PMT signals (see Figure
[39). Both designs can work with 4" PMTs of two different vendors. Also the electronics
mainboard, providing power and communication for the modules is identical for both
variants. The DOM-16 module houses 16 PMTs in a 11 kg pressure vessel of 44.4 cm
height, while the DOM-18 module houses 18 PMTs in a 17 kg pressure vessel of 54 cm
height (manufactured by a different company). The two extra PMTs in this design point
up- and downward. Due to the additional PMTs, the DOM-18 has a 12% higher photon
collection efficiency than the DOM-16, albeit at a higher per-module cost. Prototype
modules of both variants are scheduled for deployment with the IceCube Upgrade in
2025/2026.

Electronic components are also shared between both variants. The signal from each
PMT is read out by circuitry attached to its base. The signal is read in parallel at the
anode and at the 8th dynode of the PMT, individually amplified and, after shaping,
digitized by a dual channel 60 MHz ADC. The parallel readout enables a large dynamic
range from 1 photo-electron (p.e.) to >10" p.e. that reflects the wide energy range the
optical array is designed for (about 10 TeV to above 10 PeV). The digitized waveforms
are collected and buffered by flash memory on the sensor mainboard. Summary data
or full waveforms are sent to the surface on request from the trigger algorithm. On
the surface — on top of each deployed string — the FieldHub feeds the data stream
into optical fibers connected to the IceCube Laboratory (ICL) which houses IceCube
on-site computing. The FieldHub was developed for the lceCube Upgrade. Besides
relaying the data, it also provides power and timing calibration to strings and surface
array detectors (Section [3.2.3).
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Figure 40: Deployment of RNO-G at Summit Station in 2021. Left: String deployment showing two types of antennas
being lowered into the ice. Right: From front to back: Installation of solar panels and log-periodic dipole antennas,
the BigRAID drill, and Summit Station.

3.2.2 Radio detectors

The reference design for the radio component of IceCube-Gen2 is informed by both
simulations [148] and the experience gained from operating ARA, ARIANNA, and RNO-
G [350, 553-556]. It relies on a combination of hybrid and shallow stations (see [Fig]

ure 36).

The design of the shallow component builds on subsurface log-periodic dipole anten-
nas (LPDAs), both upward-facing (for air shower detection) and downward-facing (for
neutrino detection). The LPDAs offer high gain over a wide frequency range and excel-
lent sensitivity to horizontally polarized signals. LPDAs can be custom-made for ease
of deployment and installation (as with TAROGE [557]) or obtained commercially (as for
ARIANNA and RNO-G). Two pairs of orthogonally placed LPDAs allow a reconstruction
of the electric field vector, including polarization. The LPDAs are complemented by a
shallow cylindrical dipole antenna at a depth of 10 m that aids in the separation of up-
and down-going signatures and improve the reconstruction capabilities [530].

A hybrid station consists of a shallow station plus antennas deployed along three strings
down to a depth of 150 m. The core of the hybrid station is a phased array of four closely
packed cylindrical dipole antennas (Vpol) that provides the main trigger and is essential
for the sensitivity of the station. The phased array technology will be the same as used
for RNO-G and in PUEO [558]. It is complemented by additional Vpol antennas on
the same string, as well as on two additional strings for reconstruction purposes. For
polarization reconstruction, slot antennas (Hpol) are added to the strings, resulting in a
total of 24 receiver channels.

In order to reach the overall sensitivity goal, the reference design assumes that 361
stations are deployed at the South Pole, with 164 hybrid and 197 shallow-only stations
on a square grid with distances of 1.75 km and 1.24 km, respectively. About 10% of
the neutrino events will be detected in coincidence with at least two stations, marking a
sample of events with the best reconstructed properties.
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Several radio instruments have been built at South Pole, notably the Askaryan Radio
Array (ARA). ARA employs a phased-array and has instrumented strings with two dif-
ferent types of antennas down to a depth of 200 meters. The reference design for
IceCube-Gen2 foresees deep stations similar to those of ARA. It also foresees shal-
low antennas, both directly above the deep stations and interspersed between them.
These shallow LPDAs provide better polarization sensitivity than the down-hole anten-
nas, thus aiding in event reconstruction. They also ensure a self-vetoing capability of
the array against air showers, a concept piloted in the ARIANNA project at Moore’s
Bay and verified with two stations at the South Pole. In addition to the veto capabilities,
these LPDAs provide better polarization sensitivity than down-hole antennas, which will
aid the reconstruction.

As compared to the optical detection technique, the radio detection is not as mature.
At the relevant energies, no neutrino candidates have yet been detected, and the ex-
pected performance has to be extrapolated from previous but different experiments and
dedicated simulations. Additional R&D and piloting will happen before the construction
of IceCube-Gen2. The deployment of the Radio Neutrino Observatory (RNO-G) has
started in 2021 at Summit station in Greenland. The RNO-G stations are similar to the
hybrid stations described above. The design of the down-hole antennas for IceCube-
Gen2 will be heavily based on experience with RNO-G, with only minor modifications
foreseen, in particular for the Hpol antennas.

The station electronics for both kinds of stations — hybrid and shallow — will provide
similar functionality and, in most instances, identical components and software. The
main DAQ board will be modularized to accommodate 8 channel, as well as 24 channel-
stations. The stations will share the same power and communications infrastructure,
integrated with the one used for the optical array. The amplifier design of RNO-G has
reached a mature state suitable for lceCube-Gen2, with reliable performance at less
than 0.5 W per channel.

Deployment opportunities at Summit Station (see |Figure 40) reduces the burden on
South Pole station logistics and will allow for a fast turnaround in instrument testing,
given the easier accessibility. While characteristics of the site influence the science
performance and certain specific choices for the instrument, technical challenges will
be very similar, paving the way for the radio component of IceCube-Gen2. RNO-G and
the radio array at the South Pole will be complementary in terms of their field-of-view,
also offering a larger, combined effective volume for diffuse searches.

3.2.3 Surface detector stations

IceCube’s surface array IceTop [507] has proved to be a very valuable component
of IceCube at a modest cost of approximately 5% of the total investment. Figure
shows the layout of an enhanced IceTop station optimized for easy deployment and
low maintenance. This is also the proposed design for an IceCube-Gen2 surface sta-
tion [539, 560].

Each station consists of four pairs of scintillation panels and three SKALA type radio an-
tennas [561],562] attached to a common local DAQ. Both, the scintillators and the DAQ
design have evolved over several years. With the current prototype station regularly
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Figure 41: Photos and schematic of the prototype station of the surface array deployed in 2020. Both the scintillators
and antennas are on elevated extendable mounts to avoid snow coverage.

detecting cosmic-ray air showers, the design has been successfully tested, pending
some minor improvements to be incorporated in the final design (see Section |3.1.3).
The radio antennas have been developed for the SKA-low array [563], the leading ra-
dio observatory of the coming decade. They feature a particularly low noise level of
around 40 K and a smooth gain pattern with a broad sky coverage and a low backlobe
which minimizes systematic uncertainties due to ground conditions, such as the snow
level. Although not designed for polar conditions, extensive lab tests and the prototype
stations have proven that the SKALA antennas are well suited for continuous operation
at the South Pole. After more than two years of operation time until now, no excess
snow accumulation has been observed on the ground below the prototype station or
on the detectors themselves. Therefore, the prototype station constitutes the reference
design for both, the enhancement of IceTop and the IceCube-Gen2 surface array.

3.3 Instrument performance

Section [2] discussed in detail the capabilities of the Icecube-Gen2 facility to address
critical science questions in neutrino and multi-messenger astronomy. Here, the un-
derlying instrument performance that enable the science is discussed. We describe
the performance of the optical and radio component separately first and conclude with
a discussion about the advantages of a combination of both techniques in a single lo-
cation that goes beyond the sum of the individual parts. All performance studies are
based on dedicated simulations and extrapolations of published results, combined in a
dedicated framework [149].

3.3.1 Optical array

We characterize the performance of the reference design as shown in Figure by
studying simulation and IceCube experimental data. These studies focus on two neu-
trino detection channels: muons entering the instrumented volume from the outside and
isolated cascades within the volume. To estimate the detector performance for through-
going muons, an isotropic flux of muons entering the detector is simulated, using the
standard IceCube simulation chain. IceCube-like sensors are assumed, however each
simulated sensor features a 3(4) times larger PMT photocathode area than the actual
IceCube high-QE (standard-QE) DOM (approximating the photon collection efficiency
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Figure 42: Performance characteristics of the reference design of IceCube-Gen2. Left: Effective area for the de-
tection of tracks as a function of energy for different angular bands. Right: Effective area for the detection of
shower-type events as a function of energy for each flavor of neutrinos. Effective areas of the optical and the radio
array are shown separately.

of the IceCube-Gen2 baseline sensor). Each muon direction and energy are recon-
structed using IceCube’s reconstruction algorithms. We then apply a series of quality
cuts to these simulated events to remove any whose direction cannot be reconstructed
reliably. From the simulated data we derive the muon effective area as a function of
energy and zenith angle (Figure [42), and the point spread function (PSF) as shown
for the 240 m sunflower layout in Figure 43| These quality cuts are responsible for the
difference between the effective and geometrical areas, as, e.g., corner-clipping tracks
that cannot be well reconstructed are removed. Note that the PSF is scaled by a fac-
tor of 0.8 to account for reconstruction improvements related to pixelated sensors that
are not included in the standard IceCube reconstruction chain, and have been studied
separately [564].

We characterize the performance for cascades in a similar way. Instead of simulating
a flux of incoming muons, though, we simulate single electromagnetic cascades dis-
tributed evenly throughout the instrumented volume, and reconstruct each cascade’s
position and energy. The quality cuts for cascades ensure that the position reconstruc-
tion is reliable, and thus that the associated energy estimate is as well. Figure [42]
shows the effective areas for cascade detection in the IceCube-Gen2 optical array, and
the contributions of individual neutrino flavors to this effective area. The energy res-
olution achieved in the reconstruction for both cascades and tracks is summarized in
Table[Zl

To fully characterize the sensitivity to neutrinos, we must also consider the background
from penetrating atmospheric muons. IceCube has already demonstrated several suc-
cessful strategies for removing this background [3, [17, 130} 565]. Here we focus on
how to extrapolate these techniques to IceCube-Gen2, with emphasis on the result-
ing energy threshold. Entering muons from below the horizon are relatively simple to
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Figure 43: Muon reconstruction performance of the IceCube-Gen2 optical array with 240 m string spacing. Left:
Effective area for single muons after quality cuts as a function of muon energy for different declination angles 4.
Right: Median angular error of the directional reconstruction for muons as a function of energy, evaluated at the
same angles.

separate from atmospheric muons. Correctly reconstructed up-going muons can only
be neutrino-induced, and cuts on the angular reconstruction quality are sufficient to
remove all atmospheric muons

Neutrino interactions inside the detector volume are slightly more difficult to isolate,
requiring that the outer layer of the detector be used as a veto. We estimate the effective
energy threshold of such a veto strategy using a variant of the technique used in [3],
where the observation of Cherenkov light in the outer string layer of IceCube above a
certain threshold leads to the rejection of the event. The results are shown in Figure [44]
First, we identify penetrating atmospheric muon events that first trigger the outer layer
of IceCube. We then apply the veto using only the inner detector, with three out of four
strings removed to model a detector with twice the string spacing. Compared with a
veto using all strings, the energy threshold increases by a factor of ~3. From this we
conclude that a high-energy starting event selection in a detector with ~240 m string
spacing will be fully efficient and have negligible penetrating muon background above
a deposited energy of ~200 TeV, rather than 60 TeV as in IceCube. Figure also
shows the projected angular resolution for shower-type events with IceCube-Gen2. It
is expected to be similar to the resolution currently achieved by IceCube at energies
above few hundred TeV. Please note, that for this projection systematic uncertainties
on the optical properties of the ice have been neglected, and the directional information
on the photon arrival direction available from the individual PMTs in the IceCube-Gen2
DOMs has not been used.

Figure [42| summarizes the effective areas of the lceCube-Gen2 optical array for tracks
and showers. For showers, which can be observed in both, the optical and radio ar-
rays, the radio effective area is indicated as well. The instrument response functions
for muon and shower-type events introduced in this section are the basis for the evalu-
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Figure 44: Background rejection performance and angular resolution for shower-type events in IlceCube and the
IceCube-Gen2 in-ice detector with 240 m string spacing. Left: Penetrating muon rejection capabilities of IceCube
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for deposited energy. The wider string spacing implies a factor 3 higher energy threshold to ensure an equivalent
rejection performance for atmospheric muons as for IceCube. Right: Median angular resolution for shower-type
events achieved in IceCube and the projected resolution for IceCube-Gen2 as a function of deposited energy.

ation of the science potential of the IceCube-Gen2 observatory presented in Section[2]
IceCube-Gen2’s efficiency to identify tau neutrinos via their double-bang signature is
estimated in two ways. One is with the help of a “sparse” IceCube dataset where only
the information from every 4th string is used to model a detector with 240 m string spac-
ing, similar to the procedure described in the last paragraph. In addition, the efficiency
for tau identification is estimated from dedicated simulation datasets, produced in the
same way as the ones described above to study the detector response to muons. Both
efficiencies agree very well, and are included in the estimate of the flavor composition
measurement performance discussed in Sections[2.2.6|and [2.4.3]

Table [5|summarizes the yearly event rates expected for track-like events from up-going
atmospheric and astrophysical neutrinos in IceCube-Gen2 in comparison to IceCube.
Table [6| compares event rates for astrophysical neutrinos of different event categories,
shower-type events, double cascades, and tracks starting in the instrumented volumeﬂ
The event rates are presented for various thresholds in the energy that is deposited in
the instrumented volume and assumes an astrophysical neutrino spectrum with a 1:1:1
flavor composition, following a power-law spectrum with an index of -2.5.

$70 obtain the values in the tables the same set of selection criteria are applied to IceCube simulation data that
are used throughout this report for characterizing the IceCube-Gen2 performance. This procedure yields directly
comparable rates, however, published IceCube data analysis uses different and often more complex event selection
strategies.
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Table 5: Rate of upgoing tracks in the IceCube-Gen2 optical array [yr"l]

astrophysical-v atmospheric-v
Deposited energy | IceCube IceCube-Gen2 | IceCube IceCube-Gen2
>1 TeV 12x10° 4.0x10®> [29x10°  34x10°
>10 TeV 16 59 24x10>  5.3x10°
>100 TeV 1.4 3.8 0.67 0.99

Table 6: Rate of astrophysical neutrinos of various event categories (optical array only) [yr"l]

shower-type events | double cascades starting tracks
Deposited energy | IceCube 1C-Gen2 | IceCube 1C-Gen2 | IceCube 1C-Gen2

> 10 TeV 6.0 50 0.36 2.4 1.4 21

> 100 TeV 3.6 32 0.3 1.9 0.81 13

3.3.2 Radio array

Based on simulations [148] and experience from radio detectors such as ARA [553],
ARIANNA [554], and RNO-G [556], we extrapolate the performance of the in-ice radio
array of lceCube-Gen2. Simulations show that the reference stations will be sensitive
to emission from neutrino interaction vertices at large distances (~ 5 km at 10 EeV),
translating to large geometric volumes per station. As the signal amplitude scales with
energy, the visible vertex distances are significantly larger at higher energies.
shows the effective area of the reference detector as a function of energy for
each neutrino flavor. No astrophysical neutrino flux has been observed above 10 PeV
in energy so far. Therefore the expected neutrino rates in the IceCube-Gen2 radio
array cannot be estimated from current measurements, but depend on extrapolations
of the observed neutrino flux to higher energies, or can be calculated for theoretical
predictions of the ultra-high-energy neutrino flux. Such extrapolations and theoretical
predictions were discussed in Section and the expected number of events in the
radio-array derived from them were presented in Figure

The energy resolution obtainable with the radio detector depends on both the recon-
struction of the energy fluence in the received electric field and the reconstruction of
the vertex distance, as discussed in Section [3.1.2l The obtainable resolution of the
electric field depends in detail on the antenna design chosen. It has been shown with
radio detection of air showers that one can reconstruct the detected radio signal to
better than 20% in the absolute energy fluence of the pulse [566-568], with antenna
modeling being the driving systematic uncertainty.

The obtainable resolution of the vertex position will strongly depend on the vertex dis-
tance. For close vertices, an uncertainty on the resolved vertex distance of the order of
tens of meters is likely obtainable, following the location reconstruction of pulser events
[527, 569 570] and simulation studies. For more distant vertices the reconstruction
quality will decrease. However, the reconstructed vertex position will be equally good,
for the fraction of events in which both the direct and reflected signal can be measured,
as was shown by ARA and ARIANNA using pulser signals [530} 569].
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Combining the uncertainty of the electric field measurement, with the vertex distance
estimate, the energy resolution of a shower will be better than a factor of 2 (see also[Ta|
ble 7). This means that the uncertainty on the neutrino energy will be dominated by the
variations of the neutrino energy fraction that is deposited in the shower at the interac-
tion vertex, as shown in dedicated studies for ARIANNA [530] and RNO-G [531], 571].
Systematic uncertainties originate from the limited knowledge of the ice properties such
as the attenuation length and index-of-refraction profile. Both will be addressed in cali-
bration campaigns.

The resolution of the neutrino arrival direction is determined by the combination of the
signal arrival direction, signal polarization, and the viewing angle with respect to the
Cherenkov cone. The obtainable resolution is highly dependent on the event quality, in
particular the signal-to-noise ratio in the various antennas.

The accuracy of the reconstruction of the radio signal arrival direction can be extrap-
olated from the reconstruction of the position of deep pulsers on lceCube strings and
those lowered into the SPICE borehole [569, 572, 573], as well as from the recon-
struction of the radio signal of air showers [574, 575]. It is expected to be better than
1°.

To obtain the neutrino arrival direction the signal direction has to be combined with in-
formation from all antennas to include frequency spectrum and signal polarization. The
angular resolution obtainable is also zenith angle dependent due to geometry restric-
tions imposed by the signal propagation in the ice.

Looking at individual signal components, there is experimental evidence that the po-
larization is reconstructable to better than 3°, as shown in cosmic ray measurements
[543] and deep pulser signals with ARIANNA [535,573]. The viewing angle to the Che-
renkov cone will be reconstructed to better than 2°, extrapolating from frequency slope
measurements of CR [533] 542, [576] and dedicated simulations.

Most of the referenced measurements of signal characteristics were obtained with high-
gain log-periodic dipole antennas. Simulations indicate a similar performance for the
shallow and deep components of the hybrid stations, depending in detail on the number
of antennas with signal and the amplitude of the recorded signal [532, 536].

Combining all simulations and previous measurements results in typically asymmetric,
curved uncertainty regions for the neutrino direction. Current results indicate that at
least 50% of all triggered events can be reconstructed with an angular resolution better
than 3° [632, 536]. It is expected that enhanced reconstruction algorithms will improve
on this value, especially for those events detected in more than three antennas or in
coincidence between two stations.

3.3.3 Surface array

The performance of the surface array has been studied extensively with CORSIKA
simulations for a wide range of energies and arrival directions and for different types of
cosmic-ray primaries (Figure [45). Compared to IceCube/IceTop, the effective surface
area will increase by a factor of 8 to about 6.5 km®. That increase in area results
in a significantly increased range of arrival directions for coincidences between the
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Table 7: Energy resolution of tracks and showers in the optical and radio arrays. The numbers define the intervals
around the visible energy (energy deposited by charged particles above Cherenkov threshold) of the events in the
detector that contain the reconstructed energy for 68% of the events.

Energy range [TeV] Tracks Showers Showers
Emin — Emax (opt. array) | (opt. array) | (radio array)
1 - 10 27%
10 - 100 14% 67%
100 - 10° 14% 26%
10° - 10 13% 14%
> 10° 15% 11% 65%
I:l‘ scint triggér
10101 B 3 antennas (Egy reco)
E 5 antennas (Egy+Xmax reco)
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Figure 45: Expected event statistics of the IceCube-Gen2 Surface Array for which scintillator, in-ice optical, and/or
surface antenna information will be available. Events in coincidence with the optical array (hatched lines) are the
most valuable ones for all science cases (veto, hadronic interaction, cosmic rays, gamma rays) that make use of the
surface array.

surface and optical arrays. These events are the most valuable for practically all science
cases involving the surface array: its function as veto, the study of hadronic interactions
and prompt decays, accurate measurements of the cosmic-ray mass composition, and
gamma-hadron separation. The aperture for these coincident events will increase by
more than a factor of 30 to about 8 km® sr with respect to IceCube/lceTop.

Different parameters are essential to quantify the performance for the various purposes
of the surface array:

For the veto, the detection threshold for proton induced showers is most important,
since atmospheric backgrounds depend on the energy per nucleon; and protons dom-
inate the cosmic-ray flux when expressed as a function of the energy per nucleon (in-
stead of total energy of the primary particle).

For hadronic-interaction physics, such as the study of prompt forward leptons, the sur-
face array will be able to provide a precise energy measurement with a resolution of
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Figure 46: Sensitivity for the discovery (50 discovery potential) of a generic short neutrino burst of 100 s duration
as a function of energy and declination of the source (right panel). The sensitivity at the horizon is compared to the
respective sensitivity of lceCube (left panel). IceCube and IceCube-Gen2 sensitivities are calculated separately for
each decade in energy, assuming a differential flux dN /dE o< E™? in that decade only. The neutrino fluence is
shown as the per-flavor sum of neutrino plus anti-neutrino fluence, assuming an equal fluence in all flavors.

log ' = 0.2at1 PeV and log £ = 0.1 at 10 PeV for showers with zenith angles up to
30°. This is crucial to study those showers in detail that feature TeV or PeV muons
detected in the optical array, and to understand that flux as function of the cosmic-ray
energy and mass. Using distant IceTop tanks as muon detectors will provide an addi-
tional measurement of GeV muon densities. IceCube/lceTop already plays the leading
role in the energy range from few PeV to ~100 PeV regarding the study of the muon
puzzle [371], i.e., that state-of-the-art hadronic interaction models predict less muons
than measured. lceCube-Gen2 will provide overlapping measurements with the Pierre
Auger Observatory at 100-300 PeV.

The surface array will provide unprecedented sensitivity for large-scale anisotropies,
boosting investigation of the origin of high-energy galactic cosmic rays. By combining
the radio, scintillator, and optical measurements of muons, unprecedented accuracy
for the estimation of the primary mass will be achieved. These two measurements
combined will help to understand the transition from Galactic-to-extragalactic cosmic
rays and shed light on the yet undiscovered origin of the most energetic Galactic cosmic
rays.

As a side-goal complementing its multimessenger mission, lceCube-Gen2 will also
search for PeV photons. With the gamma-hadron separation provided by the combi-
nation of the scintillators and the deep optical array together with the largely increased
aperture for such events, there is significant detection potential of several high-energy
LHAASO-like sources in the southern hemisphere.
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Figure 47: Same as Figure but for persistent point sources and a 10 year observation time. Flux is shown
instead of fluence.

3.3.4 Combined performance

The radio and the optical arrays are complementary in their energy range and provide
synergistic sensitivity to different detection channels. Combining both techniques will
make IceCube-Gen2 a formidable instrument sensitive across a much broader energy
range than previously accessible to IceCube. The individual instrument response func-
tions obtained for the radio and optical array, the effective area, the PSF and the energy
resolution, are combined to estimate the sensitivity of lceCube-Gen2 to various astro-
physical neutrino production scenarios in Section 2| Potential gains from a coincident
detection of a subset of events have not been included in these estimates. Figures
and 47| give an overview of the differential sensitivities (50 discovery potential) of the
combined detectors as a function of energy and declination ¢ for generic short bursts
(100 s) and persistent sources (10 y). The peak sensitivity of lceCube-Gen2 is around
the celestial horizon (5 = 0°), where both the optical and the radio array have an excel-
lent sensitivity. In the Northern sky (§ > 0°), the sensitivity is dominated by the optical
array as neutrinos above the detection threshold of the radio array of O(10 PeV) are
absorbed in the Earth. In the Southern sky(d < 0°), the radio array dominates the
sensitivity for persistent sources, as atmospheric backgrounds severely limit the sensi-
tivity to lower-energy neutrinos. For short bursts, both optical and radio array contribute
to the sensitivity as the atmospheric backgrounds are not relevant on such short time
scales.

The surface array improves the sensitivity of IceCube-Gen2 to sources in the region
around the Southern celestial pole significantly. Figure [48|shows the integral sensitivity
(50 discovery potential) of lceCube-Gen2 (optical + surface arrays) to a point source
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Figure 48: Integral sensitivity for the discovery (50 discovery potential) of a point source featuring a power-law
spectrum with an index of -2, after 10 years of observations. The sensitivity of the optical array is presented as
a function of declination, in combination with and without the surface array. The IceCube sensitivity (including the
IceTop surface array) from [577] calculated for the analysis of a ten-year dataset is indicated for comparison. The
neutrino flux is shown as the per-flavor sum of neutrino plus anti-neutrino flux, assuming an equal flux in all flavors.

featuring a power-law spectrum with an index of -2, after 10 years of observationsm.
This sensitivity is compared to the corresponding values when not using the cosmic-ray
muon veto provided by the surface array. At the celestial pole the sensitivity improves
by a factor of ~2, with significant gains in sensitivity for more than 25% of the sky.

2 2

Please note that TeV cm ™2 s ™' is used as the unit for £ x & in this figure instead of erg cm™ s™" to facilitate a

comparison to corresponding figures published elsewhere.
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4 The South Pole: an extraordinary platform for astrophysics

4.1 Introduction

The construction of IceCube began nearly two decades ago. By its completion in 2010,
a cubic kilometer of deep South Pole ice had been instrumented with 5,160 photomul-
tiplier tubes, which have continuously monitored the ice for the faint Cherenkov signa-
tures of neutrino interactions. An associated array of surface detector tanks provides
a partial cosmic ray veto and, along with the embedded component, a unique three
dimensional profile of air showers.

The ice at the South Pole serves as both target volume and Cherenkov radiator. It is
some of the best studied ice in the world and has exceptional optical clarity. Extensive
calibration programs have been carried out regularly over IceCube’s operation, allowing
further characterization of the ice and the detector response. This has allowed IceCube
to address scientific queries that were well beyond the goals of the original design.
The ongoing IceCube Upgrade will expand the calibration program as well as extend
the low-energy reach of the IceCube observatory. In the meantime, pioneering arrays
colocated at the South Pole have measured the radio frequency attenuation length of
polar ice to be the longest recorded anywhere, establishing the South Pole as an ideal
location for an antenna array which would allow ultra-high-energy neutrino detection via
the Askaryan effect. These endeavors have been made possible by the infrastructure
and logistical support provided by the Amundsen Scott South Pole Station.

The extraordinary successes of IceCube’s scientific program, as well as the opportu-
nities provided by the proposed IceCube-Gen2 expansion, were outlined in Part | of
this document. In Part I, we describe the design of lceCube-Gen2 in detail. We start
in the current chapter with a description of the existing IceCube, IceTop, and Deep-
Core arrays, which will provide the cornerstone of the larger observatory. We also
describe the IceCube Upgrade which, while enhancing the scientific reach of IceCube,
also provides a platform for the next generation of instrumentation development. Most
importantly, we describe the site, in particular the properties of the ice, and why the
South Pole is uniquely suited to host a multichannel observatory like lceCube-Gen2.

4.2 Site

The properties of the vast south polar ice cap are perhaps among the best studied in the
world. At nearly three kilometers in thickness, the glacial ice near the Amundsen-Scott
South Pole Station has been exquisitely mapped over the three decades of neutrino
detector operation at the site. In addition, the infrastructure provided by the station
as well as an environment largely free of anthropogenic noise make the location ideal
for neutrino astronomy. Just as our knowledge of the environment informed the de-
sign of the original array, our evolving knowledge of the ice and the surrounding atmo-
sphere, along with our experience in operating the detector, has informed the design of
IceCube-Gen2. Here we summarize both the optical and radio-frequency characteris-
tics of the ice as well as the environment.
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Figure 49: Stratigraphy of fitted absorption and scattering strength. Figure taken from Ref. [582].

4.2.1 The glacial ice as detection medium

Optical properties

The ice within the volume of the IceCube detector was deposited as snow some 40 to
95 kyrs ago [578,579]. As the snow fell on the surface of the ice, it contained impurities,
concentrations of which were determined by the atmospheric conditions at the time.
These were influenced by specifics of climate and other major Earth events such as
volcanic eruptions. The top 200 m of packed snow, known as firn, has a reduced density
compared to the region below, where the packed snow becomes ice with small bubbles
of trapped air interspersed. Although the ice at the South Pole has been measured to
have an order of magnitude fewer impurities than the cleanest laboratory ice [580], and
as such has exceedingly small absorption (with absorption length exceeding 100 m in
the cleanest ice in the currently instrumented volume), the air bubbles are a source of
very strong scattering, which significantly reduces the propagation reach of photons as
well as widens their arrival time distributions so much as to make them nearly useless
[581]. At around 1,350 m depth, due to large pressure, the bubbles disappear as the
air diffuses into the surrounding ice crystals to create air hydrate clathrates, with a
refractive index virtually indistinguishable from that of ice crystals [580].
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Figure 50: Absorption is shown versus wavelength.

The ice sheet at the location of the South Pole flows at a rate of around 10 m/yr. This,
together with the local topography of the underlying bedrock, causes the ice isochrones
(i.e., layers of ice that were deposited at the same time and as such have the same dust
concentrations and, thus, optical properties) to distort from being perfectly horizontal
to varying in depth by as much as 70 m across the IceCube detector near its bottom.
The IceCube Collaboration has mapped the changes in depth of these ice layers using
a device called a dust logger, which was lowered into eight of the array boreholes after
they were drilled and before the main string deployment took place. This dust logger
emits a narrow beam of light into the ice and records the returned signal, and it is
capable of resolving features 2 mm in width (perfectly resolving the "volcano ash" ice
layers). The recorded vertical dust profiles leave characteristic features that have then
been successfully matched against dust records collected elsewhere in Antarctica (i.e.,
Dome C). This allowed us to extrapolate the optical properties of ice measured within
the volume of the IceCube detector (described below) to the regions of ice above and
below the detector. The ongoing IceCube Upgrade will allow precision measurements
of that region.

In the instrumented volume of the IceCube detector, the IceCube Collaboration has
measured the optical properties of ice in great detail (scattering and absorption vs.
depth is shown in Fig.[49), using the 12 LEDs contained in each optical module. These
LEDs can emit brief pulses of light in tandem or individually, and the data received on
the surrounding DOMs are then analyzed. By comparing the data with simulations [582,
583|, we have obtained the scattering and absorption properties of ice (averaged) in 10-
m depth layers as well as discovered a curious effect where more light reaches sensors
along the directions closest to the direction of the ice flow (as shown in Figure[51). The
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Figure 51: Ice optical anisotropy seen as azimuth-dependent intensity excess in flasher data. Each dot is the
observed intensity ratio for one pair of light-emitting and light-detecting DOMs (separated by ~ 125 m) comparing
data to a simulation with no anisotropy modeling enabled. The tilt and flow directions are shown for reference.

absorption length is wavelength dependent, as shown in Figure [50} Substantial effort
has gone into the investigation and modeling of the photon propagation.

Recently we reinterpreted our calibration data to much better accuracy with a well-
known feature of Antarctic ice, namely that the individual ice crystals align perpendic-
ular to the ice flow direction (and, in the deepest ice, it also exhibits a second vertical
component in its crystal orientation). Ice crystals are mono-axial, and exhibit a very
slight difference in propagation of ordinary and extraordinary rays (i.e., are birefrin-
gent). Although this is a vanishingly small effect for a single crystal boundary cross-
ing, because of the large number of such crossings for any typical propagation dis-
tance within the lceCube detector (~1,000 crossings per meter), a macroscopic effect
emerges where the rays of light bend, on average, towards the flow axis. While this
effect competes with the somewhat larger diffuse scattering for directions closest to
the flow axis, it still results in more light arriving in such directions, as observed in the
flasher data in Figure [51]

RF properties

The ice at the South Pole is extremely cold and is therefore expected to be exceptionally
transparent to radio frequency (RF) signals, as the attenuation length of RF emission
is expected to increase with decreasing temperature. Figure 52/shows the temperature
of the South Pole ice versus depth. Also shown is a hyperbolic fit, which extrapolates
to approximately melting temperature at the bedrock, as suggested in a recent model
of this data [586]. At the bedrock, the temperature of the ice approaches melting tem-
perature and the RF attenuation is high. This has the advantage that reflected RF
signals from the bedrock that could appear as background will be highly suppressed.
This makes the cold, shallow ice ideal for RF detection of neutrino induced showers
through the Askaryan channel. The air bubbles which scatter visible and ultraviolet
light are invisible to to long wavelengths in the radio band. However, the firn, with it's
gradually increasing density, presents a varying index of refraction which acts like a
mirror, bending the path of rays near the surface. This limits the horizon for shallow
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Figure 52: Ice temperature as a function of depth from the surface level at the South Pole. Measurements from
IceCube [584] and AMANDA [585)].

instrumentation, but also allows a means of estimating the location of the interaction
vertex, by comparing the arrival time of rays arriving on a direct versus reflected path.

The radio frequency properties of the ice near the geographic South Pole have been ex-
tensively studied through the pioneering efforts of RICE [525] (the Radio Ice Cerenkov
Experiment), by a measurement using surface pulsers by Barwick et al. [524] and, in
the past decade, the ARA (the Askaryan Radio Array) Collaboration [569]. Also the
ARIANNA (Antarctic Ross Ice-Shelf Antenna Neutrino Array) Collaboration installed
and operated two stations near the South Pole [573], one of which was powered au-
tonomously. The different experiments studied attenuation length, refractive index as
function of depth, and potential birefringent properties.

Dedicated high-voltage radio frequency transmitters were installed on the lceCube
strings at depths of 1,450 and 2,450 m, allowing point to point measurements of the
signals in ARA receivers located at horizontal distances ranging from 2.2 to 5.4 km,
the longest point to point measurements made to date in polar ice. More recently,
depth-dependent measurements were made using a retrievable transmitter lowered
into a 1,700 m deep borehole drilled for the South Pole Ice Core Experiment located
at horizontal distances of 1.2 to 4.1 km from the ARA stations Taken together, these
measurements cover a large variety of baselines, depths, and viewing angles. Mea-
surements of the attenuation length are consistent, at > 1 km in the top half of the
ice.

Figure [53|compares the RF attenuation length at three sites where RF properties have
been extensively studied: the South Pole, Moore’s Bay, on the Ross Ice Shelf, and
Greenland. The South Pole has an exceptionally large attenuation length of more than
2 km at the surface, which is where the detectors are located.
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Figure 53: The attenuation length of RF signals is shown versus depth for the South Pole, Greenland, and Moore’s
Bay. The solid lines show the attenuation length at 200 MHz and the dashed lines at 400 MHz. Figure adapted from
Ref. [544].

In addition, the existence of a possibility of a birefringent effect, as seen in the optical,
has been investigated [569, 587]. In radio frequencies, this can be measured by com-
paring the difference in arrival times of the horizontally and vertically polarized compo-
nents of the incoming signals. An asymmetry has been observed which varies linearly
with range and depends on the orientation of the incoming signal with respect to the
direction of the local ice flow [569]. Further, both ARA and ARIANNA demonstrated the
arrival of two distinct signals, one from the direct path and the other refracted/reflected
near the ice’s surface, where the loosely compacted firn forms a layer with a varying
index of refraction. Depending on the geometry a second signal is either reflected or
refracted towards the antennas in the ice.

4.3 Existing infrastructure and environment

The South Pole site offers not only ideal natural conditions, it also is home to the US
National Science Foundation’s Amundson Scott South Pole Station. The station pro-
vides extensive infrastructure, including housing for 160 people during the summer,
with a population of more than 30 people during the winter. The winter population also
includes scientists who winter over to maintain science programs such as lceCube and
the South Pole telescope, which run continually, even during the Austral winter.

Transportation of cargo presents an additional logistical challenge when working in the
polar region. During IceCube’s construction, all of the instrumentation and fuel required
for installation, a total of 9 million pounds of combined cargo, was shipped by LC-130
aircraft. However, transportation by LC-130 aircraft is expected to operate with reduced
capacity in the future. An overland traverse, consisting of tractor fleets pulling large
sleds, was established over a decade ago and now transports the majority of the fuel
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to the South Pole, and has also successfully delivered other cargo. This efficient new
mode of transportation should provide an excellent shipping option for Gen2.

The South Pole station provides power to the station as well as the science instruments.
However, the current power infrastructure will require an upgrade to support future large
experiments. An alternative, which has been investigated by the CMB-S4 project, is
to operate future telescopes all year around using entirely renewable energy sources
[588].

Data transfer and communication are available via a number of satellites. Due to the
polar location, not all satellites are continuously visible. Bulk data transfer via satellite
for the station is available at the level of a few hundred GB per day. Communications
satellites are available for interactive communication is available for portions of the 24
hour cycle. An Iridium connection exists continuously for interactive work and real time
multi messenger alerts.

A more detailed description of the logistical support available can be found in Part Il of
this document.

4.4 IceCube

IceCube-Gen 2 will be built around the existing IceCube array, with the original Ice-
Cube strings forming a high-density core. The simple, modular design of lceCube has
proven particularly robust against the difficult polar environment, with failures detected
in less than 1% of the installed hardware after more than a decade of continuous op-
eration with nearly 100% uptime. The design of the IceCube-Gen2 array leverages the
demonstrated success of IceCube, along with lessons learned about the properties of
the ice, and its experience with maintenance, calibration, and data analysis. Here, we
give a brief description of the existing hardware.

4.4.1 IceCube in-ice array

The in-ice component of the IceCube Neutrino Observatory is designed to detect pho-
tons from charged particles traversing the ice. The deep detector comprises 86 "strings"
or cables, with each string supplying power and communications to 60 digital optical
modules, or DOMs. Each DOM is composed of a glass pressure sphere containing
a downward-facing, 10" photomultiplier tube (PMT) [589], along with electronics that
digitize signals, host LED flashers for detector calibration, and provide communication
with the surface [590]. Seventy-eight of the strings are arranged on a triangular grid
with 125 m spacing, with a hexagonal footprint covering a square kilometer. The DOMs
on each of these strings are installed at 17 m spacing extending from 1,450 m to 2,450
m in depth, together instrumenting a cubic kilometer of deep ice. The remaining 8
strings form a low-density core, called "DeepCore," at the center of the detector, with
interstring spacing ranging from 41-105 m. The bulk of the DOMs populating the Deep-
Core strings are arranged 7 m apart in the exceptionally clear ice below the dust layer,
which is clearly visible in Figure from 2,150 to 2,450 m deep. The remaining 10
DOMs on the DeepCore strings are arranged with 10 m spacing above 2,100 m. This
arrangement is optimized for low-energy studies, with the dust layer providing a light-
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tight box and the shallow DOMs acting as a veto to reject background from downgoing
atmospheric muons. To this end, the majority of the DeepCore DOMs have photomulti-
plier tubes with 35% higher efficiency than the standard IceCube DOM. IceCube has a
neutrino energy threshold of = 100 GeV, while DeepCore turns on around 10 GeV. The
layout of the observatory is shown in Figure

Inside the DOM, digitization is provided by a 4-channel custom ASIC, the Analog Tran-
sient Waveform Digitizer (ATWD) [591], set to sample at 300 Msps, with a recording
length of 427 ns. To cover the dynamic range of the PMT signals, three channels dig-
itize the signal at gains of 16, 2, and 0.25, while the fourth channel is reserved for
calibration. Each DOM is equipped with two ATWDs to reduce deadtime. To capture
more faint signals for distant, scattered light, this is supplemented by a continuously
sampling fast ADC, which continues to record data for more than 6 us after the initial
trigger, or "launch," which is typically set to commence at a voltage corresponding to
0.25 PE. Dedicated wiring allows a DOM to query its neighbors to recognize coincident
hits within a dedicated time window, with nearest neighbor hits designated as a hard
local coincidence (HLC). The DOMs send up blocks of data after accumulating data for
about a second. Each DOM is capable of running a number of self-calibration tests.

After the DOMs transfer data to the surface, events are built in dedicated servers in the
IceCube Lab. The dark noise rates are 560 and 780 Hz, respectively, for standard and
high-quantum-efficiency PMTs. Most of the dark noise is due to radioactive decays and
subsequent fluorescence in the glass pressure vessel. The fluorescence photons are
correlated in time, with a typical correlation time of 1 us. [592]. The rate from cosmic
ray muons varies with depth from 25 Hz to 5 Hz. Algorithms search for causally related
HLC hits by searching in a time window determined by the light travel time across the
detector. Several software triggers are then run to test consistency with various signal
hypotheses. Once the relevant hits for a triggered bundle (an event) are collected,
they are combined with calibration data. Data calibration routines are applied to all
data, and all triggered events are saved in a compact format known as SuperDST
(Super Data Storage and Transfer Format). A set of simple event selections then select
interesting events, reducing and compressing the raw event stream of ~ 1 TB per
day to 100 GB/day, which is queued for satellite transmission. Additionally, the online
data processing contains a series of event reconstruction algorithms that are used to
determine the parameters of the event, including energy, direction, and the quality of the
event reconstruction. Advanced filters, based on published IceCube analyses, use this
information to select interesting events to queue for rapid satellite transmission. These
rare events are used to generate alerts to the community when potential astrophysical
neutrino events are found [196], or respond to interesting astrophysical transient events
observed by others [593].

4.4.2 IceTop: IceCube’s surface array

IceTop, the surface array of IceCube, is comprised of ice-Cherenkov detectors and
measures cosmic-ray air showers [507]. Each detector features two DOMs frozen into
tanks of clear ice (see Figure that detect the Cherenkov light from muonic and
electromagnetic air-shower components traversing through and interacting in the tanks.
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Figure 54: The existing IceCube detector, consisting of 5,160 optical modules installed on 86 cables. Eight of the
cables near the center form a high-density core, the remaining cables are installed on a 125m hexagonal grid.
The associated surface array consists of 81 stations of Cherenkov tanks, each read out by four optical modules. A
schematic view of an IceCube Digital Optical Module is shown on the right.

The tanks were deployed in pairs, one for each of the 81 strings of the optical array (five
strings in the center are without IceTop stations, as the IceTop array is already dense
in this region). The DOMs in the two IceTop tanks of a string are connected to the
same data acquisition system and share the general infrastructure with the deep array
but are treated separately in trigger decisions and in the data analysis. By requiring a
coincident signal in both tanks of a pair, low-energy showers and single muons can be
suppressed. With the standard trigger requiring at least three pairs of tanks with signal,
IceTop efficiently detects showers in the energy range from around 10" — 10" eV.

The IceTop signal is generally dominated by the electromagnetic shower component,
and muons make up a sizable fraction of the signal at distances of several hundred
meters from the shower axis. However, the relative contribution of muons is increasing
over the years of operation, as snow accumulation above the IceTop tanks absorbs
electromagnetic particles. To date, several meters of snow have accumulated, which
has motivated the plans for a surface enhancement consisting of detectors designed
to be periodically raised, with a prototype station of elevated scintillators and radio
antennas operating successfully for several years. Although the IceTop tanks have
proven to be very reliable, this problem of snow accumulation is why the IceCube-Gen2
Surface Array will follow the elevated design of the IceTop enhancement.

The combination of the surface array and the km-scale Cherenkov array below 1.5 km
depth allows for unique measurements of air shower parameters with high acceptance:
the detailed observation of the electromagnetic and low-energy muon component at the
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Figure 55: Sketch of an IceTop tank (from Ref. [507]) and photo of a station with its two detectors during construction.

surface and the high-energy muons in the shower core at depth. The three main goals
of IceTop have been calibration, vetoing atmospheric muons in neutrino searches, and
cosmic-ray physics, all of which are related to and enhance the neutrino astrophysics
of lceCube. After deployment of the optical strings, lceTop was used for the purpose
of validation, showing the consistency of the reconstructed direction of atmospheric
muons with the air showers detected at the surface [594]. Meanwhile, IceTop con-
tributes to the instrument-wide calibration in a wider sense with an in-situ measure-
ment of the cosmic-ray flux responsible for atmospheric backgrounds in the ice. As a
veto, IceTop improves the purity of downgoing neutrino samples, such as in starting-
track analyses [595], and for high-energy neutrino candidates sent out as real-time
alerts [996]. Finally, IceTop has made many contributions to cosmic-ray physics, uti-
lizing lceCube’s unique setup combining a surface and a deep detector. These re-
sults include the astrophysics of Galactic cosmic rays, solar-heliospheric physics, and
hadronic interactions models of air showers, which are also important in understanding
the production of atmospheric muons and neutrinos [597].

4.4.3 IceCube Upgrade

The IceCube Upgrade, funded as an NSF mid-scale award with contributions from
non-US funding agencies and currently under construction, will add seven additional
strings of instrumentation to the center of IceCube’s active volume, bolstering the cur-
rent detector’s sensitivity. This first extension of the IceCube detector will include ~730
newly designed optical detectors and calibration devices and will be deployed in the
2025/2026 Antarctic season. The primary goals of the IceCube Upgrade are to improve
the low-energy neutrino sensitivity to perform precision studies of neutrino oscillation
parameters, deploy a full suite of new calibration devices to more fully characterize the
optical properties of the Antarctic glacier, and serve as a testbed for new technologies
to enable the realization of lceCube-Gen2.

The seven new strings of the IceCube Upgrade will add optical detectors to the most
highly instrumented region of IceCube, as shown in Figure 12 With this addition, a
2-MT volume of clear glacial ice will have a sufficient density of optical modules to de-
tect charged particles from atmospheric neutrino interactions in the ~1-50 GeV energy
range and reconstruct them with higher precision (see Table [T). The combination of
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improved reconstruction and higher-statistics samples will allow world-leading preci-
sion measurements of v, — v neutrino oscillation parameters. Additionally, the v/ flux
measurement, in combination with other oscillation results, will enable probes of new
physics by examining the unitarity of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [13].

These oscillation physics goals are enabled by the 680 multi-PMT sensors that will be
deployed on these new strings. Two new types of optical modules will be installed,
the multi-PMT digital optical module (mDOM) [550] and the “Dual optical sensors in an
Ellipsoid Glass for Gen2" (D-Egg) [598]. These modules are shown in Figure [38/ and
key parameters are detailed in Table |4, Both of these are designed to have increased
per-module photon detection efficiencies when compared to current IceCube DOMs
(see, for example, Figure [75). These new multi-PMT designs, already in production
and testing for inclusion in the IceCube Upgrade, provide critical input to the IceCube-
Gen2 optical array design.

To supplement the new optical sensors, the IceCube Upgrade string will be instru-
mented with a suite of calibration devices to better quantify the properties of the Antarc-
tic glacier. Each optical module will include fast (~5 ns FWHM) LEDs and fixed-focus
charged-coupled device (CCD) camera [599] and illumination board combinations. Ad-
ditionally, a fleet of stand-alone calibration devices are also included. Wide-angle Preci-
sion Optical Calibration Module (POCAM) [600] and narrow-beam (Pencil Beam) [601]
light sources, free-focus and zoomable camera modules, and acoustic emitter and re-
ceiver modules [503] will all more fully qualify the in situ detector response. These
improved measurements will address one of the largest sources of systematic uncer-
tainties for IceCube analyses, and will enable improved accuracy in detector simulation
and neutrino event reconstruction. Not only will this inform future observations, this
improved detector understanding can be applied to over 10 years of existing archival
data to greatly improve the detector sensitivity to measurements of the astrophysical
neutrino diffuse flux measurements and point source searches.

Finally, many of the design choices made in the lceCube Upgrade were made consider-
ing the future needs of lceCube-Gen2. The string power and communication interface
design using fieldhubs and IceCube communication modules (ICM) (see Section |8.4)
is also being used in the IceCube Upgrade. All calibration and prototype modules be-
ing deployed in the lceCube Upgrade are built upon a standard internal electronics
stack, known as the "mini-mainboard" (MMB), standardizing the interface between per-
module hardware and standardized power and communication hardware. Additionally,
several IceCube-Gen2 prototype modules will be deployed in the IceCube Upgrade to
evaluate in situ design performance and robustness.

4.5 IceCube-Gen2

As described in Part |, IceCube-Gen2 represents the next generation in neutrino as-
tronomy detectors and promises a major leap forward in sensitivity to astrophysical
neutrinos and identifying the sources and mechanisms that produce them. The design
of IceCube-Gen2, shown schematically in Figure[56] draws from a wealth of experience
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Figure 56: Schematic diagram of the system architecture of the IceCube-Gen2 Observatory. The baseline design
includes 120 optical in ice strings, which provide sensitivity to neutrinos of energies up to 10 PeV, 361 radio antenna
clusters to extend the sensitivity to EeV energies, and a complementary surface array consisting of 130 scintilla-
tor/antenna components for cosmic ray studies and air shower veto. The IceCube laboratory will provide power and
communications to for the entire observatory.

gained in the design and construction of IceCube and the IceCube Upgrade as well as
from over a decade of detector operation and data analysis.

The 120 optical string enhancement for Gen2 more fully exploits the clear, deep ice, de-
ploying multi-PMT modules to depths of up to 2689 m to expand the total instrumented
volume. The strings are arranged in a sunflower pattern with an average of 240 m
spacing between them, with the added volume totaling 8 cubic kilometers. Each optical
string is associated with a surface station consisting of 3 radio antennas a 8 scintillator
panels. The optical string and surface station share a common power, timing and com-
munications infrastructure via a FieldHub, described in Chapter [8] Finally, the in-ice
radio component, which provides the sensitivity to ultra high energy neutrinos, takes
advantage of the RF clarity of the cold ice nearer the surface, at depths of up to 150
m. The reference design includes a total of 361 antenna clusters will be installed, on a
1.24 m grid.

Like IceCube, the design of IceCube-Gen2 takes into account the constraints presented
by working at the South Pole Station. All components must be low power, to minimize
power usage at the remote location. All items must be transported to the pole either by
plane or traverse, and thus must be modular and straightforward to assemble on site.
Due to the harsh weather conditions and the months-long polar night, it is not possible
to land planes between February and late October, and during this time, field work is
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impossible. During the Antarctic summer, the South Pole station can only house 180
people, a population that is shared with logistics personnel and other scientific efforts.
As a result, the efficiency of installation of the instrumentation is a key consideration,
as it must be deployed by a limited crew during the short summer seasons. Further
details of the logistical requirements - and solutions, including the power, cargo and
population can be found in Chapter 12.

4.6 Organization of Chapters 5-10.

In this Part Il of the document, we present current details of the technical design for
IceCube-Gen2. The description of the current reference design for IceCube-Gen2 is
presented in Chapters organized along the proposed work breakdown structure
(WBS) utilized for cost and planning purposes. This work breakdown builds on the
experience from the original IceCube MREFC construction project, completed in 2011,
and the current IceCube Upgrade project scheduled for completion in 2026. In Chap-
ters (B}, [6|and [7] we describe the three detector array technologies to be deployed: In-ice
optical array, in-ice radio array, and surface array, respectively. In Chapter |8 we de-
scribe the common data acquisition system (DAQ) used for all three array technologies,
which also utilizes a common interface for power and communications. Chapter [9] de-
scribes data systems, which include collecting, processing, and transmitting the over-
all detector data presented by the DAQ, the computing infrastructure in the IceCube
Laboratory (ICL), the detector control and monitoring systems, and the core analysis
software framework and Northern Hemisphere data warehouse infrastructure. Chapter
[T0]describes the methods, instrumentation, and systems used to calibrate the detector
arrays.
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5 Optical Array

In this chapter, we describe the reference design of the optical component of IceCube-
Gen2.

5.1 Overview

The reference design for IceCube-Gen2 will add an additional 120 strings of optical
modules to the original lceCube observatory. A surface map of the new strings and their
locations with respect to the existing array is plotted in Figure 57| IceCube-Gen2 lies
entirely within the Dark Sector and encloses the existing IceCube array on three sides,
while avoiding the South Pole skiway. In this design, we have departed from the regular
hexagonal grid employed by IceCube in favor of a staggered "sunflower geometry." This
was chosen to avoid straight-line rows and columns of strings which act as "corridors"
through which muons can enter unseen into the detector, mimicking starting events
from neutrinos (see, e.g., Ref. [105]). Design constraints included a maximum of 120
strings total to set an upper limit on the total construction time (see Part Ill). Within those
constraints the design was optimized for performance, in particular high effective area
and optimal angular resolution in an energy range from 10 TeV to 10 PeV. The string
spacing is nearly doubled to 240 m to maximize the effective volume for astrophysical
neutrinos.

Figure [58| shows the discovery potential versus the number of sensors on the string.
Little improvement is achieved when adding more than 80 modules per string. There-
fore, each string will support 80 optical modules while spanning a larger depth range,
from 1,344 m to 2,689 m. Overall, the detector will encompass an instrumented volume
of nearly 8 km®. The design of the optical modules themselves has been improved to
include multiple PMTs and improved glass transparency of the pressure vessel that,
taken together, increase the photon collection rate by a factor of 4. In this section, we
will motivate these design choices and quantify their impact on detector performance.

As reviewed in Sec.[3.1.1] the rate of recorded neutrino events with a contained vertex
scales with the instrumented volume of the array. The detector hardware and deep
drilling are the main drivers of the cost and logistical requirements; thus, for a fixed
cost, the science potential will be maximized by reducing the density of instrumentation
while increasing the spacing of the boreholes in which the instrumentation is installed.
However, in order to fulfill the scientific goals, we must maintain the sensitivity to astro-
physical neutrinos as well as the ability to calibrate the detector.

The proposed geometry of the IceCube-Gen2 optical array has been optimized based
on our knowledge of the ice properties, which have been mapped in great detail over
the three decades that the AMANDA and IceCube neutrino telescopes have operated
near the Amundsen-Scott South Pole Station. The scattering and absorption lengths of
photons in the South Pole ice have been found to increase with depth, up to ~1,300 m,
below which the ice exhibits a layered structure as seen in Fig[49] This motivated the
layout of the IceCube detector, whose optical modules are installed in the ice between
1,450 m and 2,450 m depth. The lower portion of IceCube, below a dust layer that
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Figure 57: The surface map for the IceCube-Gen2 reference design is shown in relation to the original lceCube
array (gray area). The location of the strings is marked with the dark green dots, while the shading orients the layout
to the South Pole sector map, with the green shaded area showing the Dark Sector, the pink showing the Clean Air
Sector, the white showing the skiway, and the blue outlining the Downwind Sector. The grid shows the distance in
meters from the center of IceCube.

spans between 2,000 m to 2,100 m, has been found to have exceptional clarity, with
absorption lengths in excess of 200 m.

Because of the improvement in ice characterization, the volume of the lceCube-Gen2
optical array can be increased by installing optical modules from 1,369 to 2,689 m, a
vertical range that is about 1/3 longer than for optical modules deployed in lceCube.
The deepest part of the ice is known to be highly transparent, therefore including this
region is vital. The depth of the shallowest module position of 1,369 m is determined
from the ice properties, and the deepest position is determined by the ice-bedrock
interface, which is estimated to be around 2,780 m from various measurements [602,
603] in the lceCube-Gen2 region.

The horizontal spacing of the optical modules is increased from IceCube to IceCube-
Gen2 by about a factor of 2, which increases the effective detection volume per string;
however, the separation length is still close to the photon absorption length. This is
important because one of the key calibration tasks, verification of local bulk ice proper-
ties, uses LED flashers on neighboring strings (Sec.[10.2.2.3). We have demonstrated
that adequate calibration is possible with a string separation of 240 m.
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Figure 58: The discovery potential for point sources (E_2 spectrum) is plotted vs. the total number of optical modules
on the string.

5.2 Requirements
5.2.1 Scientific requirements

To reconstruct complex events, it is essential to record enough Cherenkov photons.
Thus, the project requires sensors with good surface uniformity, a wide dynamic range,
and a time window that is large enough to capture all detectable photons. The require-
ments listed in this section ensure the scientific performance of the IceCube-Gen2
optical array outlined in Chapter [2 and Sec3.1.1]

Photon detection efficiency: In Sec. it was observed that an increase in photon
collection efficiency results a lower energy threshold of a few TeV for throughgoing
muons, thus compensating in part for the larger string spacing. (see Figure [34). This
principle also holds true for shower-like events. The background veto efficiency near the
threshold energy also increases with the photon detection efficiency of each module (or
the total photon detection efficiency per string if the number of modules can be varied).
Finally the event reconstruction benefits from detecting more photons.

Simulations [506] show a significant increase of the point source discovery potential
when increasing the photon effective area beyond IceCube’s DOMs. However, the
increase is not linear, while the cost per string increases linearly with the number of
optical modules. Therefore, we consider the most cost-efficient string design to be the
one with 80 modules per string, each module with four times better sensitivity compared
to the current IceCube DOM with standard quantum efficiency. With this configuration,
we reach the string-wise photon detection sensitivity required to meet the IceCube-
Gen2 science goals.

Uniform and directional sensitivity: The current IceCube sensors consist of one
PMT pointing downward. One drawback of that approach is that the sensor records
no azimuthal information and has reduced sensitivity to photons traveling downward.
This results in a loss of information or a bias. For example, in lceCube, we cannot,
with a single string distinguish whether a muon passes on one or the other side of that
string. Therefore, it is valuable to achieve a reasonable sensitivity in all directions. A
directional resolution of ~ +60° adds valuable information to event reconstruction.
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Timing precision: The photon arrival timing information is a vital parameter for re-
constructing the direction and also the particle identity of an event. For example the
characteristic double pulse structure of a tau neutrino interaction with a subsequent
decay of the outgoing tau event requires precise tracking of the associated waveforms.
The cascade angular reconstruction resolution, which is one of the most challenging re-
construction parameters for IceCube-Gen2, depends on the TTS (transit time spread)
of recorded photoelectrons for different cascade energies; however, the dependence is
only moderate up to a TTS of 10 ns. This reflects the fact that the substantial sepa-
ration of the IceCube-Gen2 strings makes the reconstruction resolution less reliant on
the timing precision, as many of the photons have undergone scattering in ice before
arriving at the DOM surface. On the other hand, the TTS has a relatively minor effect
on the reconstruction of muon tracks, as the the event reconstruction relies more on
the topology of a large track length crossing the detector.

Time window: Photon time series in a PMT are observed over several hundred nanosec-
onds for typical events at lower energies. At PeV energies, for tracks or cascades,
waveforms may extend to well above 500 ns. It is imperative to capture all the photons
associated with a given event of interest for accurate reconstruction or to identify un-
usual waveforms. To achieve this, we implement a dynamically changing time window
designed to capture all the photons until there is a sufficiently large temporal interval
between late photons.

Linearity: The generated number of Cherenkov photons correlates nearly linearly with
the deposited energy of the events, which for the optical component of the array will
operate from TeV to beyond 10 PeV. The number of photons detected also depends
not only on the number of photons generated but also on the proximity to the sensors.
Indeed, the string closest to a track or the vertex of a cascade will also see the highest
quality signals. Thus, a high dynamic range is required. The dynamic range has been
a limitation for lceCube’s high-energy events. For events above 100 TeV, more than
1/2 of the deposited charge of cascade events is not used because the waveforms are
classified as too "bright." Figure [59| shows a waveform recorded by an lceCube DOM
at a distance of about 30 m from the shower maximum of a cascade event with 2 PeV
deposited energy. The PMT signal is highly saturated. Also shown is the waveform
that was obtained based on the best fit of the event. The maximum of the expected or
true waveform would have been more than a factor of 30 times larger than the recorded
signal. PMT saturation as well as electronics dynamic range made the data from this
DOM unusable. To have a faithful record of such signals in IceCube-Gen2, we set
the science requirement for linear dynamic range of the sensor to record such rare
energetic events of 2 PeV energy at a distance of 30 m from the sensor.

5.2.2 Mechanical requirements

Optical modules for IceCube-Gen2 must survive operations within the deep ice sheet
and must be robust to the stresses encountered during deployment and transportation
to the Pole. Thus, in addition to demands on optical performance outlined in the
modules must also adhere to the following mechanical specifications.
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Figure 59: Left: An event display of the 2 PeV shower detected in IceCube with OM 13 on string 17 marked by
the red line and box. DOMs that carry greater than ten times the mean total charge across all hit DOMs are
classified as “Bright” (gray spheres) and excluded from use in reconstruction. Right: Observed (black) and expected
(blue) distributions in time of the number of photoelectrons at IceCube DOM(17, 13), which is about 30 m from the
reconstructed shower maximum of a 2 PeV particle shower. The expected distribution overshoots the observed
data by a significant amount due to PMT saturation. The DOM is classified as “Bright” and currently excluded from
IceCube event reconstruction.

Vibration and mechanical shock: Optical modules for IceCube-Gen2 will be pro-
duced at assembly sites on different continents and shipped to McMurdo Station on the
coast of Antarctica via cargo vessels traversing the equator. The shipment to the South
Pole may include LC-130 cargo aircraft. Alternatively, the modules may be transported
overland from McMurdo Station to the South Pole via the South Pole Traverse (SPoT).
This logistics stream necessitates that the optical modules meet the mechanical vibra-
tion rating (ASTM D4169 section 12.4 Y-axis only truck assurance level Il 20min, air
assurance level 40min), and the mechanical shock rating (Mil-Std-810F, Method 516.5
procedure Il, 10g+,- each 6axis).

Size and weight: Drilling is a large cost driver. Heat transfer simulations [604] were
done to minimize the diameter of the ~2,700 m deep holes yet ensure that the holes
do not freeze during deployment. The larger the sensor the more effort is needed
to drill the holes of the correspondingly larger size. This relationship breaks down
for diameters smaller than 30cm. Based on these studies, we require the sensor to
be smaller than 35cm in diameter and as close as practical to a diameter of 30 cm.
Additionally, each module must meet deployment safety regulations, which requires a
mass of less than 25 kg per module.

Pressure and temperature shock: In the reference design, eighty modules are in-
stalled along each string into a ~2,700m deep water-filled borehole drilled by the hot-
water drill. After string installation, the borehole will naturally refreeze around the mod-
ules, during which the pressure around the optical modules will reach their maximum.
The maximum pressure observed in the in-situ pressure measurements during freeze-
in from the original IceCube deployment was over 55 MPa (~8000psi). The water pres-
sure rating of the pressure vessel is therefore set to 70 MPa (~10,000 psi), the same
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as for lceCube. Following the depth-dependent temperature profile of the ice (see
Fig. [52), the operating temperature range will be between —40°C in the ice and 25°C
room temperature, while the storage temperature rating is between —43°C and 50°C,
to accommodate possible extremes of storage during transportation and in the ice. The
temperature of the ice surrounding the deepest optical modules will be —8°C.

5.2.3 Power, bandwidth, and lifetime

The power budget and the maximum data readout bandwidth of each optical module
are 4W and 150 kbps, respectively (see Section [8). These limitations arise from the
architecture of the downhole cable and the infrastructure at the South Pole and thus im-
pose a significant constraint on the electrical system. Another crucial constraint arises
from the fact that optical modules will be embedded in the ice, rendering them inac-
cessible for repair or maintenance after deployment. Survival of the modules during
deployment and long-term operation of the observatory is critical to the success of
lceCube-Gen2, which aims for a data-taking period exceeding ten years. The survival
rate requirement is set similarly to that of lceCube, with a minimum of 95% of DOMs
surviving after 10 years of operation. Thus, we estimate that the mean time between
failures (MTBF) of the optical modules for lceCube-Gen2 must be 200 years. We note
that the actual survival rate of IceCube far exceeds this requirement: Only 6 out of more
than 5,000 optical modules were lost in the past 10 years of operation.

5.3 Main interfaces

The following is a brief description of the components and interfaces that form the
power and communications pathways from the optical modules in the deep ice array to
the lceCube Laboratory (ICL). A schematic view of the optical array and its interfaces
is shown in Figure[60] Each of the DOMs has a penetrator cable assemply (PCA) that
will deliver power, communication, and signals to and from the module.

* Ilce Communications Module (ICM): The ICM handles communications between
a given in-ice device (e.g., lceCube-Gen2 optical modules) and the surface. In
addition, it provides timing information to the optical module. The ICM handles
all the “handshaking” required between the surface and individual in-ice modules
such that communications happen transparently.

» Penetrator Cable Assembly (PCA): The penetrator cable assembly is the phys-
ical interface between the interior and exterior of the optical module. The DOM’s
glass pressure vessel housing has a penetrator hole, and the PCA has a feedthrough
(deep sea penetrator) that safely and reliably transmits electrical power and sig-
nals through the pressure boundary. Outside of the pressure vessel, the PCA
is a 70-MPa pressure-rated cable and connects to the breakout cable assembly
(BCA). Inside the vessel, it is connected to the ICM on the main electrical board
of the OM.

» Breakout Cable Assembly (BCA): Each group of DOMs communicates through
a wire pair in the main cable. Two wire pairs are bundled into a quad, a four-
conductor cable that has a twisted quadrupole geometry. The purpose of the BCA
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Figure 60: The overall architecture of the optical array is shown.

is to connect one of the wire pairs in the quad cables emerging from a "breakout"
of the main cable to a group of 6 DOMs. The BCA has one connector on the main
cable side and one connector for each of the 12 DOMs, 6 for each of the two wire
pairs. In addition, it contains hardware address jumpers for identifying modules
on the wire pair.

Main Cable Assembly (MCA): The main cable carries power and communica-
tions to each in-ice module via the breakout cables and provides mechanical sup-
port for all in-ice devices during deployment. The main cable consists of seven
quad cables.

Surface Junction Box (SJB): The SJB is a passive junction box that provides
mechanical and electrical connectivity between the MCA quads and the Field-
Hub. The SJB decouples string deployment from the FieldHub and surface cable
installation. The SJB is connected to the FieldHub via short quad patch cables or
a quad septet.
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* FieldHub: The FieldHub can be thought of as a "detector to Ethernet" converter.
It provides Ethernet connectivity to the lceCube Lab (ICL) via optical fiber runs
and interfaces to both surface and in-ice detectors. It also provides White Rabbit
connectivity for timing distribution.

» Surface Network and Power: Communications and White Rabbit data are com-
municated over optical fiber between the FieldHubs and the ICL. Power is sup-
plied from the ICL to the FieldHubs via a copper power cable.

* IceCube Lab (ICL): The ICL houses the computing servers running the data ac-
quisition system, data filtering system, and data handling system along with power
supplies, White Rabbit switches, and other networking equipment.

5.4 Reference design

Drawing upon the accumulated experience garnered from the construction and pro-
duction of IceCube as well as the recent development of optical modules such as
mDOMs [549, 550] and D-Eggs [951) 552] for the IceCube-Upgrade (shown in the
left and right panels of Fig respectively), we have established a set of optimal com-
binations of optical module features. One of the distinctive features of IceCube-Gen2
optical sensors is their elongated shape, similar to that of D-Eggs, which is a result
of optimization between the required volume for the PMTs, drilling speed, and cost.
Another feature is the inclusion of a large number of small PMTs within this confined
space, akin to the design of mDOMSs.

While we have developed two types of glass vessels and corresponding internal PMT
arrangement designs, as introduced in Section [3.2.1] the majority of the developed
components are common to both designs. Figure [61]illustrates the main components
of the IceCube-Gen2 DOMs: several small PMTs, an electronics system consisting
of several electronics boards, optical coupling silicone light guides referred to as “gel
pads," a PCA, a glass vessel, several calibration LEDs, and associated internal struc-
tures (not shown). In this section, we describe the reference designs of these compo-
nents to be employed in the IceCube-Gen2 DOMs. We intend to produce approximately
10,000 IceCube-Gen2 DOMs over a period of six years. Given the scale of production,
we plan to procure critical components from multiple vendors in different regions to
mitigate risk.

5.4.1 Photomultiplier tube (PMT)

Photomultiplier tubes (PMTs) serve as the primary components for the detection of
Cherenkov photons in the optical array. The effective area of an optical module is pro-
portional to the sum of the photocathode areas of the PMTs housed within a pressure
vessel. To maximize the total photocathode area while ensuring compliance with the
mechanical requirements for installation within a water-filled borehole, a likely optimal
solution involves the combination of multiple small PMTs while restricting the number
of channels to less than 20. This is due to the linear scaling of power and bandwidth
with the number of channels.
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Figure 61: Exploded view of the Gen2 DOM candidate (16 PMT model).
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Detailed studies of the internal arrangement show that the deployment of 4-inch PMTs
results in cost-efficient optical modules with uniform sensitivity within 12.5-inch diam-
eter pressure vessels. Both variations of the lceCube-Gen2 DOM, described in Sec-
tion utilize common 4-inch PMTs. However, the 4-inch PMT must be compact,
with a maximum length of 106 mm and a neck diameter not exceeding 55 mm, where
the latter includes the thickness of the high-voltage shielding.

The demands for a compact PMT design may result in performance degradation, in-
cluding a decrease in collection efficiency and an increase in transit-time spread (TTS).
To mitigate this risk, we conducted a thorough evaluation of the newly developed
PMTs from two manufacturers during the early phase of verification studies. Prototype
PMTs from both Hamamatsu Photonics K.K. (HPK) and North Night Vision Technol-
ogy (NNVT) were studied (Figure [62). Over 50 PMTs have already been delivered,
and we have verified that the prototypes meet the mechanical and optical performance
requirements. The optical array will require a very large quantity of photomultipliers,
approximately 170,000. For a variety of reasons, including things like risk, the project
is pursuing a scenario of ideally at least two suppliers of PMTs.

The PMT quantum efficiency (QE) describes the efficiency that a photon hitting the
photocathode is converted into an electron. The QE thus directly impacts the overall
detection efficiency of the optical modules. Figure [63]illustrates the QE of 4" PMTs from
HPK and NNVT, which exhibit different wavelength dependencies, while maintaining an
overall efficiency similar to that of the current IceCube DOM. Figure [64] plots the typical
transit time distributions of two representative PMTs from each vendor. It is essential
to note that, as previously discussed in Section simulation studies demonstrate
that the TTS requirement is significantly relaxed to around ¢ = 3.4 ns due to the larger
string separations of the IceCube-Gen2 array, as compared to the IceCube DOMs.
Therefore, the observed TTS of both PMTs falls well within the required performance
for the IceCube-Gen2 optical array.

The deep glacial ice is not only very pure but also exceptionally dark due to the absence
of potassium and with it the absence of "’K, the latter of which is a significant source
of noise from radioactive decay in sea water. Indeed, the sensors are the primary
source of noise followed by the photons generated from cosmic ray muons at a depth

Figure 62: Pictures of the custom designed short neck 4-inch Photomultiplier Tubes. The left photograph is the PMT
produced by Hamamatsu photonics, and the right photograph is the PMT produced by NNVT.
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Figure 64: Typical transit time distribution of PMTs from HPK and NNVT. The numerical standard deviations of
Hamamatsu and NNVT PMT samples are 3.5 ns and 3.3 ns, respectively, in the range from —8 ns to 16.8 ns.
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Figure 65: (Left) The dark noise rate of a Hamamatsu 4-inch PMT is shown versus temperature. The dark rate
approaches a low value of 600/s and bottoms out in the operating temperature range of IceCube-Gen2 DOMs in
the ice (Fig. . (Right) Dark rates as a function of the time interval of successive signals at —40°C for a threshold
of 0.25 PE. Prototype PMTs from NNVT are shown in blue markers and lines, and prototype PMTs from HPK are
shown in red markers and lines.

of 2000 m. The cold operating temperature in the deep ice almost entirely suppresses
noise from the thermionic emission of electrons from the cathode, which is the dominant
source of noise for most PMTs at room temperature.

Our objective is to maintain the dark noise of the PMTs at a level similar to that of the
10-inch PMTs used in IceCube, scaled down to the 4-inch PMTs. In Figure[65] the dark
rate at a 0.25 PE threshold is shown as a function of the time interval of successive
signals from several prototype PMTs. If the source of dark rate is purely random,
the time interval of successive signals follows an exponential distribution with a time
constant of the inverse of the total dark rate (O(ms)), and this contribution is called
uncorrelated noise. Conversely, if the source is scintillation E)hotons produced due to
radioactive decays, the time interval becomes short (< 10 ~ s) and is referred to as
correlated noise. IceCube’s 10-inch PMT dark noise rate is 320 Hz with a time interval
of 6us at —40°C [605], representing an uncorrelated noise at the low temperature. This
corresponds to 50 Hz for 4-inch PMTs, which is slightly higher than the measured
values for the PMTs from both NNVT and HPK.

5.4.2 Electronics

The electronics design of the lceCube-Gen2 DOM requires the digitization of signal
waveforms from each individual PMT, followed by low-level processing, buffering at the
module level, and communication with surface computers for high-level event triggering
and processing.

The PMT base, referred to as "wuBase" (short for waveform microbase), both gen-
erates the high voltage for the PMT and digitizes the signal waveform from the PMT.
Figure [66] illustrates the PMT base design block diagram, and Figure [67] illustrates a
prototype model of wuBase. The high-voltage circuitry is a Cockcroft-Walton genera-
tor fed from an LC resonator, with output regulated by the microcontroller, which also
controls the duty cycle of the resonator input waveform. It requires 5 mW of power to
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Figure 66: Functional block diagram of the waveform-digitizing PMT base.

achieve a PMT gain of 5 X 10°. The same generator, including the feedback and control
software algorithm, is also used in the lceCube-Upgrade PMT base (mDOM version).

Digitization is achieved by an onboard 2-channel continuous waveform digitizer, which
operates at 60 MSPS. A low-power FPGA captures the digitizer output for intervals
flagged by the output of a comparator, set at ~0.2 PE, including pre-trigger and post-
trigger samples. The recordings have variable length to accommodate waveforms with
the typical rich time structure seen in IceCube neutrino events, occurring at a wide
range of distances and orientations relative to each module. One digitizer channel
records the anode waveform as a series of 12-bit samples where single photons will
have peak amplitude of ~45 counts in the final design (90 counts in the current pro-
totype), and observed baseline noise is less than +1 ADC count. The other digitizer
channel is connected to an intermediate dynode with a lower gain, which will result in a
combined linear response from SPE level to 5,000 PE/25 ns, allowing the resolution of
important details even for the highest energy events expected (see Fig. [68).

The chosen digitization rate of 60 MSPS is supported by IceCube experience, consider-
ing the large string spacing in IceCube-Gen2 and the minimization of power consump-
tion. The waveform is shaped to yield a FWHM of ~30ns, giving a very predictable
response to each SPE. Fitting individual SPE responses to a template, the resulting
time resolution is ¢ = 2.6 ns, dominated by the PMT transit time spread. By decon-
volving complex recorded waveforms as sums of SPE waveform templates, the time
distribution of arriving photons can be resolved in bins of 10 ns, which helps distinguish
energy deposition patterns of different neutrino event types. The first photon arrival
time in each event is resolved even more precisely by capture of the comparator out-
put edge in a delay line module in the FPGA. An ARM microcontroller on each PMT
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Figure 67: The new PMT base is shown on the left. It includes the HV generator, a 2-channel digitizer for anode
and dynode signal and a microprocessor + FPGA. The shape is optimized to accommodate the space requirements
inside the DOM. The picture on the right shows two 4-inch PMTs with base attached.

base manages high voltage generation, data buffering and low level processing, and
communication with the main controller board.

The optical module block diagram (Fig. shows how the design is distributed be-
tween central boards interfacing with the main cable, and individual data-acquisition
boards mounted on each PMT. The connections between these are made via interme-
diate fanout boards, with ribbon cables carrying power and digital signals for data and
timing. A major factor driving the distributed architecture is the limited size of spaces
available for electronics boards.

The central "mini-mainboard" power and controller sections use circuitry developed for
the IceCube Upgrade with different board layouts. The power board connects directly
to one wire pair of the main downhole cable, which carries power, communication,
and time synchronization signals for up to eight optical modules. The communications
and timing signaling are decoupled from power using a passive network, and a DC-
DC converter delivers a low-voltage main power bus. The controller board hosts two
major components, namely the FPGA-based ICM and an ARM microcontroller. The
ICM implements modem functions, processes time synchronization signals, and man-
ages flow of commands and data on the main cable interface to surface computers.
The ARM microcontroller collects digitized waveform data from the PMT bases, stores
them temporarily in a flash memory (Hitspool) o